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Abstract

The matter particles which are observed in nature, called fermions, come in three copies
that are also referred to as flavours. The properties of the different fermion flavours and
their implications constitute the flavour structure of nature. The occurrence of neutrino
oscillations is unambiguous proof that the Standard Model of particle physics cannot
fully account for this flavour structure. Furthermore, several experiments have revealed
hints towards further deviations from the predictions of the Standard Model, especially
regarding violations of lepton-flavour universality.

This sets the ground for my thesis which can be split into three parts. Firstly, I scrutinise
the hypothesis that neutrino masses are generated via a singly-charged scalar particle
which is a singlet under weak interactions, and study its phenomenological implications. As
a minimal extension of the Standard Model, this scenario can be very predictive and is in
particular not sensitive to the details of how the breaking of lepton-number conservation is
achieved. Secondly, I thoroughly analyse existing data on several b — svv decay channels,
as well as the prospective sensitivity of the Belle-II experiment regarding a measurement
of these decays. The results are fully general and can be matched onto any model in
which new degrees of freedom are introduced at or above the electroweak scale. Thirdly, I
investigate a concrete new-physics model which aims to explain anomalous experimental
data in the lepton-flavour universality ratios R(D) and R(D*) and in the magnetic moment
of the muon with the help of a scalar leptoquark. An essential feature of the model is the
fact that the interactions between the leptoquark and the Standard-Model fermions are
completely fixed in terms of a discrete flavour symmetry.

Altogether, in this thesis I highlight different possible approaches towards an improved
understanding of the flavour structure of nature, both model-based and model-independent
ones.
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i3

Continuation of Figure [4.2] but here the neutrino flavour indices are arbi-

trary with oo A 8.« o o o o
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!

Current (shaded regions) and future sensitivities (lines) on a single Wilson

coefficient as a function of the mass of two sterile neutrinos (top panel)

and one sterile neutrino (middle panel and bottom plot) in the final state,

respectively. We assume that the Belle-II results for 5 ab™' (dashed lines)

and for 50 ab~' (solid lines) for several b — svv observables will confirm

the SM predictions. We use the sensitivities referenced in [7] and assume an

experimental uncertainty of 50% (solid line) and 20% (dashed line) for the

inclusive decay B — X vv. Regions with \\ (//) [-| hatching are excluded

via the current bounds on B* — K vv (BY — K*'vv) [B — Xvv]. The

constraints are identical if exchanging the third neutrino flavour @ = 3 for

Q=T 0] o o o
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5

Binned longitudinal polarisation fraction Fy (K*") as a function of one new-

physics Wilson coefficient at a time (including the SM contribution). On

the left-hand side the blue (red) [black]| lines stand for the vector (scalar)

tensor| operator, respectively. Solid [dashed] contours signify m4 s = 0 GeV

ma5 = 1.5 GeV|]. On the right-hand side the blue (purple) lines stand for

the Wilson coefficients C;55, (Cri55.,). Note the binned longitudinal po-

larisation fraction Fp (K *T) is obtained by separately binning the numerator

and denominator, see Eq. (4.11)), and not by integrating the distributions

Fr(q¢%; K**) shown in Figure|d. 1l | . . . . ... ... ... ... .. ... ..
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Future sensitivity of Belle II for 5 ab™' (light shaded regions) and for

50 ab—" (dark shaded regions, dashed lines) to scalar Wilson coefficients

with sb and bs quark-tlavour ordering and massive sterile neutrinos follow-

ing the same analysis as in Figure 4.2 The solid dark purple and green

lines indicate the current experimental bound, see Table 4.1} Lett: my =0

GeV; Right: mqa=15GeV.|. . . . . ... oo

A7

Parameter space which is compatible with the non-zero simple weighted

average of Br(BT — K Tvv) [1,8] at 1o (20) [darker(lighter)-orange shaded

region| and the current bounds on B™ — K"vv and B’ — K*vv. | . . .

. 115

5.1

Correlation plot for m, = 4 based on the sample points which explain

R(D(*)) at 20 or 10 in the primary scan. The plot visualises Spearman’s rank

correlation coefficient calculated via the library seaborn [9]. A negative (positive)

correlation among, say, two coetficient magnitudes indicates that if one of them

increases, the other tends to decrease (also increase). Note that sample points not

respecting the experimental bounds are taken into account here as well. | . . . . .

B2

Model predictions for R(D) and R(D*). Left: Results from primary scan.

The regions marked by solid lines are compatible with the current experimental

world averages for R(D™)) [10] at the indicated CL; see table |5.4L T use the

values output by flavio, v2.3 for the SM predictions for R(D™)) at 10 [1113]

indicated by the black cross, see section[5.10[ The round points (geometric shapes)

indicate that current experimental bounds are violated (respected); see also the

main text of section[o.4.1.1l Right: Results from comprehensive scan. The shown

sample points respect the experimental bounds from primary constraints; see also

section[p.4.1.2] The dot-dashed purple ellipse shows the 1 o contour about the most

recent results for R(D) and R(D*) from Belle [14], and the green band indicates

the 10 region about the most recent result for R(D*) from LHCb [15/16]. The

black dashed ellipse shows the prospective reach at Belle II [17| at the level of

30 for 5 ab~! of data under the assumption of the best-fit value and correlation

coefficient from the HFLAV collaboration as of 2021 |10[. |. . . . . . . . . . . ..

5.3

Correlation plot for m, = 4 based on the sample points which explain

Aqg, at 20 or 1o in the primary scan. The plot visualises Spearman’s rank

correlation coefficient calculated via the library seaborn [9]. A negative (positive)

correlation among, say, two coetficient magnitudes indicates that if one of them

increases, the other tends to decrease (also increase). Note that sample points not

respecting the experimental bounds are taken into account here as well. | . . . . .
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!

Correlation plot for m, = 4 based on the sample points which respect all

imposed experimental constraints in the primary scan. The plot visualises

Spearman’s rank correlation coefficient calculated via the library seaborn [9]. A

negative (positive) correlation among, say, two coefficient magnitudes indicates

that if one of them increases, the other tends to decrease (also increase). The LO

contributions to BR(7 — u7y) and BR(u — e7y) are proportional to |azzbo3|* and

laazbis|?, respectively.| . . . . . L.
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Model predictions for R(D), R(D*) and Aa,. Upper panel: Results from

primary scan. 1he regions marked by solid lines are compatible with the current

experimental world averages for R(D™) [10] and Aa, [18,/19], respectively, at

the indicated CL; see table|5.4L The SM predictions for R(D™)) at 10 [11113] are

indicated by the green-shaded bands. The round points (geometric shapes) indicate

that current experimental bounds are violated (respected); see also the main text

of section [5.4.1.1] Lower panel: Results tfrom comprehensive scan. The shown

sample points respect the experimental bounds from primary constraints; see also

section[5.4.1.2] The red-brown band indicates the projected sensitivity of the Muon

g—2 experiment [20] at the level of 3. This (roughly) overlays the present 2o

region under the assumption that the current experimental best-fit value persists

(red-brown solid line).| . . . . . . . . ..o

5.6

Constraining power and future reach of 7 — v and y — ey as found in

the primary scan. The vertical solid (dashed) lines indicate the current bound

on (future sensitivity of) BR(7 — p~y) [7,)21] in the upper panel and the bottom-

left plot, and the current bound on (future sensitivity of) BR(u — ev) [22,23] in

the bottom-right plot; see table[5.4l The round points (geometric shapes) indicate

that current experimental bounds are violated (respected); see also the main text

of sectionb. 4. 1T.IL | . . . . . . . e e e e e e

o7

Illustration of the capability of the model to simultaneously explain

the anomalies in R(D), R(D*) and Ag, in the comprehensive scan. The

sample points shown as light-coloured dot points (dark-coloured points with specific

shapes) respect the experimental bounds from primary constraints and explain Aa,,

within the 30 (20) range about the present best-fit value. Apart from that, the

plot is to be read in the same way as the right plot in figurep.2L | . . . . . . . ..

5.8

Constraining power and future reach of R7... Left: Results from primary

scan. The vertical solid line indicates (dashed lines indicate) the region compati-

ble with the current experimental bound on (future reach of) R%.. [7,]24]; see also

table |5.4] For the future reach, a SM-like result and an uncertainty of 10% is

assumed. The round points (geometric shapes) indicate that current experimental

bounds are violated (respected); see also the main text of section [5.4.1.1{ Right:

Results from comprehensive scan. The shown sample points respect the experi-

mental bounds from primary constraints; see also section [5.4.1.2] The red-brown

shaded regions indicate the projected reach for R%., at Belle II for 5 ab—! of data,

again under the assumption that the best-fit value is SM-like.| . . . . . . . . . ..

xvi
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5%

Results for R, ) as a function of the magnitudes of several effective

parameters in the comprehensive scan. The shown sample points respect the

experimental bounds from primary constraints; see also section [5.4.1.2] T'he red-

brown shaded regions indicate the projected reach for R%-. at Belle II for 5 ab™" of

data under the assumption that the best-fit value is SM-like. For the bottom-left

plot, the dot-dashed lines correspond to the respective upper limit on |ass| for each

LQ mass as given in table 5.6 in dark red (orange) |dark blue| for mg = 2(4)[6]. |
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[o.10

Future reach of ;1 — e conversion in Aluminium as found in the primary

scan. The vertical dashed lines indicate the future sensitivity of ;1 — e conversion

in Al as anticipated by COMET |25 and Mu2e [26]; see table |5.4l The round

points (geometric shapes) indicate that current experimental bounds are violated

(respected); see also the main text of section|p.4.1.1L | . . . . . . .. ... .. ..

B.1T

Constraining power and future reach of ;1 — 3e as found in the primary

scan. lhe vertical dashed lines indicate the respective projected reach ot the

phase-1 and phase-2 runs of the future search for p — 3e [27]; see table[5.4] The

round points (geometric shapes) indicate that current experimental bounds are

violated (respected); see also the main text of section[5.4.1.10 . . . . . . . .. ..

5.12

Constraining power and future reach of 7 — 3u in relation with 7 —

1. Left: Results from primary scan. The vertical solid (dashed) lines indicate

the current bound on (future sensitivity of) 7 — 3u |7,28]; see table |5.4] The

round points (geometric shapes) indicate that current experimental bounds are

violated (respected); see also the main text of section|5.4.1.1] Right: Results from

comprehensive scan. The shown sample points respect the experimental bounds

from primary constraints; see also section [5.4.1.2 The purple dot-dashed line

(labelled “~-penguin”) illustrates the approximate correlation between 7 — 3pu

and 7 — py in the limit of photon-penguin dominance as given in eq. ((5.86). . .

. 182

(.13

Constraining power and future reach of 7 — 3u in relation with Aa,.

Left: Results from primary scan. The vertical solid (dashed) lines indicate the

current bound on (future sensitivity of) 7 — 3u [7,128]; see table[5.4l The round

points (geometric shapes) indicate that current experimental bounds are violated

(respected); see also the main text of section |5.4.1.11 Right: Results from com-

prehensive scan. The shown sample points respect the experimental bounds trom

primary constraints; see also section[p.4.1.2L | . . . . . . . ... 0oL,

5.14

Constraining power and future reach of 7 — 3u in relation with y — e

transitions. Top panel: Results from primary scan. The vertical solid (dashed)

lines indicate the current bound on (future sensitivity of) 7 — 3u [7,128]; see

table 5.4l The round points (geometric shapes) indicate that current experimental

bounds are violated (respected); see also the main text of section|s.4.1.1] Bottom-

left plot: Results from comprehensive scan. The shown sample points respect the

experimental bounds from primary constraints; see also section [5.4.1.21 |. . . . . .

xvii



5.15

Constraining power and future reach of 73 in relation with R(D) and

R(D*). Top panel: Results from primary scan. The vertical solid lines indicate

the region where the inferred contribution to the 5. lifetime in the SM agrees with

the measured lifetime at 1o |10,|29], and the hatched area marks the region in

which the BR of B. — 7v remains smaller than 0.1, as is implied by eq. (5.99)); see

also table [5.4] The round points (geometric shapes) indicate that current experi-

mental bounds are violated (respected); see also the main text of section |5.4.1.1{

Lower panel: Results from comprehensive scan. The shown sample points re-

spect the experimental bounds from primary constraints; see also section [5.4.1.2]

The grey-shaded region represents the 1o range about the current best-fit value

for T;)ip, and the red-brown shaded band indicates the region of parameter space

that corresponds to BR(B, —> 70) < 0.1 | + « « « « « v v ove e

.16

Constraining power and future reach of 75 in relation with Aa,. Left:

Results from primary scan. The vertical solid lines indicate the region compatible

with current experimental data on the B, lifetime at 1o [10,29], and the hatched

areas mark the regions in which the BR of 5. — 7v remains smaller than 0.1

and 0.3, respectively, as is implied by eq. (5.99); see also table [5.4] The round

points (geometric shapes) indicate that current experimental bounds are violated

(respected); see also the main text of section [5.4.1.11 Right: Results from com-

prehensive scan. The shown sample points respect the experimental bounds from

primary constraints; see also section|5.4.1.20 | . . . . . . . . ... .00 L.

.17

Constraining power and future reach of g,, /g™ as found in the primary

scan. The regions indicated by vertical solid (dashed) lines are compatible with

the current experimental world averages for (future sensitivity of) g,, /g% at the

indicated CL [30,|31] (at 3o |31}33]); see table[5.4] The round points (geometric

shapes) indicate that current experimental bounds are violated (respected); see

.18

Current constraints on and future sensitivity to |C51" ... | as found in

the primary scan. The scalar WC is computed as in eqs. @.45[) and 1|5.47|), and

the displayed results hold at the hadronic scale y = pp. The round points (geo-

metric shapes) indicate that current experimental bounds are violated (respected);

[5.19

Future reach of secondary leptonic observables in relation with Aqg, in

the comprehensive scan. The shown sample points respect the experimental

bounds from primary constraints; see also section [5.4.1.2] In the left plot, two

constraints on the magnitude |d,| of the muon EDM are shown, from the Muon

g—2 [34] experiment and the muEDM experiment [35]. For g,,/¢%", the red-

brown shaded regions represent the projected sensitivities at the ILC [32] under

the assumption that the current best-fit values [30,/31] shown herein as red-brown

solid lines will persist.| . . . . . . . . . . .. o oo
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19.20 Future reach of secondary hadronic observables in the comprehensive

scan. The shown sample points respect the experimental bounds trom primary

constraints; see also section |5.4.1.21 The projected sensitivities at Belle II to R'{*®

and R [36] (5 ab~!) and BR(B — 7v) [17] are indicated via the respective

red-brown shaded regions. Note that the white crosses are omitted in the lett

plot since they lie unitormly across the coloured region and would thus obstruct a

proper visualisation of thedata. |. . . . . . . . . . . ... ... .00,
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physics at a time, both for the current situation and for the projections for

the 50 ab—! Belle-II data set under the assumption of a confirmation of the

SM predictions. Here, a € (1,2,3) and ~ and ¢ arbitrary, but v # § (only
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Chapter 1

Introduction

This thesis is set in flavour physics which is a sub-discipline of the much broader field
of particle physics. The modern framework to make quantitative predictions for particle
physics is the Standard Model (SM). As a theory, it has been very successful in describing
the interactions involving the known fundamental particles, that is, the Higgs boson, the
gauge bosons and the fermions. Whereas the former two might be dubbed “interaction”
or “force-carrier” particles, the latter constitute the matter particles or “building blocks”
of the universe. Fermions come in three different copies which are also commonly called
“flavours”. The properties of the different fermion flavours as a whole then constitute what

is called the “flavour structure” of nature.

Fermions can be separated into quarks and leptons, distinguished by the fact that the
former participate in strong interactions while the latter do not. As mentioned above
already, three copies, or flavours, of both quarks and leptons have been observed. Fur-
thermore, there are two types of particles for each generation which are distinguished
by isospin: up-type quarks and down-type quarks on the one hand, and neutrinos and
charged leptons on the other hand As spin—% particles, fermions constitute the simplest

nontrivial representation of the Lorentz group, composed of Weyl spinors which are either

1One might further notice that each fermion comes with its antiparticle. In the case of
neutrinos, particles and antiparticles could be identical.



CHAPTER 1. INTRODUCTION

left-handed (LH) or right-handed (RH).

The SM does not treat quarks and leptons on equal footing, which can be traced back
to the fact that it features RH up-type quarks, but lacks RH neutrinos. An obvious
reason for this asymmetry is that the existence of RH up-type quarks is well-established,
whereas RH neutrinos have never been (conclusively) seen. This is not surprising, given
that RH neutrinos are predicted not to participate in gauge interactions, and would thus
communicate with the SM only via gravitational or Yukawa interactions. Furthermore,

the existence of RH neutrinos is not strictly required by any theoretical argument.

The presence of three fermion generations implies the presence of three physical mixing
angles which parametrise the mismatch between the particle states which participate in
gauge and/or Yukawa interactions and the physically propagating states. Furthermore,
the mixing matrix which translates between the two associated bases features a complex
phase, signaling that the symmetry of charge parity (CP) can be violated. This phase
as well as the three mixing angles have been measured with percent-level accuracy in the
quark sector [29]. In general, the physics of the quark sector as described by the SM is by

now fairly well understood.

As a consequence of the absence of RH neutrinos, the lepton sector featuring electrons,
muons and tau leptons together with their respective associated neutrinos is less rich in
structure in the SM. In fact, it exhibits a symmetry which predicts lepton flavour to be
conserved, that is, no net change in the number of particles carrying electron, muon and
tau flavour, respectively, can be generated. Still, many experiments, among them those
performed at Super-Kamiokande [43] and SNO [44145], have provided conclusive evidence
that neutrinos undergo oscillations and thus lepton flavour is definitely not conserved in
nature. Furthermore, at least two neutrinos must be massive, in conflict with the SM.
Consequently, we can be certain that the flavour structure of the lepton sector of nature

must be more involved than what is implied by the SM.

Another unsatisfactory aspect of the SM is related to the Yukawa sector which describes

the interactions between the fermions and the Higgs field. Not accounting for lepton mixing



and non-zero neutrino masses, one finds that the Yukawa sector features thirteen physical
parameters: three lepton masses and six quark masses as well as three mixing angles and
the CP-violating phase in the quark sector. Data on neutrino oscillations evidences the
need to introduce at least two non-zero masses in the neutrino sector, together with three
mixing angles and one CP-violating phase in the lepton sector. Still, all of these quantities
are entirely free parameters which can only be determined from experiment. In particular,
there is no explanation for the strong hierarchy among the masses of the charged fermions,
the large gap of scales between the electron mass and the largest neutrino mass, or the
fact that quark mixing is sizeable only for the first two generations, while there are two
large mixing angles in the lepton sector. It is expected that only new physics (NP) can
provide insight into the mechanism which gives rise to the flavour structure exhibited by

the SM Yukawa interactions.

Besides the large number of unexplained parameters in the SM flavour sector, there is
also growing evidence for deviations between the results of specific measurements and the
relevant predictions in the SM which depend on (some of) these parameters. In particular,
the prediction of lepton-flavour universality (LFU), according to which the masses of the
members of the three lepton generations can be the only source of differences in their
behaviour, becomes increasingly challenged. This is exemplified by the so-called LFU
ratios R(D) and R(D*),

I'(B — D™ 17)
)y —
RWD™) = I'(B — D®(p) (1.1)

with ¢ = e, u. A combined fit to the data on R(D) and R(D*) reveals a tension with the
SM prediction at the level of 3.4 [10]. Furthermore, the measurement of the anomalous
magnetic moment (AMM) of the muon a, = (g — 2),/2 at Brookhaven National Lab-
oratory [46] has revealed a significant discrepancy with the SM which further solidified
with the announcement of the results from the Muon g — 2 experiment at Fermilab [18].
According to the combined fit to the data, the anomaly currently stands at a significance
exp _ SM

a>* if the data-driven approach to determine the

of 4.2¢0 in the quantity Aa, = aj; "

leading-order hadronic vacuum polarisation is employed; see for instance ref. [19]. Further

experimental anomalies have manifested in recent years, for instance in various observables
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related to b — s quark transitions.

Let me get back to neutrino masses now, and recall that several questions regarding their
nature remain unanswered. For instance, it is still unknown whether neutrinos are Dirac
or Majorana particles. The former necessitate the simultaneous existence of (light) RH
and LH neutrino fields, whereas for the latter only the known LH neutrinos need to present
at low energies. While a Dirac nature of neutrinos is still a perfectly viable possibility,
Majorana neutrinos may be seen as more compelling from a theoretical point of view. If
induced in a gauge-invariant manner, Majorana neutrino masses are associated with the
breaking of the conservation of lepton number which is a symmetry in the SM on the
perturbative level. The size of Majorana neutrino masses is set by the (large) scale of
lepton-number breaking and thus naturally suppressed, which can be seen explicitly in
the context of the non-renormalisable Weinberg operator [47] if the SM is considered an

effective field theory (EFT).

Over several decades, many explicit models which give rise to the Weinberg operator have
been studied; see for instance the review articles [48-50]. Their sheer number necessitates
proper means of classification in order to enable an efficient comparison of the models
amongst each other and with experimental data. There are many viable avenues to do
so, notably via effective operators which violate the conservation of lepton number by two
units (AL = 2); see e.g. refs. [51-58]. Still, the relation between contributions to processes
which respect the conservation of lepton number and to those which violate it may be
very model-dependent, and the former typically constrain the available parameter space
more efficiently than the latter. Furthermore, there is an enormous number of possible

ultraviolet (UV) completions of effective AL = 2 operators.

Building on an approach laid out in ref. [59] which in a way proceeds along an intermediate
avenue between EFT and complete models, I investigate a scenario in which Majorana
neutrino masses might be generated via a singly-charged scalar singlet which transforms as
h ~ (1,1,1) under the SM gauge group. It is a case study for “simplified models” in which
the SM particle content is enlarged by a single particle which is charged under lepton

number, together with a source of lepton-number breaking. The singly-charged scalar



singlet plays a vital role in several UV-complete models, including the Zee model [60-62],
the Zee-Babu model [63-65] and the Krauss-Nasri-Trodden model [66] and their respective
variations. The coupling y; of h to two LH lepton doublets is antisymmetric in flavour
space and thus allows for the derivation of a constraint on the elements yzj in terms of

neutrino parameters, which sets the ground for a comprehensive numerical study.

Taking a step back, we find ourselves in a situation in which the need to introduce NP
is established, while its nature remains elusive. In this light, the odds that a particular
model, or even a class of models, correctly describes nature in its entirety might be regarded
as relatively small. Thus, interpreting experimental data in a more general and model-
independent way is equally important for guiding the search for NP. In this thesis, 1
thoroughly analyse existing data on and prospective enhanced sensitivities to the decay
process B — K®) plus neutrinos at the Belle-II experiment [7]. A recently presented
simple weighted average BR(BT — Ktvv) = (1.140.4) x 107> [1,8] supersedes previously

established upper bounds and indicates a possible enhancement with respect to the SM.

The underlying process b — svv is suppressed in the SM due to the so-called Glashow-
Iliopoulos-Maiani mechanism which may thus increase the chances of detecting a contribu-
tion from NP. Besides additional ways to mediate the decay, extensions of the SM may also
feature sterile particles, that is, those which do not participate in gauge interactions, that
could be produced in the final state and escape without detection. Furthermore, the the-
oretical description of b — svv processes is very clean. Earlier model-independent studies
of the decay B — K®) plus neutrinos in terms of EFT can be found in refs. [67{77]. In
this thesis, all relevant dimension-6 operators in low-energy effective theory for arbitrar-
ily many neutrino generations are considered, including the possibility of massive sterile
neutrinos. The results of the study can be applied to any model of NP introduced at or

above the electroweak scale.

Slightly shifting the focus once more, I now turn to the concept of symmetries which have
proven extraordinarily successful in describing the gauge interactions of the SM particles.
Therefore, it appears reasonable to consider a similar hypothesis for the flavour sector,

that is, assume a symmetry which acts on the space of flavours (or generations). It has
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been demonstrated that the hierarchies among the masses of the charged fermions can be
appropriately predicted via an abelian symmetry group, such as U(1) [78], under which
the different fermion species carry non-identical charges. Still, in order to accommodate
the observed features of mixing in the quark sector and lepton sector and to potentially

predict specific patterns, a non-abelian symmetry seems to be preferred.

In ref. [79], a scalar leptoquark (LQ) has been proposed as an explanation of the anomalies
in R(D), R(D*) and in the AMM of the muon which were introduced above. This sce-
nario was then further studied in subsequent works by different authors, e.g. in ref. [80].
Combining the two aforementioned approaches, I study a model which makes use of a
discrete symmetry acting on flavour space to explain the masses of the charged fermions
together with quark mixing as well as R(D), R(D*) and Aa,. The employed symmetry
completely determines the interactions among the SM fields in the Yukawa sector as well
as those between the SM fermions and the LQ. Similar existing studies may be found in

refs. [81-86).

This thesis is structured as follows. In chapter [2| I review some aspects of the SM and
possible extensions, as well as effective field theory and current experimental indications
of NP. The publication [87] together with the published erratum [88] are used in lieu of
chapter [3] wherein I study the simplified model involving the singly-charged scalar sin-
glet, under the assumption that it generates neutrino masses together with an unspecified
source of lepton-number violation. Then, I continue in chapter [ in lieu of which the
publication [89] is used. Therein, I provide a model-independent analysis of existing and
forecast data on several b — svv decay channels, and the derivation of constraints on dif-
ferent operators contributing to them. Lastly, I scrutinise the above-mentioned concrete
NP model which provides an explanation for the measured charged fermion masses and
quark mixing parameters, as well as currently observed anomalies in R(D), R(D*) and
the AMM of the muon. The presentation in chapter [5] has been extensively edited and

adapted from ref. [90]. Lastly, I draw conclusions and provide an outlook in chapter |§|



Chapter 2

Background

2.1 Aspects of the Standard Model

In this section, I review some selected aspects of the SM.

2.1.1 Lorentz Symmetry

The stage on which particle physics unfolds in the absence of gravitational effects is
Minkowski spacetime. Physical results should not depend on the choice of inertial frame,
or put differently, remain unchanged if boosts or rotations are applied which together
constitute Lorentz transformations. In technical terms, these can be expressed as 4 x 4
matrices A satisfying AT gA = ¢g where g is the Minkowski metric which is conventionally
taken as g = diag(1, —1,—1, —1) in particle physics [91]. Lorentz transformations give rise
to the Lorentz group SO(3,1). The generators for boosts and rotations can be rearranged
in linear combinations such that they satisfy two independent su(2) algebras, and thus
SO(3,1) is locally isomorphic to SU(2) x SU(2) [92]. Therefore, the representations of a
field under the Lorentz group can be conveniently labeled by a pair of (half-)integers (a, b)

with a,b =0, %, 1, ... which are familiar from spin quantisation.
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2.1.1.1 Fermion Mass Terms

The presentation in this section mainly draws from ref. [92]. The notation in terms of

two-component spinors is aligned with ref. [93|, and Lorentz indices are suppressed.

Weyl spinors are the simplest objects which transform non-trivially under the Lorentz
group. A Weyl spinor x ~ (%, 0) is conventionally dubbed LH, whereas n ~ (0, %) then
denotes a RH Weyl spinor. The fact that Weyl spinors can transform under either of two
SU(2) copies implies that two Lorentz-invariant types of mass terms exist. A Majorana

mass term involves only one Weyl spinor, that is, in the case of xy ~ (%, 0),
myxX + h.c. (2.1)

where “h.c” stands for “hermitian conjugate”. A Weyl fermion with a non-zero Majo-
rana mass is called a Majorana fermion. If x is charged under a pseudo-real or complex
representation of an unbroken symmetry, a Majorana mass term is forbidden [92]. Thus,
Majorana fermions are in particular electrically neutral and referred to as their own an-

tiparticle.

Still, a Weyl fermion x ~ (%, 0) which transforms under a pseudo-real or complex rep-
resentation of an unbroken symmetry can form a Dirac mass term with another Weyl

fermion & ~ (%, 0) transforming under the respective complex-conjugate representation,
mx€& + h.c. . (2.2)

It is conventional to combine y and ¢ into a Dirac spinor 1) = (x,&') which allows the

more familiar four-component notation
myn . (2.3)
If m is non-zero, the Dirac spinor ¢ = (x, £1) is said to describe a Dirac fermion.

Consequently, a major difference between the two types of mass terms is that a Majorana
mass only involves one Weyl spinor, whereas a Dirac mass involves two different Weyl

spinors and thus twice as many independent degrees of freedom.
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2.1.1.2 Lorentz Bilinears

A free Dirac fermion is a solution to the Dirac equation
(70 — m) = 0 (2.4)
where the matrices v* satisfy the Dirac algebra defined by
{v" 7"} = 29" (2.5)

with the anticommutator {A, B} = AB + BA. The smallest non-trivial representation of

the Dirac algebra is four-dimensional. The set of 16 elements {1,~7°, v*, v#75, 0"} where

ot =

=7 (2.6)

constitutes a basis in the space of 4 x 4 matrices. Given a Dirac spinor v, there is a

finite number of Lorentz covariants that one can construct out of ¥ and its Dirac adjoint
=y
Y1) scalar
@751,11 pseudo-scalar
Py vector (2.7)
PyEySe pseudo-vector
Yot tensor
The designations of these covariants indicate their respective definite behaviour under

parity transformationsﬂ

In fact, instead considering the basis { P, Pr,y*Pr, " Pr,c""} often proves more conve-

nient [94]. Here, the chiral projection operators

PLE%<1—’)/5) : PRE%<1 +7°) (2.8)

enter. Applying a parity transformation then interchanges the Lorentz scalars @PL, RY &

1 Pg 1 and Lorentz vectors ¢y" P, gtp < ¥y" Pr 1), respectively.

'Note that one can formally also define pseudo-tensors in an equivalent manner, but
they can be rewritten in terms of tensors and the Levi-Civita symbol, and are therefore
not independent.
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2.1.2 Particle Content and Weak Interactions

The particle content of the SM can be grouped into four bosonic representations H, Gy,
W;}, B, of the Lorentz group, and five fermionic representations Qr;, Lr;, ur;, dgi, € RZ-E|
Here, the index i = 1,2, 3 counts the three flavours (or generations). Furthermore, all SM

particles are organised in multiplets under the gauge group SU(3). x SU(2),, x U(1)y.

Up-type quarks are described by the ug; as well as the upper components of the rep-
resentation of @ under SU(2),, whereas the dr; and the lower @) components are
called down-type quarks. Similarly, neutrinos constitute the upper components of the
representation of Ly under SU(2),, and the eg; together with the lower L; components
are called charged leptons. The specific transformation properties are summarised in ta-
ble Upon the acquisition of a vacuum expectation value (VEV) by the Higgs doublet,
H = (¢+,¢%) — (0, (v + h)/+/2) in unitary gauge, the product SU(2),, x U(1)y is broken
to U(1)gm, where the subscript refers to electromagnetism [95]. Then, the charge of the
SM particles under the latter is called electric charge and determined from Q = T3 + Y,
where T3 is the eigenvalue under the third generator of SU(2),, called weak isospin, and

Y is the charge under U(1)y, called hypercharge.

Furthermore, the SM is a renormalisable theory, which formally requires that any diver-
gences appearing in results for observable quantities can be removed with a finite number
of counterterms [95]. In practice, an operator composed of SM fields is renormalisable in
3 4+ 1 dimensions if its mass dimension is smaller than or equal to four. Treating the SM
as a weakly coupled theory, one finds that the mass dimension of an operator is simply
given by the engineering dimension, that is, the sum of the mass dimensions of the fields
and momentum insertions constituting the operator under consideration |4]. In d = 4
dimensions, [p,] = 1 as well as [¢] = 1 for scalar and vector particles and [¢] = 3/2 for

fermions.

2The four-component notation is consistent with chapters |4/ and On the contrary,
two-component spinors are employed in chapter [3} In particular, RH spinors ¢ = Pry are
expressed therein in terms of LH spinors i = ¢°.

10
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| SU(2) x SU(2) | SUB). SU(2)w U(l)y

H = (¢*,¢°) (0,0) 1 2 3
Qui = ((ur,dr), (cr, sp), (tr,br)) (3.0) 3 2 1
Lis = ((vee, e1), Wi i), (Vir, 7)) (3.0) 1 2 -}
URi = (UR,CRatR> (0,3) 3 1 2
dri = (dR>5RabR) (0,3) 3 1 -3
€Ri = (eRa,UR7TR> (0,3) 1 1 —1

e (33) 8

we = (Wi w2 W) (3 3)
B, (3:3) 1

Table 2.1: Particle content of the SM, together with the transformation properties under
the Lorentz and gauge groups.

An object of major importance for the following considerations is given by y*4) which is
usually called “vector current” or simply “current”. It can be combined with a gauge field
to form a Lorentz- and gauge-invariant operator. One distinguishes charged and neutral

currents.

Regarding the latter, I consider the (effective) Lagrangian for the interaction between a Z
boson and SM fermions, following ref. [96],
L= o Z " [gijPL + QIZRPR] Vil (2.9)
2%
with the sums running over all SM fermion species, the SU(2),, gauge coupling g, the
cosine of the weak mixing angle 6y denoted by ¢y, and
ij  _ SM sij ij
G n = Gur 07 + 5g¢L’R : (2.10)

In the SM, the (effective) couplings are given at tree level as in
g%, = T4 — Q¥sin b, 90, = —QV sin” Oy (2.11)

with the electric charge Q¥ and the weak isospin ng; of the fermion 11, r, see also table

and 59& n=0 At loop level, they are modified according to

gon' = /Py (T3 — QY sin® Oer) | M = — /by Q¥ sin® feg (2.12)

11
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SM fermion ¢ | 7§ Q¥ Ty — Q¥sin®fw

Vies Vip, Vir | 5 0O 0.50
€r, Wr,, Tr, —% —1 —0.28
ur, L, tr 3 3 0.35
dL, S[, bL —% —% —0.42
€R, UR, TR 0 -1 0.23
UR, CR, LR 0 % —0.15
dr, Sk, br 0o -3 0.08

Table 2.2: Coupling strength of SM fermion-antifermion pairs to the Z boson.

where

8272

with the dominant correction due to electroweak self-energy diagrams with internal top

py =1+ + ...~ 1.0094 (2.13)

quarks, and sin? f.g =~ 0.2315 [29]. In the presence of NP, further contributions can get

induced which then results in non-zero 5gfgL .

2.1.3 Yukawa Sector

A major implication of the representation of the SM particles under the gauge group
SU(3),xSU(2),, x U(1)y is the absence of bare mass terms as introduced in section2.1.1.1

Still, the Yukawa interactions

Eyuk = —yfj@ieﬂ*um — yzj@inRj — yéjfLiHeRj + h.c. (2.14)

with € = io2

are compatible with the gauge symmetry. The parametrisation above holds
in a generic basis in which y,, y4 and y. may contain up to 18 (real) parameters each.
It might be referred to as the interaction basis which alludes to the possibility that the
operators in eq. are an effective parametrisation of some non-trivial dynamics at

high energies. Note that in the interaction basis, the Yukawa matrices account for all the

flavour effects.

After electroweak symmetry breaking, the charged fermion mass basis is adopted via bi-

12
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unitary transformations
Y >yt = LjyiRi fori =wu,d,e (2.15)
where the matrices y;" are diagonal:

Yo' = diag(Yu, Ve, Yt) ,  yq = diag(ya, ¥s;yp) » Yo' = diag(Ye, Yu, Yr) - (2.16)

Regarding the basis transformation of the LH SM fermions, I find
ur; = (Lu)ijury ,  dri = (La)igdyy »  eni = (Le)ijer ,  vii = (Le)ijVr (2.17)
and for RH SM fermions
upi = (Ru)ijuir ,  dri = (Ra)ijdg; , eri = (Re)ijek; (2.18)

where the superscript m indicates the mass basis. In this basis, the elements of the Yukawa

matrices are directly proportional to the charged fermion masses, that is,

m .
% _ M fori=wu,d,e (2.19)

V2w

where the masses are contained in the diagonal matrices m;.

As the name suggests, charged currents involve a change in the electric charge of the
involved fermions by +1. In the SM, this implies that charged currents are composed of
an up-type quark and a down-type quark, or a neutrino and a charged lepton. W* bosons
couple to these currents at tree level, since they are linear combinations of the SU(2),,
gauge bosons W12 associated with the non-diagonal Pauli matrices o2, The respective
weak Lagrangians read

£V = Laptd Wy + Sovmten W, + he. (2:20)

V2 V2

Adopting the charged fermion mass basis, one finds

dr, m
<UL cr m)v“ S =<ugn p t’[L)LLv“Ld s (2.21)
bL m
€L e
< Ve VLp VLr )v“ pp | = ( v, v, V. >Ll Y Le | (2.22)
TL T

13
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where the basis transformation has no effect in the leptonic case since the matrix L.
cancels out. Thus, lepton mixing is unphysical in the SM. On the contrary, the Cabibbo-
Kobayashi-Maskawa (CKM) matrix

V=LIL, (2.23)

is physical and cannot be removed from the theory. Hence, the up-type quarks and the
down-type quarks are not fully aligned in the SM. Since L, and L4 are unitary, so is V.
It is commonly parametrised in terms of three mixing angles 615, 613, 623 and a complex

phase 0. Abbreviating c;; = cos(f;;) and s;; = sin(6;;), one may write

c12€13 512€13 s13e”"

_ i i
V= —s12c03 — c12503513€"°  c1aca3 — S12523513€" 593C13 (2.24)

)

. 5
512823 — €12€23513€"0  —C12523 — $12€23513€"  C23C13

where the parameters are determined from the experimental data as follows, according to

the Particle Data Group (PDG) [29]:

sin(f12) = 0.2265070:00048 sin(fy3) = 0.0036179:90011 (2.25)

sin(fs) = 0.0405310-00083 § = 119670043 (2.26)

This implies that the magnitudes have the approximate hierarchy [97]

| D WY
Vi~ X 1 )2 (2.27)
A1

where A =~ 0.2. Thus, the CKM matrix is close to diagonal. Consequently, flavour-changing
charged currents (FCCCs) are generically induced at tree level via couplings to the W=+
boson, but they are suppressed. Note that since in particular si3 ~ A? is small, the
magnitudes |Vys|, |Vup| and |Vp| can be approximately identified with the (sines of) the
mixing angles 012, #13 and o3, respectively. In the mass basis, the CKM matrix encodes

all the flavour structure, apart from the differences in the charged fermion masses.

A parametrisation-independent way of quantifying CP violation is given by the Jarlskog

14
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invariant J, defined via

3
Im(Vi;ViaVii Vi) = J D €ikmEiin (2.28)
m,n=1
which for instance implies
J = Im(VuthbVJbV;l) — C12 C23 6%3 512 523 S13 Sin(é) (2.29)

for the parametrisation used above. Note that J has physical meaning only in the presence
of three fermion generations and three non-zero mixing angles. This can be easily seen

from an alternative definition which involves the determinant [91}98]

det C' = —i—Q(mt —me)(my — my) (Mme — my,)(Mmp — mg)(mp — mg)(ms —mg)J  (2.30)

of the traceless matrix C = i[yy, Y4

As a brief aside, in order to accommodate lepton mixing and non-zero neutrino masses,

one defines the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matriz
U=LlL, (2.31)

in an analogous manner, where L, is a unitary matrix. Then, the LH SM neutrinos

transform as in
Vi; = (Ly)ijl/ﬁ . (232)

In stark contrast to the CKM matrix, the PMNS matrix is not close to diagonal and

considerably less hierarchical [38]:

0.82 0.55 0.15
U~ 04 0.6 0.7 (2.33)
0.4 0.6 0.7

Hence, lepton mixing is in fact large, and the occurrence of lepton FCCCs is not suppressed.
In complete analogy to the CKM matrix, U can be parametrised in terms of three non-

zero mixing angles and at least one complex phaseﬂ Since the value of the latter is still

3If neutrinos are Majorana particles, the PMNS matrix necessarily features two further
complex phases, commonly referred to as Majorana phases; see also section @
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beset with a considerable uncertainty, the occurrence of CP violation in the lepton sector
is not conclusively established yet; see chapter [3] for more details regarding the current

experimental situation.

Note the absence of a suitable partner field Ng for the LH SM neutrinos that would
enable a Yukawa interaction with the Higgs field and subsequently a Dirac mass for neu-
trinos. Various NP models introduce such RH partner fields, called sterile neutrinos
Ngr ~ (1,1,0), some properties of which will be reviewed in section In addition, in
order to give rise to Majorana masses, the object LS Ly, +h.c. would need to get contracted
into a Lorentz invariant in a suitable manner, which is not possible in the SM on the renor-
malisable level. Thus, the SM cannot accommodate Majorana masses for neutrinos either,
but they are induced by the effective Weinberg operator on the non-renormalisable level;

see section [2.4.2] for more details.

2.1.4 Global Symmetries

Besides the Yukawa sector, the only instance where fermions enter the SM Lagrangian is
the kinetic sector which is described by
Lign =Y i7" Dyt (2.34)
(
with the sum running over all fermion species ¢ € {Qr, L1, ur,dg,er}. In the absence of

Yukawa interactions, the SM Lagrangian possesses a large global symmetry [99)
G = [SU@E)]° x [U)]’ (2.35)

where the five SU(3) factors are associated with the five different fermion representations,
respectively:

SU(3)g % SU(3)u x SU(3)q x SU(3)L x SU(3). . (2.36)

These groups act on the space of generations, of which there are three for each fermion
representation, via unitary matrices. The U(1) factors may be identified in a similar way.

In the presence of the Yukawa interactions contained in eq. li , the [SU(3)] > component

16
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| U U(1)g

QLZ' 1 0 LLe = (VLeyeL) 1 0 0
e i 0 Lry = (Vi pr) 0 1 0
Hi 3 Lir= wpe) | O 0 1

dRi 5 0
3 eRr 1 0 0
Lri 0 1 LR 0 1 0
ChRi 0 ! TR 0 0 1

Table 2.3: Left: Charges of SM fermions under baryon and lepton number, respectively.
Right: Charges of SM leptons under electron number, muon number and tau number,
respectively.

of G is completely broken, and the remaining intact symmetry is conventionally expressed
as in

U(1)p x U(1)e x U(1), x U(1), . (2.37)

Here, U(1)p stands for baryon number, for which the conventional assignment of charges
to the SM fermions is summarised in table together with those for lepton number
denoted by U(1)z. The three factors U(1), x U(1), x U(1); may be referred to as electron
number, muon number and tau number, respectively, with the charge assignment to the
SM leptons contained on the right-hand side in table A prominent implication of
U(1)p being conserved is the stability of the proton, that is, decays such as p — en’
are forbiddenﬁ As of yet, there is no experimental evidence of U(1)p violation, thus it
may indeed be an exact symmetry of nature. On the contrary, the occurrence of neutrino
oscillations implies that U(1). x U(1), x U(1); can only be approximately realised. Still,

the non-observation of charged lepton flavour violating (cLFV) decays such as 7 — uvy

suggests that it is intact to a large extent [101].

The conservation of baryon number and lepton number in the SM on the classical level
is a byproduct of fixing the particle content with its transformation properties under the

Lorentz and gauge groups, and the requirement of renormalisability. In that sense, they

4In fact, only the differences B/3 — L; where B and L; are the charges under baryon
number and electron, muon or tau number, respectively, are conserved in the SM on
the quantum level, which also implies the conservation of B — L. However, the rate of
the decay of baryons into leptons as mediated by sphalerons is exceedingly tiny at low
temperatures [91]. See for instance [100] for a recent discussion.
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are widely seen as accidental symmetries. Accordingly, the non-conservation of baryon
number and/or lepton number is a generic prediction of physics beyond the Standard
Model (BSM). Indeed, if the criterion of renormalisability is relaxed, effective operators
composed of SM fields which violate the conservation of lepton number or baryon number

emerge already at mass dimension 5 or 6, respectively; see also section [2.4.2]

The invariance of the full SM Lagrangian under G can be formally recovered if one assigns

the following transformation properties to the Yukawa couplings:

Yu ~ (3,3,1) under SU(3)g x SU(3), x SU(3)4 , neutral otherwise, (2.38)
ya ~ (3,1,3) under SU(3)g x SU(3), x SU(3)4 , neutral otherwise, (2.39)
Ye ~ (3,3) under SU(3), x SU(3). , neutral otherwise. (2.40)

In this way, the SM Yukawa matrices are treated as spurions, which are typically assumed
to be non-dynamical scalar fields. In a broader context, the concept of spurions may be
utilised in models which aim to explain specific flavour-dependent hierarchies or interaction
patterns via a symmetry which enlarges the SM gauge symmetry at high energies; see also

section In chapter [f] a model which contains several spurion fields is described.

2.1.5 Flavour-Changing Neutral Currents

Contrary to FCCCs, flavour-changing neutral currents (FCNCs) are not induced at tree
level in the SM; see for instance ref. [97] for a review. Indeed, gluons and photons are
protected from mediating FCNCs at tree level since their respective gauge couplings are
by construction flavour-universal, that is, proportional to the unit matrix, which is a
basis-independent property. The Higgs-boson couplings are proportional to the respective
Yukawa couplings which are diagonal in the charged fermion mass basis, which is the only
source of fermion masses in the SM. Lastly, the coupling of the Z boson to any generation
of the fermion representations ur;, dri, €ri, Yri, URi, dRi, €Ri, iS given by T5; — Q; sin 6,,.
This latter expression is flavour-universal in the SM, effectively implying T3; = T3 and
Q; = @ for all 7 if a fermion species is fixed, and so the Z-boson couplings remain flavour-

universal in the mass basis.
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v
Z
v
W=
]
b u,c,t

Figure 2.1: Feynman diagrams which mediate the decay process b — sv7 in the SM; taken
from ref. [1].

Thus, the SM does not feature a neutral boson which could mediate FCNCs at tree level,
but they are induced at loop level. Since only the W+ bosons can change fermion flavour,
this necessarily involves two W vertices, and one sums over the flavours of the internal
fermion. Figure [2.1] shows two representative one-loop Feynman diagrams which mediate
the process b — sv¥ process in the SM, a so-called electroweak penguin diagram on the left
and a box diagram on the right. Closely related processes occur due to similar diagrams;
one might for instance swap the Z boson on the left-hand side for a hard photon which
yields b — s7v, or exchange the roles of the charged lepton and the neutrinos on the
right-hand side which then corresponds to b — s¢¢. New mediation mechanisms for both

penguin and box diagrams can occur in the presence of NP [102].

In the following, the transition b — s is specified as it is the most relevant one for this
thesis, but similar considerations apply for other FCNC transitions. The amplitude is

schematically given as in

2
ms

Ap_ys ~ g wVisf(xi), @ =— (2.41)
i=u,c,t myy

with the decay-dependent function f(x;) [97]. A Taylor expansion yields
Apss ~ D VaVisf(O)+ > m — f(0) (2.42)
i=u,c,t i=u,c,t W
to leading order (LO) and next-to-leading order. Since f(0) is flavour-independent, the
first term is zero by unitarity of the CKM matrix, and the largest non-vanishing term is
suppressed by the ratio mf /m%V, which is the essence of the Glashow-Iliopoulos-Maiani
(GIM) mechanism. Generically, CKM suppression occurs as well, since the product V; Vi,

necessarily involves at least one off-diagonal element. Note that the amplitude would

19



CHAPTER 2. BACKGROUND

immediately vanish if the internal quark masses were degenerate. Furthermore, if the

top-quark contribution dominates the process, GIM suppression is obviously not efficient.

Together with the generic loop-suppression factor 1/(1672), CKM suppression and GIM
suppression imply that the SM predicts the rates of FCNC processes to be quite small.
So far, no conclusive deviation from this prediction has been observed. Since NP does not
have to be subject to any of those suppression mechanisms, there is arguably a good chance
for it to be detected in FCNCs, whereas it might be easily swamped in other processes
to which the SM contribution is not suppressed. Thus, a precise understanding of how
NP could manifest in FCNCs is indicated. In this context, chapter [] contains a model-
independent study of NP which resides at or above the electroweak scale and contributes

to b — s processes with two neutrinos in the final state; see also section [2.2.2

2.1.6 Low-Energy QCD

In the SM, quantum chromodynamics (QCD) is described in terms of a non-abelian gauge
theory governed by the group SU(3). which is coupled to the six different quark flavours
u, d, ¢, s, t and b. The subscript ¢ stands for colour. The associated gauge bosons,
called gluons, transform non-trivially under SU(3)., thus they undergo self-interactions

and source the colour field themselves.

QCD behaves very differently at energies close to or above the electroweak scale, and at
lower energies, which is quantitatively captured in terms of renormalisation group (RG)
running. A straightforward way to appreciate the notion of RG running is to note the ap-
pearance of a parameter p in dimensional regularisation, which arises from the requirement
that the coupling parameter of a marginal operator retains a vanishing mass dimension
also for a space-time dimension d # 3 + 1 |95]. In the renormalisation scheme of minimal
subtraction, quantities such as couplings and masses or, more generally, Wilson coefficients
(WCs) will generally depend on the arbitrary scale . Heuristically, the requirement that
physical observables do not depend on p yields the so-called RG equations (RGEs). In

practice, incorporating RG running typically implies taking into account the renormali-
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sation of the coupling of a gauge boson to the relevant fermion current. The resulting

equations then involve so-called 8 functions

dg

Blg) = L (2.43)

which depend on the number of particles charged under g. Specifically, in QCD one finds

at the level of one loop

gap) _2m 1
as (1) i 7@ : (2.44)

Here, the subscript s stands for “strong”, and the scale Aqcp marks the occurrence of
the Landau pole in QCD where the coupling formally diverges. Higher-order calculations
and measurements of o, at larger energies indicate Aqcp =~ 200 MeV. Still, one finds
as(p) 2 O(1) already at energies £ < 1 GeV, which implies that perturbative QCD is
not predictive anymore in this regime. Instead, the strong dynamics at low energies are
more appropriately described in terms of hadrons which are bound states consisting of a

specific set of constituent quarks and/or antiquarks.

Matrix elements in low-energy QCD cannot be computed directly, but their functional
form can be constrained via symmetry considerations [97]. Restricting to the case of two

hadrons involved in the transition, one may generically write
(Hylglq'|Hy) (2.45)

with the initial and final hadronic state H; and Hy, respectively. If the latter is given by
the vacuum, the process is described in terms of a decay constant, and by a form factor
otherwise. gl'q’ consists of (a linear combination of) the Lorentz bilinears in section
In the case of semileptonic hadron decays which proves most relevant for this thesis, the
relevant form factors are typically computed with the help of so-called light-cone sum
rules (LCSR) [5}6/103,[104] at low invariant mass ¢? of the final-state lepton pair, and

with lattice quantum chromodynamics (LQCD) for large ¢ [105/108].

Thus, a concrete evaluation of the above matrix element must be consistent with its
symmetry properties, in particular Lorentz symmetry and discrete symmetries like parity

which is conserved by QCD. The vacuum is assumed to be parity-even. In the following, the
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evaluation of the matrix element of the leptonic decay of a pseudo-scalar meson B. = b¢c

is sketched.

In the SM, this decay proceeds via an internal W boson at tree level. The only observable

dynamical quantity is the B, momentum p, which is a Lorentz vector, thus one finds

(Oey*ysb|BS (p)) = —ifp. 0" (2.46)

where —i is conventional and the proportionality factor is the decay constant fp,. Note
that the vector part ¢y#b does not contribute due to parity. There is a contribution from

pseudo-scalar operators as well,

_ _ . mp,
(0leysb| BL (p)) = ifp,——— (2.47)

mp + M

where the proportionality factor can be derived from considering the divergence of the
axial-vector current and using the Dirac equation since the quark spinors are on shell [97].
The factor mQBC /(my + m¢) results in an enhancement of the pseudo-scalar contribution
(“scalar dominance”) which is however not as pronounced for mesons composed of heavy
quarks. In addition, note that neither pseudo-scalar nor tensor contributions are induced
at tree level in the SM. See section [4.6] for technical details about form factors for B-meson

decays.

2.2 Experimental Status and Prospects

In this section, I review the experimental situation regarding neutrino masses as well as
other instances of anomalous data in flavour-sensitive observables, together with future

prospects.

2.2.1 Neutrino Masses

Neutrinos are arguably the most elusive particles in the SM. Regarding their three flavours,

the electron neutrino v, was discovered in the 1950s [109}/110], whereas the existence of
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2.2.1 Neutrino Masses

vy, [111) and v, [112] was established in 1962 and 2001, respectively. The combined work
from several collaborations, notably Super-Kamiokande [43] in 1998 and SNO [44}45] in
2002, culminated in robust evidence for the occurrence of neutrino oscillations and thus
the existence of non-zero neutrino masses, indicating the incompleteness of the SM. The
results published by KamLAND, T2K and NOvA, see for instance refs. [113H115], among
others, add up to a largely consistent picture of neutrino oscillations. See section |3.2.2
for a convenient parametrisation involving the PMNS matrix, and table for the fit
results published by the NuFit collaboration in July 2020 [38]E| Future experiments,
among them Hyper-Kamiokande [116] and DUNE [117], are in particular projected to
significantly improve upon the determination of the CP-violating phase contained in the

PMNS matrix [f]

A possible means to infer an upper bound on the sum of neutrino masses and thus on the
mass mg of the lightest neutrino is via cosmic surveys. The trajectory of free-streaming
neutrinos is not significantly altered when they pass through matter overdensities in the
universe, which results in a delayed growth of perturbations at scales smaller than their
free-streaming length scale 1/kg ~ 100 Mpc [120]. Thus, neutrinos do not significantly
cluster at length scales smaller than 1/kg, but essentially behave as cold dark matter at
larger length scales. A larger neutrino mass would imply further suppression of structure
growth at smaller scales which can be constrained by observations. Recent results typically
indicate ¥ = mj +ma +mg S O(0.1 —0.2) eV at 95% CL. In chapter |3, the upper bound
m1 + mg +m3 < 0.12 eV reported by the Planck collaboration in 2018 [121] is used.

Next-generation surveys are anticipated to overcome the currently established upper bounds
and detect X at a level of almost 3o or better, assuming the minimal scenario of mgy = 0.
Deriving a robust and unambiguous cosmological bound on neutrino mass is difficult since
its effect is degenerate with other phenomena, such as the suppression of primordial cosmic

microwave background (CMB) fluctuations due to reionisation, or potential contributions

®Note that there has been an update in October 2021.

6The main goal of the experiment JUNO is to detect the mass ordering in the neutrino
sector [118], but there are proposals according to which it could also help in measuring
leptonic CP violation [119] in conjunction with a superconductive cyclotron.
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Figure 2.2: Tllustration of the semileptonic decay of a B hadron in the SM, from ref. [2].

to the dark-energy equation of state [120]. The tritium-decay experiment KATRIN has
already inferred the model-independent bound (3, \Uei\Qm?)l/ ? < 0.8V at 90% CL which
is projected to get further strengthened to 0.2 eV [122] and will thus be only slightly weaker
than the current cosmological one. Furthermore, one can infer an upper bound on the
combination Y, U2m? from searches for neutrinoless double beta decay which applies if

neutrinos are Majorana particles; see for instance ref. [123] for a recent review.

2.2.2 Lepton Flavour Non-Universality

In the SM, differences in the behaviour of leptons may only arise due to phase-space effects
as a consequence of the mass hierarchy in the charged lepton sector, which is referred to
as LFU. In particular, gauge bosons couple to all lepton generations with equal strength.
Apart from the conclusive establishment of the existence of a non-trivial mass hierarchy
in the neutrino sector and of the occurrence of lepton mixing, there is further mounting
evidence for deviations from the SM in the form of apparent violations of LFU. In this

subsection, I briefly review the current experimental status.

b — ¢ transitions. The transitions b — ¢/v where ¢ € (e, u,7) are of FCCC-type and
thus mediated via W* bosons at tree level in the SM; see figure Thus, they are in
particular not suppressed. As mentioned beforehand, the SM predicts the strength of the

coupling of W* bosons to be independent of the involved lepton generation, and it requires
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2.2.2  Lepton Flavour Non-Universality

the flavours of the final-state charged lepton and neutrino to coincide. The neutrino (and
thus also its flavour) is undetected, and so one needs to sum over all three final-state
neutrino mass eigenstates, weighted by their overlap with the fixed lepton flavour ¢ as
per the PMNS matrix [2]. Since the latter is unitary in the SM extended by three light

neutrinos, one finds

S Uk =1 (2.48)

1=1,2,3

and thus the PMNS matrix plays no role in computations of FCCC processes. Further-
more, the dependence of the amplitude on the CKM-matrix element V,; cancels in the SM
if the ratio of the rates involving different charged leptons in the final state is taken. This
motivates the consideration of the LFU ratios

BR(B — D¥7p)
) =
RD™) = BR(B = D) (2:49)

where ¢ stands for either an electron or a muon. According to the 2021 results from
ref. [10] which incorporates data sets from LHCb [15,|16,|124], Belle [14}|125-127] and
BaBar [128]129], the combined significance of a violation of LFU is about 3 ¢, which sets
the ground for chapter | wherein a NP model aims to explain this anomaly. Evidence for
LFU violation was also found in the B} — J/v mode [130]. Further quantities of interest
are the longitudinal polarisation of the tau lepton [131,|132] and angular distributions in
B — D*(v transitions [133]. A measurement of the baryonic decay A) — AF77 was
reported in ref. [134]. Furthermore, the next-generation experiment Belle II is projected

to measure R(D™) three times more precisely than the current world averages [135].

b — s transitions. These processes are of FCNC-type, introduced in section [2.1.5] and
thus predicted to be suppressed in the SM. The case of two neutrinos in the final state
is particularly appealing from a theoretical point of view, since the amplitude can be
neatly separated into a hadronic and a leptonic part. In the SM, this decay occurs only
if the flavours of the final-state neutrino and antineutrinos match. Furthermore, GIM
suppression implies that only the contribution with an internal top quark is relevant,
against which the masses of the respective internal charged lepton is negligible in box-

diagram contributions. Thus, differences in the decay widths for different flavours of the
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neutrino-antineutrino pair in the final state are negligible in the SM [136]. This can be

seen as an (approximate) manifestation of LFU.

On the experimental side, until very recently, only upper bounds on the branching ratios
(BRs) for the decay channel B — K ) plus missing energy existed. Belle II is projected
to measure these decays with an uncertainty of only about 10%, based on the full data set
which comprises 50 ab™!, if the central values turn out consistent with the respective SM
expectation [7]. Furthermore, the process b — svv generically also provides a stringent
constraint on NP scenarios which aim to explain the anomalous data in b — ¢ processes,

as is the case in chapter [5

For completeness, the case of charged leptons in the final state is also commented on.
Several experiments at LHCb [137-140] and Belle |141,/142] have revealed evidence for

deviations from LFU in b — s/ transitions, notably in the ratio

BR(B — K™ )
BR(B — K™®¢e)

Ry = (2.50)

which is predicted to be equal to 1 in the SM with an uncertainty of less than 1%. The most
recent result reports a 3.1o deviation from the SM in the interval 1.1 < ¢%/GeV? < 6 [139)

where ¢? is the invariant mass of the lepton pair.

Magnetic moment of the muon. The so-called gyromagnetic ratio or g-factor parame-
trises the coupling of a charged fermion to an external magnetic field. The Dirac equation
predicts g = 2, but one finds g # 2 due to radiative corrections and thus typically refers
to the anomalous magnetic moment (AMM) a; = (g — 2);/2 with ¢ indicating the fermion
under consideration. In quantum electrodynamics (QED), one considers the vertex of a

photon of momentum p,, coupling to an on-shell spinor current (see e.g. refs. [143}|144])

joHY ot

{p117*(0)|p2) = u(p1) | Fi(g*)¥" + Fz(q2)l2m av + F3(q%) LY u(p2) (2.51)

with the momentum transfer ¢* = pi — p§. For ¢> = 0, one may identify the three
form factors with the electric charge eF1(0), the AMM a = F5(0), and the electric dipole
moment (EDM) d = —eF3(0)/2m, respectively.
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The Run-1 results of the g — 2 experiment at Fermilab [18] are in good agreement with
the earlier results obtained at BNL [46] and established a 4.2¢ discrepancy with the
recommended value for the SM prediction for a, [19], that is, Aa, = ag® — aiM = (2.51+
0.59) x 1079, Improving the precision of the latter is in particular contingent on properly
determining the contribution from the hadronic vacuum polarisation (HVP) which is the
subject of continuing efforts. Recently, several groups have reported results from lattice
studies |145-148| which would significantly reduce the tension with experimental data,
and thus challenge the results for the LO HVP obtained from the total cross section for
the process ee — hadrons via a dispersion relation. Nonetheless, the tension between
experimental data and the SM prediction for a, makes a compelling case for the existence
of BSM physics sensitive to lepton flavour. There is also evidence for a non-zero Aae, but
the results of extractions of the electromagnetic fine-structure constant from caesium [149]

and rubidium atoms [150] do not agree within the reported uncertainties, thus a further

clarification of the experimental situation is indicated in this case.

Unitarity of the CKM matrix. In the SM, the CKM matrix is unitary by construc-
tion; see also section In recent years, testing this premise against experiment has

attracted attention in particular for the case of the first row, that is, the assumption that
Z |Vuz|2 = |Vvud|2 + |Vus|2 + |Vub|2 (2'52)
i

adds up to one. In practice, this requires the comparison of independently inferred results
for |Vyq| and |Vys|, with the numerical value of the latter being approximately coincident
with the (sine of the) Cabibbo angle 612 which parametrises the mixing between the first
two generations of quarks. This may be done via considering different decay processes,
the results of which seem to not entirely agree and constitute the so-called Cabibbo angle
anomaly (CAA); see for instance [151] for a recent review. A possible source of the anomaly
are modifications of the Fermi constant Gr due to NP. G can be inferred indirectly, for
instance via global fits [152], but is importantly also directly extracted from muon decay.
Contributions to the latter imply a deviation from LFU in the leptonic gauge couplings.

See chapter [3] for further information and a possible realisation of this scenario.
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2.3 New-Physics Models

In the following, several concrete extensions of the SM in terms of new particles which are

relevant for this thesis are reviewed.

2.3.1 Sterile Neutrinos

Sterile neutrinos are a very well-motivated extension of the SM; see for instance refs. 1531
155] for reviews. Their presence would fix up the apparent asymmetry between the quark
sector and the lepton sector in the sense that they would provide a Dirac partner for
the active LH SM neutrinos. A sterile neutrino or RH neutral fermion singlet is a field
Npg ~ (1,1,0), where “sterile” refers to the fact that this particle does not participate in
SM gauge interactions. The Yukawa sector as described in eq. [2.14] gets extended by the
term

LY = —yJ LrieH*Ngj + hec. (2.53)

which is the only renormalisable coupling between sterile neutrinos and SM particles. Upon
the acquisition of a non-zero VEV by the Higgs doublet, the neutrinos would receive a
Dirac mass in the same way the charged fermions in the SM do. Thereby, neutrinos
and up-type quarks would formally be treated on similar footing. A non-zero Yukawa
interaction induces mass mixing between the active SM neutrinos and sterile neutrinos,
which is however relatively stringently constrained. Moreover, since Npg is sterile, the
Majorana mass term

m¥Ng. Ng; + h.c. (2.54)

is trivially compatible with the SM gauge symmetry. In the minimal scenario of extending
the SM by sterile neutrinos, the Majorana mass term is the only source of lepton-number
breaking, and a small my would thus be technically natural. Still, since the Majorana
mass is not necessarily related to any other SM scale, it may also be very large. The case
mpy > v implies the compelling seesaw scenario in which the scale of the small active

neutrino masses is induced as per m, ~ (vy,)?/my, which naively implies my ~ 10'5
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GeV if the couplings ¢/ are O(1) numbers. In this case, a description in terms of the

effective Weinberg operator applies; see section [2.4.2]

Another viable reason to assume the existence of sterile neutrinos is due to their prominent
role in scenarios of leptogenesis, which rather motivates a mass scale around my ~ 10'°
GeV. Heavy sterile neutrinos may undergo out-of-equilibrium decay in the early universe,
thereby generating a lepton-number asymmetry which can be transferred into a baryon-
number asymmetry via sphalerons [156]. Much lighter sterile neutrinos with masses in
the keV range represent an attractive candidate for warm dark matter. Lastly, eV-scale
sterile neutrinos have been proposed to ameliorate several short-baseline anomalies, which
is however problematic in the light of results from MicroBooNE, see e.g. refs. [157,/158],
as well as cosmological constraints, as is reviewed for instance in ref. [159]. Since the
number of generations of sterile neutrinos is not constrained a priori, they could also exist
with largely different mass scales. In addition, the presence of three sterile neutrinos is
required in scenarios in which B — L is promoted to a gauge symmetry due to anomaly

cancellation [95].

2.3.2 Leptoquarks

As their name suggests, LQs directly couple quarks to leptons, thus they may be either
scalar or vector particles. The SM Yukawa couplings strictly separate the quark and
lepton sectors. For both scalar and vector LQ, respectively, only a small number of
representations under the SM gauge group exist which allow for renormalisable couplings
to SM fermions |160]. A gauge-invariant description of massive vector bosons requires an
adequate enlargement of the SM gauge group, which implies that minimal extensions of
the SM by a single vector LQ are not predictive per se. Hence, vector LQs will not be

discussed further.

The six representations of scalar LQs under the SM gauge group and the allowed renor-
malisable interactions with matter fields are given in Table Note the appearance of

diquark operators in the presence of both the weak singlet LQs and the weak triplet Ss.
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‘ Gauge Representation Renormalisable Matter Couplings
S1 (3.1, 3) L QLS1 + eGurS: + QLA S1 + UrdRS:
S (g, 1, %) %dRSl + ﬁu%Sl
Sh (3,1,-2) drd%S;
Ry (3,2,7) CRQLR + TRLLR,
Ry (3,2, %) ~ drLpRy
S3 (3,3,3) L$QrSs +QrQSs

Table 2.4: The six scalar LQ representations under the SM gauge group which admit
renormalisable couplings to SM fermions. The individual coupling matrices are omitted
for brevity, generation indices are suppressed and the hermitian-conjugate operators are
understood to be added. The LQs S;, S; and Rs may also feature renormalisable inter-
actions with sterile neutrinos if those are introduced.

Combinations of diquark and Yukawa-like LQ couplings must be sufficiently constrained
in order not to give rise to large rates of proton decay. LQs are generically also expected
to couple to the SM Higgs boson and gauge bosons. They are appealing candidates for an
explanation of the anomalous data on b — s¢¢ and b — ¢/ processes, see section m

since they do not contribute to meson mixing at tree level [3]:

e 57 is well suited to explain the b — ¢fT anomalies via tree-level contributions which
sets the ground for chapter |5, whereas b — s¢¢ transitions are only sourced at one-

loop level.

« S5 induces both b — s¢¢ and b — cf¥ transitions at tree level, but it can explain the

anomalous data only in the former case [161}/162].

e Ry can explain the anomalies in b — sufz via loop-level contributions if the tree-level
processes are switched off. A tree-level explanation of the b — ¢fv data by R» is also

possible, but incompatible with the aforementioned scenarioﬂ

TA different avenue was followed in ref. |[163] where Ry was shown to allow for an
explanation of the anomaly in R («) due to a tree-level contribution to b — see, compatible
with a simultaneous explanation of R(D™)). Nonetheless, this (minimal) scenario bars the
amelioration of anomalous data in other b — sup processes and predicts a largish BR for
the process B, — 7.
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2.3.3 Colourless Charged Scalars

The only physical scalar particle in the SM is the CP-even neutral Higgs boson. Still,
the existence of further scalar particles is well-motivated due to conceptual difficulties of
the SM scalar sector, such as the apparent meta-stability of the electroweak vacuum, see
for instance refs. [164,|165] for reviews, or the absence of a phase transition in the early
universe which is strongly first-order [166]. Of particular relevance for this thesis is the
singly-charged scalar singlet h ~ (1,1,1). This field has the appealing property that its

only renormalisable coupling to SM fermions is given by
Ly =y LS ,Lrh + h.c. (2.55)

where the matrix y; is antisymmetric in flavour space. Thus, y;, only contains three
free parameters, which renders this SM extension very predictive. If supplemented with
a source of lepton-number violation, A can induce Majorana masses for neutrinos. A
comprehensive model-independent study of this scenario is presented in chapter In the
following, a few explicit models featuring h are briefly reviewed. See ref. [50] for a very

comprehensive overview over radiative neutrino mass models.

Zee Model. A simple radiative neutrino mass model is given by the Zee model [60]
which enlarges the SM particle content by a second Higgs doublet ® and a singly-charged
scalar singlet h. It is customary to adopt the so-called Higgs basis |[167] in which the Higgs
doublets are parametrised as in
H=| "t e 5/+. . (2.56)
ﬁ(v+h—|—m) \ﬁ(éf) +1iA)
Here, nt and n° are the Goldstone bosons, h and ¢’ are CP-even neutral scalars, A is a

CP-odd neutral scalar and £ is a singly-charged scalarﬂ The lepton Yukawa sector of

8Therein, two-component spinors are employed, so that the above Yukawa coupling
reads Ly Lph + h.c.. Furthermore, a different sign convention is used for the Yukawa
sector in general.

I9Writing h for both the CP-even neutral Higgs boson and the singly-charged scalar
singlet may be seen as undesirable clash of notation. Still, in order to maintain consistency
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the theory is enlarged to
EYuk,lept = —yéjfLiHeRj — y?"@LiLiq)eRj — yzjchiL[ljh + h.c.. (2.57)

The breaking of lepton-number conservation is contingent on the simultaneous presence
of these three couplings as well as the tri-linear term H®h* + h.c.. In this way, Majorana
masses for neutrinos are induced at one-loop level. The Zee model is a realisation of a

class of models dubbed the linear case which is introduced and studied in section Bl

Zee-Babu Model. Another simple radiative neutrino mass model is given by the Zee-
Babu model [63-65] which enlarges the SM particle content by a singly-charged scalar
singlet h ~ (1,1,1) and a doubly-charged scalar singlet k& ~ (1,1,2). The lepton Yukawa

sector of the theory is enlarged to
‘CYuk,lept = —yéjfLiHGRj — y;gfiiLLjh - y,ij%iegjk + h.c. . (258)

Then, lepton-number conservation is violated if the tri-linear term h%k* + h.c. is present
as well, and Majorana masses for neutrinos are induced at two-loop level. In section [3]
the Zee-Babu model is identified as a realisation of a class of models dubbed the quadratic

case.

Krauss-Nasri-Trodden Model. The Krauss-Nasri-Trodden model (KNT') model [66]
extends the SM particle content by two singly-charged scalar singlets h; and hs and a
neutral fermion singlet Ng ~ (1,1,0). The lepton Yukawa sector of the theory is enlarged
to

Lyukjept = —Y LriHer; — y}lffiiLLjh — ynnNgerihs + hoc. . (2.59)

Note that both hy and Np are assumed to be odd under a Z symmetry, in order to
prevent the canonical type-I seesaw mechanism from becoming effective. Together with

the Majorana mass term mNNing r + h.c. violating the conservation of lepton number

with chapter [3| I opt not to change the conventions at this point, and note that from the
context it should be clear which particle is referred to.
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Figure 2.3: Masses of the SM particles, represented on a logarithmic scale; taken from
ref. [3].

and the scalar-potential term (hih3)% + h.c., Majorana masses for neutrinos appear at
three-loop level. Furthermore, if Ny is lighter than the singly-charged scalar singlets, it
can be a viable candidate for dark matter since it is stable as a result of the unbroken Zs

symmetry. The KNT model is a further example of the quadratic case.

2.3.4 Flavour Symmetries

Lastly, a brief introduction to the concept of flavour symmetries is given. This does not
refer to the extension of the SM by a specific particle, but rather provides a framework for
predicting the interaction structure of a model via the assignment of the particle content

to representations under a specific symmetry group, or products thereof.

Symmetries have proven a most elegant and successful concept in different fields of physics.
Via the Lorentz and gauge groups, they give rise to the structure of the SM. Thus, it might
appear reasonable to assume that the flavour structure of nature is also dictated in terms
of a symmetry. The different masses in all respective charged fermion sectors, especially
for the up-type quarks, display a hierarchical pattern; see figure for an illustration on

a logarithmic scale.

This suggests the existence of a (spontaneously broken) flavour symmetry which extends
the SM gauge group and under which fermions of different generations carry in general
different charges. Arguably, the simplest case is given by Froggatt-Nielsen models [168]
which employ a U(1) symmetry and typically feature a SM singlet scalar ¢ and heavy

vector-like fermions [3]. One may then assign —1 unit of the U(1) charge to ¢ and as-
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sume that it condenses at a high scale. Thus, ¢ takes up the role of a spurion field; see

also section 2.1.4] At low energies, the elements of the SM Yukawa matrices will then

o~ (S (260

my

schematically scale as

where my is a large vector-like fermion mass and n;; is the (added) U(1) charge of a
SM Yukawa operator, say Lp;Hegj. If (¢)/my < 1, a larger |n;;| will imply a larger
suppression of the coefficient of the respective Yukawa operator. In general, both the radial
mode and the modulus of ¢ can give rise to constraints. If U(1) is a global symmetry,
the modulus is a (pseudo-)Goldstone boson and may help solve the strong CP problem or

provide a viable dark matter candidate [169-174].

A viable alternative to U(1) is given by non-abelian symmetry groups. For instance,
U(2) provides a natural framework to unify the first two generations in the quark sector,
respectively, in the fundamental (2-dimensional) representation, which might be beneficial
since the mixing among either of the first two generations and the third one is suppressed.
In addition, the presence of two large mixing angles in the lepton sector motivates a
symmetry group which admits three-dimensional irreducible representations. Moreover,
note that the appearance of Goldstone modes as a result of spontaneous symmetry breaking
can be naturally avoided if discrete symmetries are utilised instead of continuous ones;
see refs. [175H178| for reviews. Still, the spontaneous breaking of discrete symmetries
can result in the formation of domain walls [179]. Another approach related to flavour
symmetries is based on so-called modular forms which were first utilised in ref. [180] for

model building in the context of neutrino masses.

2.4 Effective Field Theory

The capability of quantum field theories to yield predictions of astonishing precision is
inherently connected to the premise of taking into account the effect of each and every

particle on an intermediate, that is, virtual level. Thus, the final result will in general
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depend on a variety of (mass) scales of potentially largely different numerical values [29].

Efforts to reduce this complexity are pursued within the framework of EFTs.

2.4.1 Technical Aspects

The first step in constructing an EFT typically consists of identifying the relevant degrees
of freedom in the theory. In the simplest case, this implies a separation of the theory
spectrum into light states, here collectively denoted by ¢, and heavy states ®. The latter
cannot be produced at the energies which are probed by experiments relevant for the
problem under consideration. In a path-integral context, integrating out the heavy states

then schematically implies
/D¢ DP Srunld,®] — /D¢ eiSet[d] (2.61)

Here, the effective theory described by Seg only contains the lighter states ¢. Its La-

grangian formally reads
0,
Lot = La<a + Z ATZ_‘L

%

(2.62)

where the sum contains local non-renormalisable operators O; of dimension dp,. Locality
implies that all fields contained in an operator are evaluated at the same space-time point.
In the case of weakly interacting theories considered here, the coefficients of operators
with larger do, will be further suppressed, which provides a simple example of power
counting. The set of operators contained in the (a priori infinite) sum above may be
further restricted, for instance upon the imposition of a symmetry, or simply by fixing the

precision to which a specific observable needs to be computed.

At energy scales E < A, the effective theory is predictive and equivalent to the full theory
described by St above. The effects of the heavier states ® are entirely captured via the
WCs of the non-renormalisable operators O; composed of ¢ and momentum insertions.
The technical procedure of achieving this is known as matching, for which a simple explicit

example drawn from section 2.1 in ref. [4] will be provided in the following.

Consider a toy theory describing a massless fermion ¢ and a heavy (real) scalar ®:
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Figure 2.4: Tree-level contributions to 2 — 2 scattering in a toy theory; taken from ref. [4].
_ 1 _

L = 1Py 0)1h — 5@(5 + M?)® — \pp® . (2.63)

There are two diagrams which contribute to the scattering process ¥y — 1 at tree-level;

see figure This yields the amplitude

M =0(ps)u(p1)u(ps)u(p2)(—i)?

(s —p)E—MZ (3 4) (2.64)

where the indices 1,2 (3,4) label the incoming (outgoing) particles. Expanding the prop-
agator in the ratio p?/M?, one finds

i I SR S (. Rt 20
(p3*p1)2—M2_M21_(P3A}gl)2 M2 M?

+(9(p4/M4)> . (2.65)

If one instead considers the theory containing only the massless fermion, the lowest-order

terms in the pertinent Lagrangian read
Lot = 10" Dyp + U (2.66)
from which one obtains for the scattering amplitude
M = a(p3)u(p1)u(ps)u(p2)(ic) — (3 <> 4) . (2.67)

Now, matching dictates that the effective theory is equivalent to the full theory up to some
order in the expansion parameters, given by A and the ratio p?/M? in this case. At the

lowest possible order, that is, at tree level and vanishing external momenta, one thus finds

c=—. (2.68)

Note that the set of all operators in an EFT (say, up to a fixed mass dimension) is
generally not unique, since some operators can be expressed as linear combinations of

others upon the application of field redefinitions, Fierz identities, integration by parts
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or other transformations. Importantly, redundant operators may occur due to off-shell
matching to the EFT, and then vanish on-shell, that is, if the equations of motion are

invoked; see for instance refs. [4}/181].

On a more formal level, the difference between renormalisable and non-renormalisable
theories consists in the fact that the UV divergences appearing in the latter cannot be
removed with a finite number of counterterms [95]. Still, as mentioned above already,
higher-dimensional (counter)terms are suppressed by more powers of the cutoff scale A,
and thus non-renormalisable theories are perfectly predictive at sufficiently low energies.
Moreover, the formal consistency of renormalisable theories may also be challengeable, for

instance regarding the occurrence of Landau poles as in QED.

In the remainder of this section, several examples of EFTs will be introduced.

2.4.2 SMEFT

As the name suggests, Standard Model Effective Field Theory (SMEFT) arises from taking
the particle content of the complete SM as it is and promoting it to an EFT, that is,
dropping the requirement of renormalisability. It is a widely accepted view that the SM
should only be regarded as the low-energy effective version of a more complete theory.
This is indicated by several shortcomings, for instance its incapability to accommodate
inflation [182}/183] or baryogenesis [184], among other phenomena. Lastly, gravitational
effects become relevant around the Planck scale which signals the need to UV-complete
the SM into a theory which incorporates the assumed quantum nature of gravity. SMEFT
is invariant under the full SM gauge group SU(3). x SU(2),, x U(1)y.

At dimension 5, SMEFT features the unique Lorentz- and gauge-invariant Weinberg op-

erator [47] -
v
TLiiEHHGLLj + h.c.. (269)

which gives rise to small Majorana masses upon the acquisition of a non-zero VEV by the

Higgs doublet in a gauge-invariant manner. This appearance of Majorana neutrino masses
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at the lowest non-renormalisable level of SMEFT is not a proof for the Majorana nature
of neutrino masses, albeit a very appealing and suggestive hint towards it. If neutrino
masses can indeed be described via the Weinberg operator, their smallness implies that
the associated scale A may be very large, potentially close to the scale of grand unified
theories (GUTs), thus A ~ 10'° GeV if ¢ ~ O(1). This large suppression is unproblematic
from an experimental point of view, since there is no further evidence of lepton-number
violation so far. Note that in order to accommodate neutrino oscillations, the Weinberg
operator also necessarily breaks the accidental global symmetry U(1), x U(1), x U(1),

which is intact in the SM; see section [2.1.4

A complete basis of SMEFT operators at dimension 6, commonly referred to as the Warsaw
basis, was first presented in ref. [185]. The dimension of a SM operator is even (odd) if
(AB — AL)/2 is even (odd), as it was shown in ref. [186]. Thus, dimension-6 operators

with AB — AL = 0 can be grouped into two categories:

e Operators like (TLNM L Lj) (@;{m@ Ll) which individually conserve both B and L.

They may be generated at a comparatively low scale.

« Operators like (Qﬁ@ L]-) (@kL L,) + h.c. which individually violate both B and L.
Since there is no evidence of baryon number not being intact in nature so far, naively

they can be expected to be very suppressed.

Lastly, I note that extending the particle content of SMEFT by including sterile neutrinos
results in a theory which is commonly referred to as SMNEFT or vSMEFT [187H191].

2.4.3 LEFT

If the scales relevant for a particular process are substantially smaller than the electroweak
scale, the heavier SM particles, that is, the W+ bosons, the Z boson, the h boson and the
top quark cannot be produced on shell and thus effectively play no role for the dynamics

under consideration. Importantly, this is typically the case for observables which are
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utilised to accurately determine the flavour structure of the SM and constrain possible
extensions. The theory which results from integrating out the aforementioned particles
from SMEFT is commonly referred to as Low-Energy Effective Field Theory (LEFT), with
a comprehensive description and analysis first provided by Jenkins, Manohar and Stoffer
in ref. [192]. Regarding its physical content, it may be viewed as a systematised version

of Fermi theory.

The lowest-dimensional operators in LEFT are Majorana mass terms for neutrinos at
dimension 3, and dipole operators for quarks, charged leptons and neutrinos at dimension
5. Sterile neutrinos can be readily accounted for in LEFT by describing them in terms
of the charge-conjugate of LH neutrinos and extending the number of generations beyond
three, that is, by writing v7, = Cor;T withi = 1,2,3,4, ... This yields a theory commonly
referred to as LNEFT or vLEFT.

The complete operator basis for LEFT with the three active SM neutrinos vy, explicitly
distinguished from (an arbitrary number of) sterile neutrinos Ng; has been presented in
refs. [190,191]. Since LEFT is governed by the gauge group SU(3). x U(1)gm associated
with QCD and QED, respectively, with the latter being weakly coupled at all accessible
energies, only accounting for one-loop RG running under QCD is a reasonable approx-
imation which is adopted in chapter |4 and Since the bottom quark is the heaviest
(coloured) particle contained in LEFT, no threshold effects need to be accounted for when
performing QCD running from the electroweak scale down to scales relevant for B-meson

physics. See section [£.2] for more details.

2.4.4 HQET

Because of the pronounced hierarchy of their masses, quarks of different flavours are stud-
ied with the help of conceptually different techniques. The masses of the lightest quarks,
that is, the up, down and strange quark are small compared to Aqcp. They are described
within chiral perturbation theory which effectively operates around the m, = 0 limit and

yields reliable results at energies E < 1 GeV; see for instance refs. [193-195]. At the other
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end of the spectrum, the top quark can efficiently be studied within perturbative QCD,
since ag(my) is small. Lastly, the charm and bottom quarks take up intermediate roles,
since they hadronise unlike the top, but are heavy compared to Aqcp. Thus, the scale
separation Aqcp < m.yp indicates the possibility of efficiently studying the properties
of B and D mesons within Heavy-Quark Effective Theory (HQET) which formalises an
expansion in the ratio Aqcp/mq for ¢ = ¢,b. In mesons comprising a heavy quark and a
light quark, such as B~ = bu or B” = db, the heavy quark may to LO qualitatively be

seen as a static source of gluons [95].

An aspect of HQET which is particularly relevant for this thesis is its application to in-
clusive hadron decays. If the initial-state hadron is constituted by a heavy quark and a
light quark, the expansion in Agcp/myg is predictive, and the inclusiveness of the decay
erases the dependence on a specific final state. The notion of quark-hadron duality im-
plies that upon integrating out a sufficiently large portion of the phase space, the decay
process of the hadron becomes calculable in QCD [29,97]. For more technical details, see

section 3.3l
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Chapter 3

The Singly-Charged Scalar Singlet

as the Origin of Neutrino Masses

In this chapter I study a scenario in which the main contribution to Majorana neutrino
masses originates from the coupling of two LH lepton doublets to a singly-charged scalar
singlet h. The analysis is performed in the context of a “simplified model” as laid out in
ref. [59], that is, the SM is not further extended than by h, and I remain agnostic about the
source of lepton-number violation. Thereby, the approach followed in this chapter proceeds
along a partly model-independent line. Sections to are a verbatim adoption of
the publication [87]. Section is a verbatim adoption of the published erratum [88] to

the aforementioned publication.

3.1 Introduction

The Standard Model (SM) of particle physics has been extraordinarily successful. It de-
scribes all observed fundamental particles and their gauge interactions and accounts for
the masses of the charged fermions. However, the picture painted by the SM is incom-

plete since it predicts neutrinos to be massless. Several neutrino-oscillation experiments
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including Super-Kamiokande [43] and SNO [44,45] established conclusive evidence that

neutrinos are massive, which substantiates the need for new physics.

Introducing a Dirac mass term may be considered the most straightforward way to gener-
ate neutrino masses, however, it does not provide an explanation for their smallness. Thus,
Majorana neutrinos are generally favoured from a theoretical point of view. A Majorana
mass term is generated once the SM is considered a low-energy Effective Field Theory
(EFT) via the Weinberg operator [47], which is the lowest-dimensional non-renormalisable
operator and violates the conservation of lepton number by two units. Then, neutrino
masses are suppressed by the associated new-physics scale and hence are naturally small.
Among the numerous ultraviolet (UV) completions of the Weinberg operator are the dif-
ferent seesaw mechanisms [196-206] at tree level. The first one- and two-loop neutrino
mass models have been proposed more than 30 years ago |[60-65] and in the past 20 years
many more models have been designed, as detailed in various reviews on neutrino mass

models [48-50].

In recent years, several groups followed different avenues to systematically study neutrino
mass models, based on simplicity [207-209], topology [210-218]|, effective operators of
the form LLHH(HTH)" with n = 0,1,... [215,219,220] and more generally effective
operators which violate lepton number by two units (AL = 2) [51H58]. The last option
allows for an efficient classification of a large number of models and their phenomenology
associated with lepton-number violation. However, processes which do not violate lepton
number generally require us to resort to explicit models which are the origin of the different
AL = 2 operators. There are systematic ways to use a AL = 2 operator as a starting point
to construct a UV-complete model [51,54-56]. A complete set of tree-level UV completions
of AL = 2 operators up to dimension 11 has been constructed in [56]. The vast number
of UV completions, however, make a systematic study difficult. Lastly, some of us thus
proposed a classification based on simplified models [59] and identified 20 different particles

which carry lepton number and generate neutrino masses.

In this work, we focus on a singly-charged scalar singlet h which transforms under the
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SM gauge-symmetry group SU(3). x SU(2)r x U(1)y as h ~ (1,1, 1)E| It features in a
large number of models, including the well-known Zee model [60-62] which has recently
been studied in [223], the Zee-Babu model [63-65] of which the phenomenology has been
studied in [224-226], the Krauss-Nasri-Trodden (KNT') model [66] and a number of other
models [55,214}214},[227,228]. Our approach is based on the most general form of the
Majorana neutrino mass matrixz if at least one of the external neutrinos couples via the
antisymmetric Yukawa coupling yn of h to two left-handed SM lepton doublets. We focus
on the case of only one singly-charged scalar singlet which may be light, for which there
are only two possible forms of the neutrino mass matrix. The antisymmetry of the Yukawa
coupling matrix ¥ allows us to derive model-independent constraints for the elements yzj
in terms of neutrino parametersﬂ Under the assumption that low-energy effects of new
physics are dominantly governed by h, we then perform a phenomenology study and derive
conservative bounds on parameter space which are applicable to any model of neutrino
mass generation that satisfies the above criterion. We also outline generalisations of our

framework to multiple singly-charged scalar singlets.

The paper is organised as follows. In Sect.[3.2) we discuss the structure of the neutrino mass
matrix in models with a singly-charged scalar singlet and derive constraints for its Yukawa
couplings. The procedure to solve the latter is elaborated on in Sect. The resulting
phenomenological predictions are discussed in Sect. [3.4] In Sect. [3.5 we briefly comment
on the possibility of multiple singly-charged singlet scalars. In Sect. we summarise our

findings and draw a conclusion. Technical details are presented in the appendices.

"Motivated by the cocktail model [221], the phenomenology of the doubly-charged
scalar singlet has been studied in [222].

2For the Casas-Ibarra parametrisation in seesaw models see [229], and for a general
parametrisation of the neutrino mass matrix see [230,231].
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3.2 Singly-Charged Scalar Singlet

3.2.1 Lagrangian

In the following, it is assumed that the SM is extended by singly-charged scalar particle
h which in particular is a singlet under SU(2)r. The kinetic part of the Lagrangian

pertaining to h is given by
Lyin = —h*(D" D, + Mj)h (3.1)

with the covariant derivative D, containing the hypercharge gauge boson in the unbroken
phase. After electroweak symmetry breaking, tree-level couplings to the photon and the
Z boson are generated, but not to W+ bosons. There are also a bi-quadratic coupling
\h|>?H'H to the SM Higgs doublet and a quartic self-coupling |h|* at tree level, however,
their respective coefficients are free parameters and they are unrelated to neutrino masses.
Hence, these interactions are disregarded in the following. There is no tri-linear term

involving the Higgs doublet. The overall lepton sector is now enlarged to
Liept = yPe;LiH* +y;) L;L;h + h.c. (3.2)

with the left-handed SM lepton doublet L; = (v;,4;)7, the charge-conjugate €; of the right-
handed SM charged leptons and the SM lepton Yukawa coupling matrix y. which can be
assumed to be diagonal, see also Sect. [3.3]°| Repeated flavour indices 7, j are summed over.

Besides electric charge and baryon number, this theory features another continuous global
U(1) symmetry that can be identified with lepton number and is conserved by the La-
grangian in Eq. if one assigns +1 unit to L;, —1 unit to €; and in particular —2 units
to h. Crucial for the following analyses is the fact that the 3 x 3 Yukawa coupling matrix

eT

0 o h
yh=1| -yt 0 oy (3.3)

/A

3Note that expanding the contraction of weak-isospin indices yields 2y§fu¢€jh, hence
the physical coupling matrix is given by 2yy.
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is antisymmetric in flavour space and therefore features a non-trivial eigenvector

on = W~y (3.4)

with eigenvalue zero, ypvy, = 0.

3.2.2 Conventions for the Neutrino Sector

Majorana masses for the active SM neutrinos are described by a symmetric complex 3 x 3
matrix M,. In line with the conventions in [232], we relate neutrino mass eigenstates v;

and flavour eigenstates v, via

3
Vo = Z Uaivi (35)
=1

with the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix U, and thus
Maiag = U TM,U. Since three generations of active neutrinos are assumed, Mdiag =

diag(m1,mga, m3) contains two or three non-vanishing eigenvalues. We have

U = PU3Uy3U15Una (3.6)
with
1 0 0 C13 0 5136_2'(S C12 s12 0
U23 = 0 Co3 S923 y U13 = 0 1 0 s U12 = —S12 C12 0
0 —8923 (€23 —813611S 0 C13 0 0 1
(3.7)

Uaj = diag(e™, e 1) and P = diag(e!®!, "2, ¢'®3). The three phases ay will eventually

be removed from U upon a phase redefinition of the left-handed charged leptons /¢;, as

described in Section n1,2 are the physical Majorana phases in the case of three massive

neutrinos, and ¢;; = cos(#;;) and s;; = sin(6;;) with the leptonic mixing angles 6012, 613

and 6s3. The individual neutrino masses can be expressed in terms of the lightest neutrino
2 2

mass mg and the relevant squared-mass differences Amfj =m; —mj,

my =my, me=+/Am3 +md, m3=1/Am3 +md (3.8)
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in the case of Normal Ordering (NO) m; < mg < mg, and

mi = /| Amdy| — Am3y +md, mo =\/|Amd,| 4 md, mz=my  (3.9)

in the case of Inverted Ordering (I0) ms < m; < mg of neutrino masses. The ranges of the

different parameters entering U and mgjag Which are compatible with current experimental

data are listed in Tab. 311

3.2.3 Neutrino Mass Matrix

In the following, we will discuss the two possible structures for the neutrino mass matrix
that are obtained in the presence of one singly-charged scalar singlet h. The main as-
sumption is that the dominant contribution to neutrino masses is generated by a diagram
in which one or both of the external neutrinos couple via y,. This is schematically de-
picted in Fig. [3.I] where the grey blob represents unspecified physics which involves the
breaking of the conservation of lepton number. Hence, we require that there are no size-
able contributions to neutrino masses which are independent of the one stemming from
the singly-charged scalar singlet h. This scenario is naturally realised in an effective field
theory (EFT) for which the grey blob represents an effective operator, but it is not limited
to it. Examples are provided below when discussing the two cases. The case of multi-
ple singly-charged scalar singlets which generate similarly large contributions to neutrino

masses is commented on in Sect. 3.5

3.2.3.1 Case I: Neutrino Masses Linear in y;,

If the main contribution to neutrino masses is generated by a diagram in which only one
of the external neutrinos couples via yp, as schematically shown on the left in Fig. 3.1]

neutrino masses are approximately given by
U'*Tndiag[]Jr =M, = th - yhXT- (310)

Here, the coupling matrix X contains the information about the rest of the loop struc-

ture, that is, particle masses, couplings, loop factors and further unknown parameters.
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Figure 3.1: Self-energy diagram responsible for the generation of neutrino masses via a
singly-charged scalar singlet: linear case (left) and quadratic case (right). The grey blob
represents all other interactions which contribute to the diagram. It could be one effective
vertex or a sub-diagram consisting of multiple vertices and propagators. There are at least
two insertions of the Higgs vacuum expectation value somewhere in the diagram which
are not explicitly shown.

It is stressed again that the main assumption that there are no sizeable contributions
to neutrino masses which cannot be parametrised as above is essential for what follows.
Multiplying Eq. (3.10) by vy defined in Eq. (3.4) from the left- and the right-hand side,

one obtains
ng*mdiagUth =0, (3.11)

which we identify as a necessary condition for neutrino masses being correctly explained
by h. Eq. is very predictive in the sense that is does not involve X and hence the
mechanism of the breaking of lepton-number conservation does not have to be specified.
Instead, we maintain a model-independent approach throughout the analysis and do not
explicitly construct the neutrino mass matrix. Treating the elements of X as essentially
free parameters also implies that in general the determinant of M, does not vanish and
hence all three active neutrinos are massiveﬁ Nevertheless, one may impose det(M,) = 0
as a further condition which then necessarily also involves the elements of X. In this case,
the smallest neutrino mass and one of the Majorana phases vanish, the consequences of

which will be briefly commented on in Sect. See App. for the expression in
Eq. (3.11)) explicitly written out.

In case X is generated by some heavy new physics, one may use EFT to parametrise its

4Linear combinations of the elements X% are constrained in the sense that Eq. (3.10
has to be satisfied, however, this does not uniquely determine the X* in terms of the y,’jl
since M,, is symmetric, whereas X can be a general matrix.
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effect. As an example, let us consider the non-renormalisable dimension-5 operator [59|
¢

ThELH + he. (3.12)

which violates lepton number by two units. Here, the lepton-number breaking scale A is
assumed to be much larger than My, and c is a general complex 3 x 3 matrix. Then,
neutrino masses are generated at one-loop level and can be approximately written as

2

v
M, (am)7A (cye Yh — YnYe CT) . (3.13)
Hence, in this case
cy
~ (477); Aqﬂ . (3.14)

There is in principle an infinite number of potential realisations of this effective description
of neutrino masses in terms of concrete models. Among them, several simple examples
in which neutrino masses are generated at three-loop level are discussed in |214|E| In
addition, the constraint in Eq. also applies to some of the minimal UV completions
of lepton-number violating effective operators discussed in [55]. Still, the most prominent
realisation of the general structure in Eq. is given by the Zee model and its variants
[50,/60-62.223,233/234]. Here, the SM particle content is enlarged by h and a new Higgs
doublet ® ~ (1,2,1/2) which in particular allows for a tri-linear term H®h* + h.c. at tree
level which violates lepton number. Then,

in(2¢) s

,  sin(2¢p h

X =y, me 672 log ( Ei) , (3.15)
1

with m. the SM charged-lepton masses, ¢ the angle parametrising the mixing of the singly-
charged scalar mass eigenstates th with masses M Bty and y. the Yukawa coupling of ®
(in the so-called Higgs basis) to the SM leptons. Together with the tri-linear term, the
latter generates the effective operator in Eq. at tree level when the second Higgs

doublet @ is integrated out.

>They are dubbed ‘Model 3’ and ‘Model 4’ therein. Another possibility mentioned is
to take h as accompanied by the scalar doublet ~ (1,2,3/2) and generate neutrino masses
at two-loop level. This can be seen as a modification of the Zee model in the sense that
one of the loops generates the tri-linear term H Hh + h.c. which vanishes at tree level.
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3.2.3.2 Case II: Neutrino Masses Quadratic in y;,

If neutrino masses are dominantly generated by a diagram in which both external neutrinos

couple via yp,, respectively, as shown on the right in Fig. [3.1] one obtains
UmdiagU" = M, = yn S yn, (3.16)

where S is a complex symmetric matrix. This can be considered as a special realisation
of the linear case (Case I) with X = y,5’, where S" is a general complex matrix and
thus S = S’ + ST, Still, this identification is trivial if the main contribution to neutrino
masses is inherently flavour-symmetric. The lightest neutrino will be massless at this order,
because the determinant of M, vanishes by construction due to y; being antisymmetric.

Also, this implies that there is only one physical Majorana phaseﬁ

As in the linear case, the relevant assumption is that the model under consideration
does not generate any sizeable contribution to neutrino masses which is not given by the

structure in Eq. (3.16). Then, one identifies the condition
MaiagUTvp = 0 (3.17)

which trivially implies the one in Eq. (3.11), but the converse statement is not true in
general. Explicitly, Eq. (3.17)) yields the two relations

vy cos(fa3

(623) - 5
= tan(f19) ———= + tan(0 0a3)€" 3.18
yZT an( 12)COS(013) + an( 13) Sln( 23)6 ) ( )
e .
Yy, sin(f23) is
22 = tan(fy9) ———% — tan(f 0 1
yZT an( 12)008(913) an( 13) COS( 23)6 (3 9)
in the case of NO and
eT H 0 .
yZT - _Meﬁ (3.20)
U, tan(913)
Y, cos(fa3) s

In__ 2OV, 3.21
Yy tan(f13) (8:21)

6We choose 171 = 0 in the quadratic case which matches the convention in [224].
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for IOE Note that these relations only depend on the leptonic mixing angles and the Dirac
CP phase and are independent of the Majorana phases and individual neutrino masses,

and thus they are more constraining than the one in Eq. (3.11)).

For a concrete example for S in terms of an EFT, one may consider the non-renormalisable
dimension-5 operator
d¥
X(h*)%iéj +h.c. (3.22)
which violates lepton number by two units. Here, the lepton-number breaking scale A is
assumed to be much larger than M}, and d is a complex symmetric 3 x 3 matrix. Then,

neutrino masses are generated at two-loop level and can be approximately written as

2

v
M, o @Y Ye d Ye Yn - (3.23)
Hence, in this case
Yedy
~ (4; ) AfAv?. (3.24)

The constraint in Eq. has been previously discussed [224-226,235] in the context
of the Zee-Babu model [63H65]. Here, the SM particle content gets enlarged by h and a
doubly-charged scalar singlet k ~ (1,1,2) with mass M} which in particular allows for a
tri-linear term ph?k* 4 h.c. at tree level which violates lepton number. Then, neutrino
masses are generated at two-loop level and one may write [224,226,2306)

S =16meyrme u F (%é) , (3.25)
with y; the symmetric Yukawa coupling matrix of k to right-handed SM leptons and F
a loop function. The effective operator in Eq. is induced at tree level when k is
integrated out. However, the constraint also applies to the KNT model [66] which features
a second singly-charged scalar singlet ~ (1,1,1) and a fermionic singlet ~ (1,1,0) both

of which are charged under a Z symmetry, as well as to some variants of it discussed

"Eq. (3.17)) formally implies three equations, but one of them is trivially satisfied due to
det(M,) = 0. Also, the expressions differ from the ones in [224] by a complex conjugation
as per how the PMNS matrix U is defined.
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in [214,227,228] or to the extension of the Zee-Babu model by another heavy singly-
charged scalar singlet, see App. [3:10] Analogous to X in the linear case, the constraint in
Eq. (3.17)) does not involve S itself and hence is independent of the details of the breaking

of lepton-number conservation.

3.3 Solving the Neutrino-Mass Constraint

In this section, the procedure of solving the constraint in Eq. is elaborated on. Both
the real part and the imaginary part of ng *MaiagU vy, have to identically vanish which
yields two real conditions. We decompose the couplings into their respective magnitudes
and phases and use the constraint to determine two of the \y;ﬂ in terms of the third one,
the phases and the active-neutrino parameters which enter mgiae and U. This amounts
to finding the roots of a single expression that is quartic in two of the yzj since both
the real and imaginary part of ng *MaiagU o, can be taken as quadratic in either of the
couplings yzj Therefore, the constraint is numerically solved and one can obtain up to
four solutions. In the quadratic case, Eq. implies four real conditions which then

also determine two phases of the Yukawa couplings yflj in terms of neutrino data.

The smallest neutrino mass mg can be arbitrarily small or even zero, whereas upper bounds
arise from cosmological surveys as well as experimental searches for tritium beta decay
and neutrino-less double beta decay. The cosmological bound is the strongest one and,
while model-dependent, it is assumed to apply in the scenario under consideration since
no new physics is introduced below the electroweak scale. The latest results published by
the Planck Collaboration in 2018 [121] comprise the upper bound mj +mg+mg < 0.12eV

< 30meV for NO and mg = m3 S 15meV for 10. ]y;ﬂ can in

~

which implies mog = my
principle also be arbitrarily small, whereas |y,zf| < 27 due to perturbativity constraints
with the normalisation of the Yukawa coupling taken into accountﬂ Notwithstanding,

both the coupling magnitude assigned a value and the magnitudes obtained as solutions

8The constraint |y;;7| < 27 may for instance be derived from requiring that the one-loop
correction to the physical coupling 2y;’ remains smaller than 2y, itself.
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to Eq. |i are required to satisfy |y;f| > 1x10~% in order to limit the orders of magnitude

sampled over.

The flavour observables discussed in the following section also depend on the mass Mj,
which is not constrained by Eq. . A model-independent lower bound M}, 2 200 GeV
has recently been derived in [237] from the reinterpretation of a collider search for smuons
and selectrons [238]. Depending on the relative magnitudes ]yzj |, the constraint is actually
slightly more stringent. Hence, we require My > 350 GeV to safely operate beyond any
mass region potentially excluded. This is consistent with the earlier analysis in [239]. The
assumed upper bound M} < 100 TeV arises from an order-of-magnitude estimate based on

requiring the absence of unnaturally large corrections to the SM Higgs-boson mass [59].

Furthermore, a careful determination of the physical phases in the theory is in order.
Before electroweak symmetry breaking, unitary basis transformations applied to €; and L;
can be used to diagonalise y. with real and positive eigenvalues, and the phases in y; can
be eliminated upon redefinitions of e; and L;. After electroweak symmetry breaking, the
charged-lepton masses are already diagonal by construction, and the neutrino mass matrix
is diagonalised via the PMNS matrix U. Then, three phases in U can be eliminated via
redefining the left-handed charged leptons ¢; which reintroduces three phases in y;,. One
of these can be set to zero upon exploiting the phase freedom of h. Therefore, y}” is taken
real while arg(y;"') and arg(y;”) are randomly sampled over. As a side note, the presence of
complex couplings indicates that the singly-charged scalar singlet, accompanied by a source
of lepton-number violation, will in general contribute to leptonic electric dipole moments.
However, as these are linked to the violation of lepton-number conservation and hence no
strong constraints are to be expected, electric dipole moments are not explored further.
As of yet, the physical Majorana phases n; 2 are completely unconstrained experimentally
and hence also randomly sampled over. Note that the ranges of 712 can be restricted to

[0, ] without loss of generality since the sign of the Majorana field is unphysical.

The leptonic mixing parameters and neutrino-mass-squared differences which have been
constrained by experiments are assigned pseudo-random variates from normal distributions

of which the respective mean values and standard deviations are taken from the latest fit
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me keV]  m, [MeV]  m, [GeV] Gr[gae] pn Mz [GeV]
510.9989 105.6584 1.777 1.16638 x 10~° 137.035999 91.1535
Am2[1 x1073eV?]  AmZ, [1 x 107°eV?] J [rad]
NO 2.517 4+ 0.026 7.42 £0.20 3.44 4+ 0.42
10 —2.498 4+ 0.028 7.42 +£0.20 4.92 4+ 0.45
sin2 (012) sin2(913) sin2(023)
NO 0.304 +£0.012 0.02219 £ 0.00062 0.573 £ 0.016
10 0.304 £ 0.012 0.02238 4 0.00062 0.575 £ 0.016
17| arg(yi®)  arg(yp”) mo [meV] ma [rad] My [GeV]

Prior Log-Flat Flat Fixed Log-Flat Flat Log-Flat

[1x 1074, 30] (NO)

Range | [1 x 1074, 2q7] [0, 27] 0 [1x 104, 15] (10)

[0, 7] [350, 1 x 10°]

Table 3.1: The table at the top contains the experimental values for input parameters taken
from [29,37]; the one in the centre summarises the experimental values for leptonic mixing
parameters and neutrino-mass-squared differences taken from NuFIT 5.0 [38]. Am3; > 0
for NO, and Am3, < 0 for IO. Priors and the ranges sampled over in the numerical scan
are given in the bottom table. The flavour indices for the antisymmetric Yukawa couplings
are1,j =e, u, 7, and k = u, 7.

results provided by the NuFIT collaboration [38]. Symmetric distributions are assumed
for simplicity. The numerical values used for the charged-lepton masses (me, m,, m,) and
the electroweak input parameters (Gp,apnm, Mz) are summarised in Tab. For the
numerical scan we generated approximately 5 x 10° sample points for each neutrino-mass

ordering.
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3.4 Phenomenology

In the following, the contributions of h to various flavour observables are presented under
the assumption that the couplings y;f satisfy the constraints in Eq. or Eq.
and hence neutrino masses are dominantly generated by the singly-charged scalar singlet.
The considered observables together with the current experimental bound, prospected
sensitivities for future experiments as well as the maximum contribution found in the
numerical scan are summarised in Tab. B.2l Note that the bounds on several observables
can be (nearly) saturated. Large tuning of the ratios of coupling magnitudes |y;l]| is
necessarily absent due to the constraints in Eq. and Eq. , see Sect.
thus in particular the bounds on u — ey and p — 3e cannot be evaded and hence they

efficiently shape the available parameter space.

We assume that further new particles are weakly coupled or heavy enough not to gen-
erate sizeable contributions to any of the observables under consideration. In particular,
particles which induce flavour-changing decays of charged leptons at tree level have to
be sufficiently decoupled, as the singly-charged scalar singlet generates these processes at
one-loop level. Significant destructive interference or fine-tuned cancellations are taken
as absent. Succinctly, we assume that low-energy effects of new physics are dominantly
governed by h. In that sense, the bounds on parameter space which is compatible with

neutrino masses as discussed in the following are conservative.

3.4.1 Effective Description of Low-Energy Phenomenology at Tree Level

As derived in App. 3.8 the Wilson coefficient of the effective dimension-6 four-lepton

operator

Orpijn = LI%6" Lin L5, L5 (3.26)
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Experimental Data
Observable Current Bound Future Sensitivity
Br(u — ev) 4.2 x 10713 (90% CL) [22] 6 x 10~ [240]
Br(r — ey) 3.3 x 1078 (90% CL) [241] 3x 1079 (7]
Br(r — wy) | 4.4x107% (90% CL) [241] 1x 1079 |7
Br(u — 3e) 1x 10712 (90% CL) [242] 1 x 10716 [243)
Br(r — 3e) 2.7 x 1078 (90% CL) [28] 4.3 x 10710 [7]
Br(r — 3u) 2.1 x 1078 (90% CL) [28) 3.3 x 10710 [7)
19,/ 9e| [0.9986, 1.0050] (20) [244]
|97/, [0.9981, 1.0041] (20) [244]
190 /gl [1.0000, 1.0060] (20 [244]
[0.9985, 1.0075] (30) [244]
|6 My |[GeV] 0.018 (30) |29
Numerical Analysis
Linear Case Quadratic Case
Observable NO 10 NO 10
Br(p — e7) 42x1071  42x1071 | 42x107  42x 10713
Br(r — e7) 6.4x 1071  49x1071t | 31x107¥  6.8x 10714
Br(r — uy) 1.6 x 1071 16x107" | 29x107  15x 1072
Br(u — 3e) 1x 10712 1 x 10712 1x 1072 1x 10712
Br(r — 3e) 6.6 x 1079 1.3 x 1078 77x 1078 1.6x 10713
Br(r — 3pu) 3.0 x 1079 1.2 x 1078 6.1 x 10713 8.8 x 10713
19,/ 9 1.0050 1.0047 1.0002 1.0000
97/ 94 1.0009 1.0014 1.0000 1.0001
|97/ 9| 1.0048 1.0043 1.0002 1.0000
|0 My |[GeV] 0.018 0.018 0.002 0.007

Table 3.2: The upper table contains the current experimental bounds on and future sensi-
tivities to the relevant observables. The lower table shows the respective maximum contri-
bution found in the scan in the linear case and the quadratic case for either neutrino-mass
ordering.
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receives a contribution at tree level from integrating out the singly-charged scalar singlet

h{l

ik\*, Jl

My

In the low-energy effective theory, this leads to the neutral-current Lagrangian

Y85 = —2v2Grel] (viotyy) (dout) | (3.28)
(see also [226]) with the Wilson coefficients
1 G
kl _ ’ijl klij\ _ h h
= c/r+C 3.29
4 = ~5vaer ( it') =~ 7 M? (3.29)

which are commonly called non-standard interaction (NSI) parameters. They are an-
tisymmetric under the exchange of an upper index and the corresponding lower index,
fjl = EZJ ek], and their complex conjugates are obtained via swapping the upper and
lower indices among themselves: efjl = (eé’i) Note that there are no effective operators
with four neutrinos or four charged leptons due to the antisymmetry of 3, and thus in

particular no tree-level contributions to flavour-violating charged-lepton decays.

Fermi Constant and CKM Matrix

Singly-charged scalar singlets affect the partial decay widths I',_,; associated to the differ-
ent leptonic channels ¢, — ¢, v, and £ — 6;17@% [224,237,/246] and hence in particular
modify the extraction of the Fermi constant G from measurements of the muon lifetime.
In the framework of treating the SM as an effective field theory (SMEFT), one defines
(see e.g. [247])

Gr=GM - [ (CHSH + O (3.30)

with the Wilson coefficient CEJL given in Eq. (3.27)) and G%M denotes the Fermi constant
in the SME Hence,

GF — GSM _ ﬁ (yfel )*yﬁe + (yh )*yzu — GSM + i |yi.“|2 (3 31>
B 4 M? M? e MR '

9See |245| for integrating out h at one-loop level.

10 Additional contributions from other operators to G are omitted.
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3.4.1 Effective Description of Low-Energy Phenomenology at Tree Level

where we have used the antisymmetry of the Yukawa coupling matrix y,. Equivalently,
we can express it as Ggp = G%M +V2G pdGr with
Uy _ et

(3.32)

Another observable which has recently attracted attention (see for instance [248-255]) and
is of interest for the scenario under consideration is the sum of the squares of the absolute

values of the first-row elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix:
D Vil = [Vl + Vi + [V (3.33)
i

The magnitude of the element Vs can be extracted directly from kaon and tau decays
[256,257], and indirectly via |V,4| from nuclear beta decays (see for instance |258}259] for
recent theoretical progress) and the assumption of the sum in Eq. being equal to one
which in the SM is a built-in consequence of unitarityH The fact that there is significant
tension between the results is referred to as the Cabibbo Angle Anomaly (CAA). The
discrepancy between the “true" value of |V,;| and the one obtained from beta decays and
CKM unitarity in the SM can be explained via new contributions to muon decay and

subsequently the Fermi constant [237].

Universality of Leptonic Gauge Couplings

One defines the lepton-flavour universality ratios via the “effective Fermi constants" G, ~

gagp associated to the different leptonic channels: [224]246]

r Gy _ g Uy 12— lyir

4T TH H h h — T T

o == =1+ =1l+4e€, —¢€,, 3.34

Frse Gre Je ﬂGF M}% ee HE ( )
T G 1 KT12 |, eH |2

af ron (S Iy Y| 2|yh =14 —er, (3.35)
F,u—)e Gue e \/iGF Mh
T're Gre gr 1 |ny7 Z_ |ye“ 2

N x =—=1+ hl =14 e €T, 3.36
Fu—}e G#e gu \/iGF M}% ee ee ( )

The experimental best-fit values of all three universality ratios are currently larger than

one, |g,./ge| = 1.0018 = 0.0032, |gr/ge| = 1.0030 % 0.0030, |g-/g,| = 1.0011 = 0.0030 with

HThe magnitude of V,;, is negligibly small in this context.
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errors given at 20 [244]. In particular, the channel 7 — p appears to receive sizeable

contributions from new physics.

In [237] it has been shown that the deviations of g,/ge and g¢r/ge from one and the
CAA, which will be collectively referred to as the “flavour anomalies" henceforth, can be
simultaneously explained with a singly-charged scalar singlet. Adopting the results for the
best-fit regions and using the terminology as in [237], for simplicity we take the anomalies
to be explained if both §(u — evv) € [0.0005,0.0008] and 6(7 — pvr) € [0.0016,0.004]
are satisﬁedE, with

6(l; — Ljyv) = L ilt —el} (3.37)
1 J - \@GF M}% (A2 .

This immediately implies an upper bound M}, < 39 TeV if h explains the flavour anomalies,
given that perturbativity constraints require ]yzj | < 27. The experimental values used

in [237] are taken from [257].

In the top panel of Fig. we show g-/ge — 1 as a function of g,/ge — 1 for NO (left)
and IO (right). The results of the numerical scan for the linear case are represented by
blue sample points which explain g,/g. at 20, and by black sample points which explain
gr/ge at 30, but not at 20, see also the caption of Fig. for details. The 30 region for
gr/ge has been included to accommodate the SM prediction. If not indicated otherwise,
“at 20" and “at 30" always refer to this distinction. Red sample points in diamond shape
also explain the flavour anomalies which are briefly discussed below. The quadratic case
is shown in brown. In Tab. we summarise the respective confidence levels at which

further experimental bounds are imposed. For the sample points, the same colour code is

used throughout this work, except for Figs. and

We find that there are solutions to the linear-case constraint in Eq. (3.11|) for both neutrino-
mass orderings which simultaneously explain the flavour anomalies introduced above and

respect the bounds from the considered flavour observables. One does in particular not have

12These ranges are located within the region preferred at 1o as presented in [237]. We
refrain from parametrising its elliptic shape.
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Figure 3.2: Correlations among deviations of g, /ge, g-/ge (top) and g;/g,, (bottom) from
universality for NO (left) and IO (right). All shown sample points explain neutrino masses
and respect the bounds arising from the flavour observables considered in this work. For
the blue points, the deviation of g/g. from universality is explained at 20 in the linear
case (Case I), and for the black points at 30, but not at 20. The red diamonds also explain
the flavour anomalies, for which g;/g. must be respected at 20. Brown points pertain to
the quadratic case (Case II) which only occurs at 20 for NO and at 30 for 10. Solid lines
indicate current experimental bounds (black for 20 or 90 % CL, and green for 30).
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to assume that |y;7| is negligibly smallm Contrariwise, explaining the flavour anomalies

in the quadratic case is not possible.

In the quadratic case, no large deviations from universality can be generated. In par-
ticular, none of the respective lo regions for the g,/g, which are currently preferred by
experiments can be reached. Still, the corrections to both g,/ge — 1 and gr/ge — 1 are
strictly positive (negative) for Normal (Inverted) Ordering in the quadratic case, hence a
conclusive experimental determination of one of the signs would rule out one of the mass
orderings being generated by h. Similarly, positive (negative) corrections to g,/g, — 1 are

severely disfavoured for NO (IO).

In the linear case, large contributions to g./ge (g-/ge) are disfavoured for 10 as they
enforce [y} | > |y57|(|y"]), see Sect. for more details. On the contrary, for 10 we
find more sample points with g./g, > 1 as shown in the bottom panel of Fig. This
is due to the fact that a hierarchy between |y;*| and |y§7| is easier to achieve in this
case. Still, the deviation of g./g, from universality is measured to be smaller and an
explanation of its best-fit value via h would imply a further deviation from the best-fit
values of the other two ratios. A given mass M), fixes the ranges of magnitude of |y} |
and ]y,i” | for which the flavour anomalies are explained, as in Eq. . Together with
the strict experimental limit on Br(x — ey) which bounds |y7| in terms of |y,”|, this

determines the relative positions of the red and blue sample points in Fig. [3.2

A more precise determination of the lepton-flavour universality ratios g,/g, mainly relies
on reducing the uncertainties in measurements of the branching ratios Br(7 — u(e)vv) and
of the tau lifetime [260]. An improvement of a factor of ten is suggested in [261]. Further
improvement would rely on determining the tau mass at higher precision, for instance
upon running a future tau factory at the production threshold [260-263|. Nonetheless,
shifts in the measured values g,/g, themselves cannot be predicted and we refrain from

showing estimates for prospective sensitivities in Fig. [3.2

13In order to avoid the bound from p — e, y§™ was set to zero in [237] which in general
is not a viable solution to the constraint in Eq. (3.11) and hence is incompatible with
neutrino masses.
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Normal Ordering

Inverted Ordering SM

* W ag

-
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Figure 3.3: Correlations among My and deviations of g; /g from universality. The colours
are the same as in Fig. |3.2

W-Boson Mass

The contribution to the Fermi constant induced by h results in a necessarily negative

correction [264]

MIQV My Mz \Z/e“ 2
5M12V = — — h 3.38
ﬂGF 2M‘2V — M% M,% ( )

to the W-boson mass which exacerbates the existing 1.50 tension among the SM predic-
tion My + AMy = (80.361 £ 0.005) GeV and the world average of measurements given
by MypP + AMpP = (80.379 £ 0.012) GeV [29,37,265]. In order to accommodate an ex-
planation of the flavour anomalies, we allow for a 30 discrepancy which implies My, >
80.343 GeV and gives rise to the constraint |y/*|? /M2 < 1.25x1x 1072 /TeVZ2. To compare,
the best-fit value presented in corresponds to |y;/'|2/M? ~ 1.07 x 1 x 1072 /TeV*.
In Fig. [3.3] the prediction for the W-boson mass is shown as a function of the absolute
value of the deviation of the universality ratio g,/g. from one. Note that in the quadratic
case the maximum correction to My, is much larger for IO than for NO, and there is
a non-trivial correlation in the linear case especially for |y;*| > |y,7|. A large effect in
gr/ge — 1 together with a conclusive determination of My, close to its current SM predic-
tion would severely disfavour the scenario of h explaining neutrino masses with 10, but
not with NO. Furthermore, a result My, 2 80.35 GeV would currently rule out an expla-
nation of the flavour anomalies via h. In proposals for next-generation lepton colliders,
a reduction of the uncertainty in the experimental determination of My, by a factor of

roughly 10 — 20 [261}266] is suggested. As for the universality ratios g,/gp, any shifts in
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the obtained value Myy itself, be it determined at colliders or via electroweak fits, cannot

be predicted though.

Leptonic Non-Standard Interactions

As it can be seen from Eq. , the singly-charged scalar singlet induces leptonic non-
standard interactions at tree level, whereas NSIs with quarks only arise at loop level.
Hence, we disregard the latter. The fact that the constraint in Eq. disfavours large
hierarchies among the coupling magnitudes (see Sect. for more details) implies that
the results found in studies in which only one NSI parameter was switched on at a time
(see for instance ) are not directly applicable here. We obtain magnitudes of up to
|€h%] ~ 1 x 1072 in the linear case which to our knowledge is below all current bounds
and also appears to be challenging to observe in near-future experiments. For instance,
depending on the flavour channel, DUNE is prospected to be sensitive to magnitudes down
to [eh] ~ 1x 1072 at 90 % CL . Still, at a future neutrino factory it might be possible

to probe some of the NSI parameters relevant for neutrino production in the v, — v, and

Normal Grdering Inverted Ordering

10—6 \ 9 o8 P 10—6 “Ik""‘}i g (Y
107° 1073 107 0.001 10°° 107 0.001
cc cc
o oy

Figure 3.4: Non-standard interactions. The colours are the same as in Fig. Dashed
lines indicate prospected experimental sensitivities.
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v, — vr channels [226]:

e = (y}C;T)*ny:u — _( ee )* EE/L = _ (yfeLu)*yZT . (339)
Te \/iGFM}% ur/ o wT \/iGFM}%

Upon using a 2 kt OPERA-like near tau detector a sensitivity to [eff| ~ 7 x 10~* and
€| ~ 6 x 1074 is prospected to be achievable [225,269]. In that case, the simultaneous
explanation of neutrino masses and the flavour anomalies via h in the linear case could
be conclusively tested at a neutrino factory for both neutrino-mass orderings. The con-
tributions in the quadratic case will remain beyond reach. This is illustrated in Fig.
As indicated in Eq. , the NSI parameter €7 is trivially related to the corresponding

one for the propagation of v, and v, neutrinos in matter.

3.4.2 Charged Lepton Flavour Violation

The leading-order contributions to flavour-violating charged-lepton decays from singly-
charged scalar singlets occur at one-loop level. In fact, finite contributions to radiative
charged-lepton decays ¢; — £;y are sourced by a single diagram with a neutrino vy, i # j

and i # k # j, in the loop. The branching ratios are given by [2241237,270-272]

—y OEM !yffyﬁTIQ

Br(p — = Br(p — 3.40

= €9) = B evm) e WL (3.40)
omv |y

Br(r — ey) = Br(1 — evv) 187G 7 (3.41)
oV U

Br(t — wy) = Br(r — pwvv) BrGE ML (3.42)

with Br(u — evv) =~ 1, Br(t — evv) ~ 0.178 and Br(7 — uvv) ~ 0.174 [29]. As it can be
seen in Fig.|3.5] any signal in radiative tau decays showing up at Belle II cannot be induced
by h alone, see Table For instance, one would need two singly-charged scalar singlets
which conspire to circumvent the strong bounds arising from flavour-violating muon de-
cays. Also the sizeable contributions to 7 — ey implied by simultaneously generating
neutrino mass and explaining the flavour anomalies will be beyond reach [237]. Instead, a
future search for u — ey [240] efficiently probes parts of the parameter space pertaining

to h generating neutrino masses both in the linear case and in the quadratic case, as well
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Figure 3.5: Branching ratios of radiative charged-lepton decays. The vertical dot-dashed
lines correspond to the prospected sensitivities to Br(u — e; Ti) at PRISM/PRIME and to
Br(u — e; Al) at Mu2e which were then converted via Br(u — e; Al) ~ 0.0079 Br(p — e7)
and Br(u — e; Ti) ~ 0.0125 Br(p — e7), see also App. The colours are the same as

in Fig.
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as the combined scenario in which also the flavour anomalies are explained in the linear

case.

As it is well-known, if the contributions from on-shell photon penguin diagrams dominate,
the branching ratios for tri-lepton decays with only one flavour in the final state are entirely

fixed as functions of Br(¢; — £;) and SM parametersﬂ [273L1274]

B m? 11 1
r(p — 3e) ~ QEM log 7;5 Sl PR (3.43)
Br(p — ev) 3m me 4 163
Br(t — 3e)  agpm m? 11 1
~ 1 T - ~ —, 3.44
Br(r — evy) 3r \ 8 m? 4 95 -
B 3 2 11 1
H(r = 31) _ omu (log <m2> - ) .t (3.45)
Br(t — )~ 3w my) 4 ) 446

For masses close to the lower bound Mj; = 350 GeV, the photon-penguin approximation
is perfectly valid. In the quadratic case, the relative magnitudes of the couplings yzj
are quite sensitive to the neutrino-mass ordering, as dictated in Eq. . Together
with the flavour-dependent suppression factors ~ log(mg/my), this efficiently determines
the relative size of the different radiative charged-lepton decay channels in the photon-
penguin limit. On the contrary, note how the contributions from box diagrams outperform

those from photon penguins for 7 — 3u in the case of NO, as can be seen in Fig. [3.6

The vertical solid grey lines in Fig. [3.6indicate the bound induced by u — ey which is the
relevant one both for the the linear case and for the quadratic case as long as the photon
penguin dominates p — 3e. In the numerical scan, the full expression as given in [237]
is used, because larger masses M} generally render larger magnitudes |y2]| compatible
with the different experimental bounds, which in turn implies that the contributions from
box diagrams to tri-lepton decays become increasingly dominant. Since box diagrams are
proportional to the product of four Yukawa couplings, they can thus induce contributions
to tri-lepton decays which in fact grow if the mass increases beyond M} ~ 1TeV and
further. Thus, h will decouple from the phenomenology at low energy only for even larger

masses My > 100 TeV. This is distinctively visible in Fig. there we show 7 — 3e(u) as

4We do not expect more stringent constraints from tri-lepton decays with different
flavours in the final state and hence we do not consider them.
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Figure 3.6: Branching ratios of tri-lepton decays. The colours are the same as in Fig. 3.2
The solid grey lines indicate the respective experimental bounds that would apply to the
photon-penguin approximation. Dashed lines indicate prospected experimental sensitivi-
ties.

a function of the singly-charged scalar singlet mass M},. As the figures illustrate, masses
larger than M}, 2 11 TeV and M}, 2 15 TeV can induce an observable signal in 7 — 3e and

T — 3u, respectively, at Belle 11 .

Besides u — 3e [243] which will be sensitive both to the linear case and the quadratic
case, tri-lepton tau decay thus offer another avenue for testing the generation of neutrino

masses via h at larger masses M}, in the linear case, complementary to p — ey for which
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Figure 3.7: Branching ratio of tri-lepton tau decays as a function of the mass M. The

colours are the same as in Fig. Dashed lines indicate prospected experimental sensi-

tivities.
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the contributions start to decrease before the assumed upper limit M, < 100TeV is
reached. Via 7 — 3e we are even sensitive to parts of the parameter space for which the
flavour anomalies are explained as well [237]. Still, the constraint in Eq. disfavours
the solutions y;f which induce large contributions to 7 — 3e(u) as there needs to be a
hierarchy among the coupling magnitudes |y;”| and |y} | (|y5"|) entering the relevant box
diagram and |y§7| (|y}”|) which must be smaller in order not to violate the experimental

bound on Br(u — ey).

A further relevant process is 1 — e conversion in nuclei which probes the same parameter
combination as u — ey and is dominated by photon-penguin diagrams. As of today, the
strongest constraint arises from the SINDRUM-II experiment in which a gold target was
used [275]. Taking into account both the short-range and the long-range contribution (see
App., one finds Br(u — e; Au) = w&‘;v/wg‘;t ~ 0.0130 Br(y — e) for p—e conversion
in gold [237,276,1277]. Hence, the process does not yield a competitive constraint yet,
still, in the photon-penguin approximation it is less suppressed with respect to u — ey
than 4 — 3e. In addition, future experiments on p — e conversion are prospected to
outperform current and future searches for radiative charged-lepton decays in sensitivity
by far [278-280]. For instance, PRISM/PRIME can be expected to almost conclusively

test the simultaneous explanation of neutrino masses and the flavour anomalies.

As a side note, the singly-charged scalar singlet also generates contributions to anomalous
magnetic moments. However, the contribution is always negative [224,281-283], hence it
is not possible to explain the long-standing anomaly da,, = a;* — aEM ~ 3x 1079 [284}285]
in the first place. Contributions up to da, ~ —1x 10~ and da. ~ —1x 10716 are possible,

which is however too small to explain the measured value da. ~ —9 x 10713 [286].

3.4.3 Magnitude of Couplings

The constraint in Eq. (3.11]) tends to correlate the couplings y;f in such a way that in many
cases at least two of them are comparable in magnitude, as it can be seen in Fig. We

show the ratios because the magnitudes |y;f| of the elements of vy, in Eq. 1j can always
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Figure 3.8: Plot of the coupling ratios |y;*|/|y},"| and |y5™|/|y,"| as obtained in the nu-
merical scan. The colours are the same as in Fig.

be rescaled by a common factor and hence only the relative magnitudes are determined

via the constraint. It is distinctively visible how viable parameter space opens up upon

replacing the condition in Eq. (3.17) by the more general one in Eq. (3.11)).

For NO, solutions with |y,"| larger than both |y§’|, i = u,7 are most abundant and
in particular the hierarchies |y;*| < [y < |y§7| and |y5"| < |y} | < |y;/'| are rather
disfavoured, hence, there is a tendency for |y}"| = |y;/| ~ |y57|. On the contrary, for IO
there are smaller differences in how often the different hierarchies are obtained. Note that
while the viable regions in parameter space in Fig. do in general not feature a sharp
contour, the most distinctive deviation from that tendency occurs if both |y:*|/|y}"| < 0.1
and |y7| /|y, | < 0.1 for which viable solutions seem to be rigorously excluded in the case
of 10. Hence, if the coupling y;Z” was experimentally confirmed to sufficiently dominate
over the electron-flavoured ones in magnitude, this would appear to leave us only with
the possibility of h generating the main contribution to neutrino masses with NO. The
corresponding experimental signature would be a vanishingly small branching ratio for the

decay channel h — ev, see also Sect.

Besides, as it can be seen in Fig. if |y| > |y,"|, which corresponds to black sample
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Figure 3.9: Plot of the coupling ratios |y;"|/|ys"| as a function of the smallest neutrino
mass (my for NO, and mg for I0). The colours are the same as in Fig.

points, the constraint in Eq. further disfavours solutions with |y;*|/|yf"| < 0.1. In
addition, if the lightest neutrino is not much heavier than my = m; &~ 1 meV in the case
of NO, |y;*] > |y,7| is only viable for |y;*|/|ys"| < 10. We trace this back to the fact
that for NO the neutrino mass matrix is known to feature a slight hierarchy between the
magnitudes of the components in the first row (and column) and those in the 23-block,

which only diminishes if the smallest neutrino mass m; becomes large.

Of course, these solutions are not obtained if one solves the constraint in Eq. with
the additional condition of one Majorana phase and the smallest neutrino mass vanishing.
Still, there are no major differences in the obtained phenomenology compared to the
general case with three massive neutrinos. In particular, one does not enjoy the same
predictive power as in the quadratic case for which the smallest neutrino mass vanishes,
mo = 0, automatically. On the contrary, for IO the |M{| are more similar in magnitude

and less sensitive to ms, and thus so are the |y’ |.

Furthermore, a determination of the relative size of the regions in the parameter space
of coupling magnitudes which are compatible only with NO or with IO, or with both is
performed. The strategy is to discretise the parameter space into a grid structure and to

count the sample points contained in each grid square, starting with the square containing
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Figure 3.10: Plot of the coupling ratios |y;”|/|y,”| and |yi7|/|y},"| as obtained in the
numerical scan if approximately 95.45 % of the overall number of 547991 (542287) sample

points generated for NO (IO) are taken into account. Each square shown to be compatible
with NO (IO) contains at least 97 (74) sample points. See also main text.

the largest number of points and then gradually moving on to those with fewer points,
until a specified portion of the overall number of sample points is taken into account.

Fig. shows the region of approximately 95.45 % of the sample points.

3.4.4 Decay Channels of the Singly-Charged Scalar Singlet

The partial width of the decay of a singly-charged scalar singlet into a charged lepton ¢
and a neutrino v is given by [224]

ab|2
T(h — Lay) = D(h — L) = ‘yz . (3.46)
v[s

Leaving the undetected neutrino flavour unspecified, one obtains the branching ratio for

the decay of h into a charged lepton of flavour a and a neutrino:

Sbta lUR

Uyl 1P+ Ly 1P+ vy " 12

Br(h — lv) = 5 (3.47)

Regardless of whether the magnitudes ]yzj\ are constrained in some way or not, the indi-

vidual branching ratios always take a value between 0 and 0.5.
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Figure 3.11: Branching ratios of h — fv. The colours are the same as in Fig.

A very small or vanishing branching ratio for the electron channel (and consequently
Br(h — pv) = Br(h — 7v) ~ 0.5) is supported in NO, but severely disfavoured for 10, as
it can be seen in Fig. Contrariwise, obtaining a (near-)maximal branching to taus
and a small one to muons is disfavoured by NO, but compatible with 10. For the more
restrictive constraint in Eq. , the muon and tau channels exhibit a slight correlation
with the CP-violating phase ¢ in the case of NO which is illustrated in Fig. [3.12] and has
been discussed before in for the Zee-Babu model. It is due to the fact that for IO §

only fixes the phases arg(ys’), while it also determines |y} | in the case of NO.

3.5 Multiple Singly-Charged Scalar Singlets

Lastly, we comment on the possibility of generating 1, ..., n sizeable contributions to neu-
trino masses via multiple singly-charged scalar singlets hi, ..., hy, and focus on n = 2 for

simplicity.
The overall lepton sector for two singly-charged singlet scalars is given by

Liept = yP&LiH* +yy! L;Lijhy + y;? LiL;jhs + h.c.. (3.48)
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Figure 3.12: Branching ratios of the different channels h — fv as functions of the Dirac
CP phase ¢ in the quadratic case (Case II).

We again can distinguish the linear and the quadratic case and focus on the latter first.
We assume that the main contribution to neutrino masses consists of diagrams in which
both external neutrinos couple to the respective loop structure via yp, or yp,. Then, the

most general neutrino mass matrix reads
U*mdiagU" = My, = yi Siyn, + i, Soyns + Y ZYns + v, Z yn, (3.49)

with the symmetric coupling matrices Sj 2 and a general matrix Z. Multiplying Eq. (3.49)
by the respective eigenvectors vy, , of y, , with eigenvalue zero, one obtains three inequiv-

alent complex conditions:

'U},l;l U*mdiagUthl = Ugl ygg Sthz'Uh“ (350&)
Uy U MaiagU ony = v, uh, Zyny vn, (3.50D)
/U’,ll; U*mdiagUTUhQ = v%;ygl Slyhl /U]'LQ . (350C)

Contrary to the linear case and the quadratic case discussed for one singly-charged scalar
singlet before, here the constraint explicitly involves the matrices S12 and Z which
parametrise the breaking of lepton-number conservation. In that sense, Egs. -
are in general model-dependent and hence less predictive. In App. we present

one possible neutrino mass model with two singly-charged scalar singlets as an example.
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In explicit models, some of the matrices 572, Z may vanish in the case of an additional
symmetry. Then, the respective expressions above would simplify accordingly and one
could solve them as in the linear case. Still, irrespective of the specific structures in S 2
and Z, all Eqgs. — have to be individually satisfied. Thus, the contributions
y}a S1yn, and y}g Sayn, are not independent, but the elements of y;,, and yj, are intertwined
via each of the right-hand sides and in particular also via the left-hand side of Eq.
even if Z is taken to zero. Only if both Z and one of the matrices S; and S are absent, one
trivially recovers the quadratic case for one singly-charged scalar singlet. The same limit
is obtained for a large hierarchy between the masses of h1 and hy since one may integrate
out the heavier singlet and attain more predictive power. Lastly, it is straightforward
to generalise Eq. towards the case of n singly-charged scalar singlets generating

sizeable contributions to neutrino masses[H]
In the linear case, one would generalise the structure of the neutrino mass matrix towards
UmdingU" = M, = X1yn, — Yn, X1 + Xoyh, — yn, X3 - (3.51)

Still, there is no non-trivial limit in which the derived constraints would become indepen-

dent of the model-dependent physics in Xj ».

3.6 Conclusions

We have presented a classification and phenomenological study for scenarios in which a
singly-charged scalar singlet particle h generates the main contribution to neutrino masses.
Among the SM fermions, h interacts only with the left-handed lepton doublets via an
antisymmetric Yukawa coupling y, LLh + h.c. at tree level. It is possible to assign charges
of lepton number to h and the SM leptons in a way such that it is respected by all
renormalisable terms in the Lagrangian. Thus, in order to generate Majorana masses

for neutrinos, one needs to introduce a source of lepton-number breaking. Our approach

15Gee for instance [287,288| for studies of variants of the Zee-Babu model which contain
three singly-charged scalar singlets.
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is independent of the details of this breaking. The only assumption is that the main
contribution of neutrino masses is generated by a diagram in which one or both of the

external neutrinos couples via yy,.

For the minimal case of just one singlet state, this gives rise to only two possible structures
for the neutrino mass matrix. Regarding the Feynman diagram which generates the main
contribution to neutrino masses, we distinguish between the “linear case" in which only
one external neutrino is linked to the loop structure via yp, and the “quadratic case" in
which both external neutrinos are. Several well-known models of neutrino-mass generation
fall into those two categories: The Zee model [60-62] is an example for the linear case and

the Zee-Babu [63H65] and KNT models [66] are examples for the quadratic case.

For each of the cases, we employ the antisymmetry of y;, in flavour space to derive a model-
independent constraint which has to be satisfied to guarantee the correct description of
the measured mixing and mass hierarchy of neutrinos. In the linear case, the constraint
determines two of the magnitudes of the Yukawa coupling matrix elements |y2]| in terms
of the third one, the two phases of y,";i, 1 = u, T, neutrino masses, leptonic mixing angles
and phases. In the quadratic case, the two constraints are independent of the neutrino

masses and Majorana phases and thus more predictive.

This enables us to perform a phenomenological study applicable to many different types
of models. The study is conservative in the sense that no other contributions to the
considered observables beyond the ones induced by h are taken into account. If the other
new particles involved in a specific model are sufficiently decoupled in the sense that they
are very heavy or very weakly coupled to the SM, the phenomenological bounds obtained
will approximately coincide with those of the actual model, otherwise the bounds will
be weaker. This is trivially satisfied in an effective field theory framework, in which the

singly-charged scalar singlet is much lighter than all other new particles.

For the linear case, the constraint disfavours large hierarchies among the coupling magni-
tudes yzj and hence the available parameter space is mostly shaped by u — ey and p — 3e

and other low-energy processes are generally not competitive. The relative magnitudes
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]y;ﬂ display some sensitivity to the neutrino-mass ordering. Furthermore, we demonstrate
that the region in parameter space where the Cabibbo Angle Anomaly and the deviation
of leptonic gauge couplings from universality, collectively dubbed the “flavour anomalies",
are explained by h is compatible with, albeit not preferred by neutrino masses. A con-
clusive measurement of My, > 80.35 GeV would imply that h cannot explain the flavour

anomalies.

For the quadratic case, the parameter space is strongly constrained by neutrino masses
and thus the scenario is very predictive. The leptonic gauge couplings do not receive large
contributions and thus it is not possible to explain their deviation from universality as
indicated by current data and neither the Cabibbo Angle Anomaly. Furthermore, there
is a tight correlation between the different radiative charged-lepton decays and hence
any signal of a radiative flavour-violating tau decay at Belle II would imply that low-
energy effects of new physics cannot be assumed to be dominated by h. Also, one may
derive sharp predictions for the branching ratios of the different decay channels to satisfy
Br(h — 7v) ~ Br(h — uv) ~ 0.4 and Br(h — ev) < 0.2 for NO and Br(h — 7v) ~ 0.3,
Br(h — uv) ~ 0.2 and Br(h — ev) ~ 0.5 for I0. The branching ratios Br(h — 7v) and
Br(h — pv) exhibit a slight dependence on the Dirac CP phase § for NO.

Finally, we commented on the generalisation of our framework to multiple singly-charged
scalar singlets. One may also derive constraints in that case, but they depend on the

breaking of lepton number and thus do not allow for a model-independent study.

To conclude, this study of the singly-charged scalar singlet h is a neat example of a
model-independent towards neutrino masses and their phenomenological implications. The
constraints originate only from the form of the neutrino mass matrix and the antisymmetry
of the Yukawa coupling of h to left-handed lepton doublets. We leave the discussion of

other simplified neutrino mass scenarios for future work.
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3.7 Appendix: Neutrino-Mass Constraint Spelt in Full

Written out, the constraint in Eq. (3.11]) explicitly reads
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with the abbreviations s;; = sin(6;;) and ¢;; = cos(6;;).
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3.8 Appendix: Effective Four-Lepton Operator

Starting from the full theory as defined via Eqs. (3.1) and (3.2), one obtains the lowest-

order solution to the classical equation of motion for h:

()

h= —WL}LZ . (3.53)
The resulting effective Lagrangian reads
Lo = WL}LIL,CLZ = WLIQJ“L]@LLB%LW (3.54)
In order to derive this result, one first observes that
LILIL, L = L LY Lyg Lo — LI LI LiaLis. (3.55)
Together with the antisymmetry of yy, this implies
WL;LIMLZ = QWL}"LIELWLM (3.56)

Then, applying a Fierz transformation and relabeling flavour indices yields the result

(y? )yt (i)

W 1= S oo w3
h h
ik, Jl
yZ y _ _ ..
- ]}\}2 LI Li L{'6uLis = CJf OLLijh.
h

3.9 Appendix: pu — e Conversion in Nuclei

We consider the photon-penguin contribution to the effective Lagrangian for ;1 — e con-
version in nuclei and neglect all other contributions following [237]. In addition to the
short-range contribution which has been discussed in [237] we also include the relevant
long-range contribution. Following [277], we identify the relevant terms

o G _ _ o
Lo = —4V2GF (muAgfic" eF,, +h.c.) — 7; Z [gLV(q) eTa“,u (qTa“q + qoun)]
q=u,d,s

(3.58)
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in the effective Lagrangian, where the “barred" fields denote the charge-conjugates of the
respective right-handed fields and we employ the 2-component notation for spinors as

detailed in [93]. The Wilson coefficients are given by [237]

1 VAmapu V2 Aoy Q
Ap = — eT () HT\* _ _VARMTEM g ( ery%, uT .
f 2\/§GF 967r2M}% Yn (yh ) ’ 9LV (q) Gr 727r2M}% (yh ) Yn > (3 59)

where (), denotes the electric quark charge, @, = % and Qg = —%. The resulting conver-

sion rate is [277]
2
Weony = 2GEm |ARD + gV P 4 g v ™ (3.60)

in terms of the couplings to protons and neutrons. The coupling to neutrons vanishes,
g(L@ = 9rv(u) + 29Lv(4) = 0, because the photon-penguin contribution is proportional to

the electric charge of the nucleon, and the effective coupling to the proton is

q \/EQEM eT\*, UT
g(Lp& = 29LV(u) +9Lvd) = —m(yh ) yff . (3.61)

Hence we find the conversion rate

2
agaD | apuV®| md
9673/2 9 Mt

Weonv = |(y}c;T)*y}lfT‘2 (362)

The experimental limits for y—e conversion are generally quoted in terms of the ratio of the

X

conversion rate Weony Over the capture rate weapt [277,289], Br(p — e; X) = wX . [Weapt-

For X = Au, Al, Ti we use

1 1 . 1
wht =13.06x 106 =, WAl =0.7054 x10° =, WT =259%x106=.  (3.63)
s s P s

cap cap

Currently, the SINDRUM II experiment places the strongest limit on p — e conversion in
gold [275] with Br(u — e; Au) = wé)‘rlw/wg%t < 7 x 10713, In the coming years, several
experiments with improved sensitivity will probe unexplored parameter space using p — e
conversion: The Mu2e experiment at Fermilab [278] and the COMET experiment [279] are
expected to reach a sensitivity of 6 x 10717 and 2.6 x 10~!7, respectively, for an aluminum
target. Ultimately, PRISM/PRIME [280] is projected to reach a sensitivity of 10718 for a

titanium target. The relevant overlap integrals for the long-range and short-range photon-

penguin contributions to g — e conversion in gold, aluminum and titanium are given by
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D, V(" and V®);

Day = 0.189, v =0.0974 , v =0.146 ,
Day = 0.0362 , v =0.0161 , v =0.0173 (3.64)
Dry = 0.0864 , VP = 0.0396 , V" =0.0468 .

3.10 Appendix: Generalised Zee-Babu Model

A natural example of the quadratic case with two singly-charged scalar singlets is given
by a generalised version of the Zee-Babu model. Hence, consider the extension of the SM
particle content by two singly-charged scalar singlets h; and ho and a doubly-charged scalar
singlet k. Assuming the mass basis for the singly-charged scalar singlets and neglecting
all terms in the scalar potential which are unrelated to the breaking of lepton-number

conservation, one finds the following Lagrangian:

L = —h{(D"D, + M?)hy — h3(D"D,, + M3)hy — k*(D"D,, + M?)k
— ((,ulh% + ugh% + /1,12h1h2) k" + h.C.) (365)

- (y;LTHéT + yn, LLhy + yn, LLhy + yré'e'k + h.c.) .

The contribution to neutrino masses corresponding to S (S2) which is defined in Eq.
can be obtained as in the Zee-Babu model and is proportional to p1/M?2 (u2/MZ) in the
limit My /Mp, > 1@ To our knowledge, a similar limit for the contribution corresponding
to Z has not been considered yet, but in analogy it may be expected to be proportional
to pi2/M ,f . There are up to fifteen parameters in the model which are directly linked to
neutrino masses: p1, f2, (12, six couplings in yi and three couplings both in yp, and in yp,,.
In general, up to six of them can be determined via the constraint in Eqgs. —
upon fixing the other parameters. A detailed study of the full generalised Zee-Babu model

is left for future work.

16This assumption may be relaxed without altering the form of the dominant contribu-
tion to neutrino masses. Still, the relevant loop function acquires a simple form only in
the limits My /My, > 1 and My /M), — 0 224,226, 236).
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In the case of a further hierarchy between the masses M; and My (which is assumed
not to be cancelled by another hierarchy in |u1| and |u2|), such that the contribution
of the heavier singly-charged scalar singlet both to neutrino masses and to other flavour
observables can be neglected with respect to the lighter one, one may integrate out the
former. Hence, assuming Ms > M and integrating out ho, we obtain the following

effective Lagrangian up to dimension-6 terms:

(D' Dy + MP)hy — k(D' Dy + M)k — (mh3k" + hec.) = (y LiLjhy + hic.)

uzyﬁé un ui‘zyﬁfg , (2 )yl -
kL;L;LyL; + h.c. M by Ly + hee. | + 022 e

M M
- (ykéTéTk +he.) . (3.66)

This corresponds to the Zee-Babu model extended by effective interactions. Thus, in the
effective field theory limit My > M; ; the dominant contribution to neutrino masses is

given by the renormalisable terms and therefore the same as in Eq. (3.25|) for h — hy.

3.11 Erratum to: The Singly-Charged Scalar Singlet as the

Origin of Neutrino Masses

Taking only contributions to the Fermi constant into account, the correction to the gauge
coupling go = /sy reads

1
Sgs = -2 2 5Gp
C

20 /2

which corrects for a missing factor ¢y in the first line of Eq. (A.11) in [264]. Thus a singly-
charged scalar singlet h ~ (1,1, 1) of mass M}, which couples to left-handed leptons as per

yfleiLjh + h.c. results in the following correction to the squared W-boson mass at tree

level:
M2 M2 ’ye,U»’2
M2, = ——W_ 11— W h 4.13
WS T aGy || T oM | (19
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According to this, |[§M3,| is roughly a factor of 2/3 smaller than implied by Eq. (4.13)
in [87]. Since we require agreement with the world average of measurementsiﬂ of My,
at 30, Eq. (4.13) implies a weaker bound on |y;|/M), and thus a small growth of the
available parameter space. Consequently, two quantitative statements in |87] are changed

as follows:

e We find that a result 80.348 GeV < My < 80.353 GeV can be compatible with an

explanation of the flavour anomalies at 1o, as can be seen in Fig. 3.3

o The coupling y;"* enters box-diagram contributions to trilepton tau decays, and so we
find that the minimum mass M}, required to induce an observable signal in 7 — 3e
and 7 — 3u at Belle IT is given by M}, 2 9 TeV and M}, = 13 TeV, respectively, as
illustrated in Fig. 3.7 Note that we display the brown sample points on top of the

other ones to improve contrast, unlike in Fig. 7 in [87].

More generally, since ;"' is correlated with y§” and y},” via the neutrino-mass constraint,
is it slightly easier to generate viable sample points. Still, their overall distribution in
parameter space is not noticeably affected, see Fig.[3.8] The figures shown in this erratum
are based on a sample comprising roughly 6.5 x 10° points for each neutrino-mass ordering,.
As detailed in the caption of Fig. 2 in [87], the colours distinguish between the quadratic
case (brown) and the linear case in which the deviation of g,/g. from universality can be
explained either only at 30 (black), or at 20 (blue) for which an explanation of the flavour
anomalies at 1o (red) is also possible. For completeness, we also provide an updated

version of the lower part of Tab. [3.2]

17TAs JMI%V < 0 in Eq. (4.13)), the singly-charged scalar singlet is not able to explain
the recent CDF result [290]. Here, we do not attempt to include the latter in the world
average for the W-boson mass, but use the value reported in [29] like in [87].
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Normal Ordering Inverted Ordering SM
—180'360 | ]
% 80.355 ] %
o ©,
§80.350 ] § .
80.3451 T WS- . ... A " .30
0102 051 2 5 10 20 50 0102 05 1 2 5 10 20 50

(g-/ge) — 11 [107%] (g-/ge) — 1] [107%]

Figure 3.3: Correlations among My and deviations of g; /g from universality. The colours
are the same as in Fig. 2.

Numerical Analysis
Linear Case Quadratic Case

Observable NO 10 NO 10
Br(p — ev) 42x10718  42x10718 | 42x1071%  4.2x 10713
Br(r — e7) 95x 1071 82x107' | 33x1071 6.6 x 1071
Br(r — uy) 24 x 1071 24 x 1071 | 31x107%  1.5x107!2
Br(u — 3e) 1x10712 1x 10712 1x 10712 1x10712
Br(r — 3e) 1.3 x 1078 4.3 %1079 71x10718  1.5x 10713
Br(r — 3p) 4.2 x 1079 6.9 x 107 59 x 10713 85 x 10713

19,0/ el 1.0050 1.0050 1.0002 1.0000

l9+/9,] 1.0010 1.0014 1.0000 1.0001

l9+/gel 1.0050 1.0047 1.0002 1.0000
|6 My |[GeV] 0.018 0.018 0.001 0.005

Table 3.2: (lower table only) The upper table contains the current experimental bounds on
and future sensitivities to the relevant observables. The lower table shows the respective
maximum contribution found in the scan in the linear case and the quadratic case for
either neutrino-mass ordering.
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Normal Ordering Inverted Ordering

05 1 510 50 100 0.5 1 5 10 50 100
M, [TeV] M, [TeV]

Normél Ordering | In'vertéd Ordering |

05 T 50 50 100 05 1 5 10 50 100
M, [TeV] M, [TeV]

Figure 3.7: Branching ratio of tri-lepton tau decays as a function of the mass M. The
colours are the same as in Fig. 2. Dashed lines indicate prospected experimental sensitiv-
ities.
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Norfnal Orderiﬁg i " . Inveﬁed Orderiﬁg .
1000} 1000}
g 10| g 10|
= =
e YN &<
0100} - 1 "X 0.100}
0.001} 0.001}
0001 0100 10 1000 0001 0100 10 1000
eu T eu T
vy Mol

Figure 3.8: Plot of the coupling ratios |y;"|/|y}," | and |y5™|/|y},"| as obtained in the nu-
merical scan. The colours are the same as in Fig. 2.
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Chapter 4

A Tale of Invisibility: Constraints

on New Physics in b — svv

After having investigated a simplified neutrino mass model in the last chapter, I now turn
to a genuinely model-independent study of existing and prospective data on b — svv
decay processes. Working in the context of LEFT and taking into account several decay
channels, I derive constraints on contributions from different operators. The results can
be matched onto any concrete BSM model which introduces new degrees of freedom close
to or above the electroweak scale. The presentation in this chapter is a verbatim adoption

of the publication [89].

4.1 Introduction

As of today, we know for sure that the flavour structure of nature is more complicated
than what is implied by the Standard Model (SM) of particle physics. This has first
become manifest with the measurement of neutrino oscillations which provide conclusive
evidence that lepton flavour is not exactly conserved. Currently observed anomalies such

as the long-standing tensions between the SM predictions for and measurements of the
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magnetic dipole moment of the muon [18] as well as in observables related to lepton-flavour
universality in semi-leptonic B-meson decays like R(D®*)) and R(K®)) (see for instance

Ref. [10]) suggest the existence of new physics.

A particularly promising avenue to probe and constrain extensions of the SM is via the
investigation of rare processes. In the search for light and weakly-interacting particles, rare
processes with missing energy are particularly interesting, because they may not only be
enhanced via new intermediate states, but also via exotic sterile final states which escape

undetected.

Furthermore, the amplitudes for b — svv transitions completely factorise into a hadronic
and a leptonic part and are therefore under very good theoretical control. Indeed, quantum
chromodynamics (QCD) involved in exclusive decays is entirely captured via an appro-
priate set of form factors, whereas the inclusive decay mode is at leading order given by
the underlying parton-level process which is calculable in perturbation theory and receives
corrections only at quadratic order in the heavy-quark effective theory (HQET) expansion.
Processes like b — svv are mediated by flavour-changing neutral currents (FCNCs) which
in the SM are suppressed in a rather accidental manner via the Glashow-Iliopoulos-Maiani
(GIM) mechanism, which however generically does not hold anymore if flavour-sensitive
new physics is introduced. In this paper, we exploit this feature and study the constrain-
ing power of measurements of several observables related to the b — svv transition in the

light of the expected sensitivity of Belle II |7].

Indeed, due to the large suppression of b — s transitions as predicted by the SM, currently
only experimental upper bounds on the decay channels B — K v and B — X,vv exist.
Most recently, the Belle-II collaboration presented a new analysis for BT — KTvv [§]
and reported an upper bound Br(BT — K*tvvr) < 4.1 x 107° at the 90% confidence
level. A simple weighted average of their result with earlier results [24,291}292] leads to
Br(B* — Ktwv) = (1.1+£0.4) x 107° [1,8]. If substantiated further, this would imply an
enhancement on top of the SM expectation Br(BT — K*tvv) = (4.4 £0.7) x 107 [11],

which has been interpreted in terms of leptoquarks and Z’ bosons [2931294].
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Moreover, if the aforementioned observed tensions in b — sl processes are confirmed as
being induced by new physics, this may intriguingly also imply effects in the decay channels
with neutrinos, since the latter are part of the same weak-isospin doublets as left-handed
charged leptons. Recently, the interplay of the observed anomalies in b — sy~ and rare
decays such as B — K® vy and K — mvv was studied in [295,296], and [77] provides a
more general analysis of the interplay of di-neutrino and di-charged-lepton modes based
on the relevant four-fermion vector operators. Finally, an observation of b — svv may
place constraints on semi-leptonic B-meson decays with 7 leptons in the final state which

are currently less precisely determined by experimental data.

There are several earlier model-independent studies of semi-leptonic B-meson decays with
final-state neutrinos in terms of effective field theory for different classes of operators.
Vector operators with left-handed massless neutrinos have been studied in |70}71},74-77).
Contributions from scalar and tensor operators were taken into account in [72,|73], but no
dependence on (sterile) neutrino mass and consequently neither any interference between
scalar, vector and tensor operators. The inclusive mode B — X vv was studied earlier
in [67-69,74] where only vector operators were taken into account. Reference [297] contains
an investigation of the process B — X /*¢~ including contributions from scalar and tensor

operators which can be applied to B — X vv.

We go beyond previous work by considering the full set of dimension-6 operators in low-
energy effective theory (LEFT) which contribute to b — svv [192,298] for an arbitrary
number of generations to account for the possible existence of massive sterile neutrinos.
Right-handed sterile neutrinos vg are included as left-handed fields v = CvgrT. There are
only five operators at dimension 6, i.e. vector and scalar operators with left-handed and
right-handed quark bilinears, respectively, and tensor operators with left-handed quark
bilinears. The dimension-5 dipole operators are already strongly constrained from searches
for neutrino magnetic dipole moments [299,300] (see [301] for a recent review) and are

thus not considered.

In this work, we investigate the current constraints on the dimension-6 LEFT opera-

tors and their improvement in the light of the future sensitivity of Belle II. We discuss
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the implications of an interpretation of the aforementioned simple weighted average of
Br(BT — KTvv) in terms of an additional sterile neutrino. We also provide the leading-
order result for the inclusive decay mode B — X, vv with all contributing operators
including interference terms and arbitrary masses for both final-state neutrinos. Our re-
sults are entirely general and can be matched onto any specific new-physics model yielding

non-zero contributions to one or several of the considered operators.

The paper is organised as follows. The effective field theory framework is explained in
Sec. [£:2] In Sec. [£.3] we introduce the considered observables and present compact expres-
sions for massless neutrinos. In Sec. [£.4] we discuss the results of our phenomenological
study and conclude in Sec. [f.5] Expressions for the observables in the case of massive

neutrinos as well as further technical details are summarised in the appendices.

4.2 Effective Field Theory Framework

We consider the Standard Model extended by an arbitrary number of sterile neutrinos and
work entirely within LEFT [192]. The matching of the LEFT operators to SM effective
field theory (SMEFT) operators is presented in App. Throughout the paper, we
assume massless SM neutrinos v 3 3, i.e. they refer both to flavour eigenstates and to mass
eigenstates. We neglect mixing between active 1123 and sterile neutrinos 4, thus we
also treat the latter as well-defined mass and flavour eigenstates. The relevant interactions

for b — svv processes are described by the Lagrangian [192,298]

L= OO+ Y Crfoiy+citolit +he. (4.1)
X=L,R X=L,R
with the effective operators
Opq" = (Frywe) (diy"dr) Opi™ = (yuwr)(dry'dr)
O = (Viv1)(drdz) Opit = (vivr)(drdr) (4.2)
(’)TLL (VLUWVL)(dRU“ dr) ,

where the superscripts indicate the chirality and vf = Corl with the charge conjugation

OSLR

matrix C = iy27". Note that the scalar operators OE are symmetric in the
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OTLL is antisymmetric in the neutrino flavours

neutrino flavours and the tensor operator
as shown in Eq. - The vector operators (’)VLL OVLR do not exhibit any manifest
symmetry properties. As the dimension-5 neutrino dipole operator v§ o v, F},, only con-
tributes together with the dipole operator dro""d rEy, for down-type quarks, it effectively
contributes at the same order in the LEFT expansion. Still, both dipole operators are only
generated at loop-level and thus further suppressed. Moreover, the neutrino dipole opera-
tor is strongly constrained by searches for magnetic dipole moments of neutrinos [299,300]

(see [301] for a recent review). Hence we do not include contributions from the neutrino

dipole operator in this study.

The Weyl fermions vy, for the neutrino fields and their respective charge conjugate can be
combined to form Majorana neutrino fields v = v 4§, e.g. the scalar operator O%L can
be rewritten as OS5t = (7PLv)(drdy) where we explicitly included the chiral projection
operators P p = 5(1 F 75). The vector and axial-vector Majorana neutrino bilinears are
antisymmetric and symmetric in the neutrino flavours, respectively. In App.[4.7|we present
the matching to a basis in terms of (pseudo)scalar, (axial)vector and tensor neutrino

bilinears which we use for the exclusive decays following [302].

Most of the relevant Wilson coefficients (WCs) are zero in the SM. The only sizeable

non-vanishing WC which contributes to b — sy 74 is

CVLLSM _ _4Gr « ( X )
vd,casb \/§ 2 758 tb SiIl2 0W

including two-loop electroweak corrections induced by top quarks as captured by the

(4.3)

function X. The latter has been calculated in [303] and is numerically given by [11]
X = 6.402sin? Oy .

In LEFT the dominant quantum corrections originate from QCD running. The vector
(and axial-vector) current operators do not run at one-loop order because of the Ward
identity. However, the scalar and tensor currents do exhibit renormalisation group (RG)
running and their one-loop RG equations for the corresponding Wilson coefficients are

well-known (see e.g. [2981304])

d d
M Cof" = —3Cr CSC%L, " —Cpit =Cp CTLL (4.4)
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where Cp = (N2 —1)/2N, = 4/3 and N, = 3 is the second Casimir invariant of the colour
group SU(3). and as = g2/(4n) is the strong fine structure constant. Here, one may

exchange SLL <> SLR. The solutions to the above equations are given by

SLL _ s (p2) 3Cr/b SLL TLL _ as(p2) —Crib TLL
caton = (G) e el = (TER) T aF

(4.5)
between two scales p1 and ps. Here b = —11 + gnf with ny being the number of active
quark flavors between p; and pe, and one may exchange C’SLL CSLR. We use Run-
Dec [305] to obtain precise values for the strong fine structure constant at the different
scales. Numerically, we find for the Wilson coefficients at the hadronic scale p = 4.8 GeV

as a function of the Wilson coefficients at the scale u = my

CSTL(4.8GeV) = 1.370 C5E (my) ,  CTFE(4.8GeV) = 0.900 CTFE (my) | »
4.6
CSIR(4.8GeV) = 1.370 CSFR (my) .

4.3 Observables b — svv

In our analysis we consider the two exclusive decays B — K®) v and the inclusive decay
B — X vv decay. While the only observable for B — Kwvv is the differential branching
ratio because the final-state neutrinos escape the detector unobserved, the decay to a vector
meson B — K*(— Km)vv provides additional angular information which is contained in
the K* longitudinal polarisation fraction Fp, [74}/76]. Belle II is anticipated to measure
the different branching ratios for B — K®) v at the level of 10% with the full integrated
luminosity and will also be sensitive to Fy, [7]. Throughout this work we use the B — K
form factors in [6] and the B — K* form factors in [5], the analytical expressions for
which are summarised in App [£.6] Both of them are based on a combined fit to data
extracted from light-cone sum rules (LCSR) and lattice QCD (LQCD). We summarise

the SM predictiondl} current constraints and future sensitivities in Tab. There is no

'We used flavio [11412] to determine the SM uncertainties of the exclusive decays. Our
results for the central values of the SM prediction are the same. Using B — K* form factors
based on the LCSR4+LQCD in [6] yields slightly smaller values for the branching ratio and
the longitudinal polarisation fraction Fp, but within the quoted theoretical errors. Our
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Observable SM prediction current constraint Belle 1T [7]
LQCD+LCSR 5ab~! 50 ab!

Br(B® — K%w) (4.14£05) x 1076 [12] < 2.6 x 107° |24

Br(BT — Ktvv)  (4440.7) x107° [12] < 1.6x107°[292] 30% 11%
Br(BY — K*%v) (1164 1.1) x 1079 [12] <1.8x107° [24]  26% 9.6%
Br(BT — K*twvy) (1244+1.2) x 1079 [12] <4.0x107° [291]  25% 9.3%
Fr(BY — K*%uv) 0.49 +0.04 [12] 0.079
Fr(BT — K*twy) 0.49 +0.04 [12] 0.077
Br(B — X,wv) (2.74£0.2) x 1075 [74] < 6.4 x 10~ [306]

Table 4.1: Observables for b — svv. The SM predictions for the exclusive decays and
their uncertainties are based on light-cone sum rules (LCSR) and lattice QCD and are
taken from [6] for B — Kvv and from [5] for B — K*vv including a 10% increase of
the B — K* form factors due to finite-width effects [39]. The last two columns list the
Belle-IT sensitivities to exclusive B-meson decays to a K *) meson and active neutrinos [7]
if the respective SM predictions are assumed.

projection for the inclusive decay B — Xsvv [7].

Recently, the Belle II collaboration presented a new analysis with a new upper bound
Br(BT — Ktwv) < 4.1 x 1075 [1,)8]. A simple weighted average of the result with
previous analyses [24,291.292] results in Br(B* — KTvv) = (1.140.4) x 107° [1,)8] which
suggests an enhancement over the SM expectation. We discuss its implications in terms

of new physics in Sec. [£.4.4]

For the discussion of the exclusive decays B — K®vv we employ the helicity formal-
ism [307] and make use of the general discussion in [302] which employs the narrow-
width approximation. Finite-width effects have been considered for B — K* form factors
in [39,308]. Following [39] we increase all B — K* form factors by 10% to take these
effects into account. In order to check our results, we performed independent calculations
for B — Kwvv without the use of helicity amplitudes [309] and for B — K*vv using

transversity amplitudes [310]. Finally, we find agreement when comparing our results to a

result for the inclusive decay slightly overestimates the branching ratio by about 20%,
because it does not take into account QCD and subleading HQET corrections, and hence
we refer to [74] for the SM prediction.

2Reference [24] quotes the upper bound on the branching ratio for B — K%vv which
we translated to B® — K.
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calculation of exclusive decays in the SM extended with vector operators with flavio [12]

and the calculation of the inclusive decay in |74].

4.3.1 B — Kvv

After integrating over the phase space of the final state neutrinos which escape the detector

unobserved, the differential decay width reads [302]

dI'(B — Kvavg)
dq?

=369, (1.7)

where ¢? denotes the square of the 4-momentum of the neutrino pair and G(©)(¢?) is the
coefficient of the Wigner-D function D8,0(Qy) = lﬂ In App. we report the function
G (¢?) which describes the CP-conjugate process B — K vovg. It is related to GO via

replacing all Wilson coefficients by their complex conjugates.

We refer the reader to App. for the full expression with massive neutrinos as it is

lengthy, and only quote the differential decay rate for massless neutrinos

dl'(B — Kvavp) _ )\Bqu ABK It ’2 ‘CVLL 4 CVIR 2
dg? (4m)3m3 (1 + 0ag) | 242 11 [Frdafsh T Hvdabsh
(m2 — m?2 )2 oL a2 . w2
+ WD‘?O’Q( ’Cl,dgﬁsb + Cyd,aﬁsb + ’Cl/d,aﬁbs + Cl/d,aﬂbs )
S

2
TLL
+ ‘Cud,a,ﬁbs

2ABK 2 ( TLL
3(mB n mK)2 ’fT| ‘Cud,aﬁsb

2) + (a+ 6)]
(4.8)

where Apg is an abbreviation for the Kéllén function evaluated as Agx = A(m%, m%, ¢*).

Note that there is no interference between scalar, vector and tensor operators for massless
neutrinos due to the different chiralities of the final-state neutrinos and the symmetry
properties of the scalar and tensor operators. As expected, the differential decay rate
is symmetric under exchange of the final-state neutrinos and also under exchange of the
quark-flavour indices sb <> bs for the scalar and tensor operators. The same exchange

symmetries hold for massive neutrinos.

3Q),, denotes the solid angle of v, in the centre of mass frame of the neutrino pair.
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4.3.2 B — K*(— Km)vv

As the final-state neutrinos escape unobserved from the detector, there are two indepen-
dent observables which can be parameterised in terms of the coefficients C_}g’o and @3’0 of
the Wigner-D functions in the differential decay rate [302]

dI'(B — K*vqvg)
dg?d cos O

= g [GSVO(QQ)D&o(QK) + @3’0(q2)D870(QK)} (4.9)

where ¢ denotes the square of the 4-momentum of the neutrino pair. The relevant Wigner-
D functions are D o(Qx) = 1 and D§ o(Qx) = % (3cos? O — 1) and their coefficients G
are given in App. The CP conjugate process B — K *vovg is obtained by replacing
the G functions with the corresponding G functions Gg’o and GS’O for which all Wilson

coefficients are replaced by their complex conjugates.

As there are two observable final-state particles K and 7 in addition to the missing energy
of the neutrino pair, there are two independent observables, the differential decay rate

dl'/dq? and the longitudinal polarisation fraction Fr(¢?) [311],

~0,0, 2 ~2,0, 2
T = 108, Fi(g?) = SO E G

3G (¢2)

(4.10)

The corresponding transverse polarisation fraction Fr is related to the longitudinal po-
larisation fraction by Fr + Fr = 1. Experiments measure the integrated longitudinal
polarisation fraction
50,0 52,0
(G8°(a») + (G5 (a®))
~0,0
3(G0(@)

L= , (4.11)

where angle brackets denote the binning over ¢? including a summation over the final-state

neutrino ﬂavoursﬁ

xy=%" _ /qq1 A2 X . (4.12)

2_ 2
o7 (4 — %) a3
The analytic expressions in the general case of massive neutrinos are lengthy and reported

in App. but there are compact expressions for massless neutrinos. In this case, the

4Q g denotes the solid angle of the final-state K meson in the K* rest frame.

5If no endpoints qo,1 are specified, the full kinematic range is integrated over.
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differential decay rate is given by

dF(B — K*Vayﬁ) . V)\BK*QQ )\BK*‘V‘Q VLL 2
2 - 3,3 2 ‘ vd,afBsb + CVd ,a3sb
dq (Am)3my (1 + 6ap) | 12(mp + mp+) ’
SmEim?. (mp + mK* )2|A1|? 2
( gqu [Awaf* + ‘Cx}g;ﬂsb - ud,gﬁsb
ABK* 2
8(mb T m, ) |A0| ( ‘Cl/d aBsb — Vd aﬂsb ‘ da,@bs l/d aﬂbs )
32mEm3.. | Tos|? N ADpr+|Ti? +4(m% — m2.)? | Ty ?
2 2
3(mp + mg-) 3q

2 2
X <’CVT£{J&S + ‘CEdI:cI;ﬁsb ) + (o ¢ ﬁ)]
(4.13)

where Agg» = )\(mQB, m%(*,qQ). The longitudinal polarisation fraction reads

1
/ dg*\/ Ak~

Fr=1-
L azﬁ 3(47)3mL (1 4 60p)I(B — K*vv)

(mp + mx+)2q?| A1 ? ’CVLL 2

4 vd,af8sb Cud ,afBsb

2)+<a+>5>),

(4.14)

_l’_

Mg+ | V]2 g2 VLL VLR |2
X | ——|C C
(4( 5+ K*) ‘ Vda68b+ vd,a3sb

+ (2/\BK*’T1’2 +2(m - mK*) ‘T ‘ ) (‘Cudaﬁsb

TLL
+ ’CVd,OA,BbS

where we integrate over the full kinematic range in ¢2. As it is the case for B — Kvv there
is no interference between the scalar, vector, and tensor operators because of the different

chiralities and the symmetry properties of the scalar and tensor Wilson coefficients.

4.3.3 B — X,vv

Formally, the inclusive decay rate of a hadron H is related to its full propagator in the

relevant effective theory described by a Hamiltonian Heg via the optical theorem [312]

I'(H) = Im<

mp

i [ % T{Hn(e)Hen(0 }] > (4.15)

In the case of B hadrons, the comparatively large b-quark mass allows for an efficient
expansion of the time-ordered product in terms of local operators defined in heavy-quark

effective theory (HQET). The leading term in this expansion is determined by the decay
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width of a free b quark, and corrections only appear at O(A(QQCD /m?) in the heavy-quark
limit as it was first demonstrated in [313]. The fact that, at leading order, inclusive hadron
decays are equivalent to the underlying partonic processes is seen as a manifestation of the
notion of “quark-hadron duality" (see for instance Ref. |[97] for a review). For semi-leptonic
inclusive decays, this enforces integrating out the phase space to a sufficiently large extent

which is often referred to as a “smearing procedure".

The rate of the inclusive decay B — Xvv is very sensitive to my. Besides the HQET
corrections, there are also radiative QCD corrections to the leading-order result, the size
of which depends on the scheme one chooses for the b-quark mass. It has been argued
that a so-called “threshold mass" definition is favourable [314,315] as this avoids renor-
malon ambiguities associated with the pole mass which does not directly correspond to a
measurable quantity, and the QCD corrections are smaller and exhibit better convergence
behaviour compared to the case of the MS mass. We will employ the 1S mass as originally

proposed in [314] and use the more recently determined value m%s = 4.754+0.04 GeV [316].

The leading-order result for the differential decay rate of the inclusive decay B — X v,1vp

reads

A0(B — X,vavg)  \JANmim2 ¢)A(m2, m3, ¢?)

2 3,4
dq ?}ff;r q (1 _I'/_QI(EZB) I/al/ﬁ Vo l/ﬁ Van (416)
5 drincl,V dFincl,S dFincl,T + drincl,VS + drincl,VT
dg? dg? dg? dq? dq?

with the different terms given in Appendix for arbitrary neutrino masses. Subleading
HQET contributions will lead to a slight suppression by O(10%) [74] compared to the

leading-order result presented here. In the limit of massless neutrinos, the expression
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simplifies as follows:

2 2 42
= 37 - — A ) ’
dq? 7687m3my (1 + 5a5) m? (i s — %) + m; (g, mi, 07)
2 2
|: ’CI/d af3sb + ‘CIYdI,J/gasb ‘Cl/d af3sb ‘Cud Basb :|

VLR VLL  ~VLR+
—12¢° 7Re(cud NasbCod itsp + Cod GasnCod bvss)

q SLL

2 2
5 (mj +m2 — ¢° { ’Cyd,aﬂsb +
my,

2
SLR SLL
+2 [3 ‘Cud,aﬁsb + ’CZ/d,aﬂbs

SLL SLRx* SLL SLRx*
+12¢° %Re(cud,aﬁsbcud,aﬁsb + Cud,aﬁbscud,a,sbs)}

2
q 2 L |2 L |
+ 32 <3m2 (mi +m? — ¢*) + pov A(mi, m2, q2)> HCqu,aBsb + ’CL,aBbs

b b

Note that the result does not include QCD corrections and subleading HQET corrections
which generally lead to a suppression of the differential decay rate. For the SM prediction
it amounts to a suppression of O(20%). As there are currently no projected sensitivities
for the inclusive decay mode at Belle II, QCD and subleading HQET corrections are left

for future work.

4.4 Results

In this section we present our results, of which the discussion is split in four parts. In the
first three subsections, we demonstrate the reach for new physics in b — svv processes at
Belle II under the assumption of no experimental evidence of an enhancement or suppres-
sion of the SM expectation. In the fourth subsection, we consider the recently reported
simple weighted average [1,8] Br(B* — K*vv) = (1.1 £ 0.4) x 1075 and discuss how it

could be explained in terms of a sterile neutrino.

We generally use [6] for the B — K form factors and [5] for the B — K* form factors
which are both based on a combined fit to LCSR and LQCD data. We increase the
B — K* form factors by 10% to include finite-width effects following [39]. Note that
only the leading-order contribution to the inclusive decay is taken into account in the

following, which in particular overestimates the contributions to vector operators (and
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thus the SM contribution) by O(20%). All results are presented as constraints on real
Wilson coefficients evaluated at the electroweak scale y = my. Note that the scalar
(tensor) Wilson coefficients are (anti)symmetric in the neutrino flavours, and thus the
presence of a Wilson coefficient with neutrino flavours a8 always implies the simultaneous

presence of the Wilson coefficient with neutrino flavours S« in these cases.

We typically only refer to B — Kvv and B — K*vv in the main text, but we generally
imply B — K+vv and B — K*%vv for the current bounds as they are the most stringent
ones, and the charged modes for the future sensitivity due to a slightly better new-physics
reach, unless differently specified. The results for the neutral mode would be essentially
the same in the latter case, since any discrepancy is only due to the slightly different
lifetimes and masses. Furthermore, as indicated in the caption in Figure 4.2] « refers to a

fixed value € (1,2, 3) in general, thus no summation is implied.

4.4.1 One Operator with Massless Neutrinos

Current Bound Future Sensitivity (50 ab™!)

Operator [r}/‘e a\l;ieg} NFTE\C/?IG Observable [r}; il;ieg] NFFZ\C/?LIG Observable

vy 0.028 6 B— K*vv  0.023 7 B — KWy
Oyl e 0021 7 B— Kvv  0.002 25 B — K®yy
Oyitse  0.014 9 B — K*vv  0.006 13 B — K®yy
Otk 4 0.012 10 B — K®vy  0.002 25 B — Kvv
OSfse  0.009 10 B — K®vy  0.002 25 B — Kvv
OE;%M 0.002 25 B — K*vv  0.0009 35 B — K*vv

Table 4.2: Most competitive bounds imposed on the absolute value of the respective Wilson
coefficients if only one of them gets (sizeable) contributions from new physics at a time,
both for the current situation and for the projections for the 50 ab~! Belle-II data set under
the assumption of a confirmation of the SM predictions. Here, o € (1,2,3) and v and ¢
arbitrary, but v # § (only in the case of (’)Xi%sb, ~ and § may be equal if larger than 3),
and neutrino masses are set to zero both for active and sterile states. Generally, the most
conservative constraint is provided, with the possibility of interference with the SM taken
into account. We also provide rough estimates for the corresponding new-physics scale
and the observable from which the respective bound arises. If B — K® v is indicated,
B — Kvv and B — K*vv yield similar bounds.
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In this section we discuss the current constraints on and future sensitivities to new physics
under the assumption that it contributes (dominantly) only to one of the considered opera-
tors, as summarised in Table[d.2] The first column contains a representative selection of rel-

evant operators which are bounded in different ways. The operators OVILNE o nd OVIR

vd,aasb an vd,aasb
: - . * VLL VLR |2

both interfere with the SM, but since B — K*vv and Iy, depend on |[Cyy iy, o+ Clalanss
and |Cx11jgja o Xl%ga 8b|2 with different ¢ dependencies each, contributions from (’)X}jgasb

cannot efficiently cancel the SM contribution and thus it is subject to stronger bounds.
The operator (’),\jgjf;(;sb and the scalar operators could be replaced by the respective right-

handed operatorsﬁ without changing the constraints.

The second and fifth columns contain the current bounds on and future sensitivities to
the Wilson coefficients in TeV ™2, respectively. The values for the future sensitivities are
obtained under the assumption that the central value of the Belle IT measurement exactly
coincides with the SM prediction. In each case, the given experimental uncertainty then
translates into a constraint on the Wilson coefficient. We generally provide the most

conservative bound on the absolute value, with the possibility of interference with the SM

contribution taken into account. Due to the latter, the current bounds on O,Y; 52\;5 and

OVLR

Ddansh are the least stringent ones.

Scalar operators are more strongly constrained, both in the case of contributions to diago-
nal elements and those to off-diagonal elements, and tensor operators exhibit the tightest

bounds. This general trend can be expected to remain so in the future as well, with the

VLR
vd,aasb’

only exception given by O The bound on this operator is projected to outper-
VLL

form the one on O,

, due to interference with the SM, because of which there is a

comparatively large contribution o CVELSMAVLR

vd.oash Cod.oasb to the relevant observables.

VLR

Therefore, the future sensitivity to O}z .

, may become about ten times as strong as the
current bound, whereas the improvement factor for scalar operators is roughly five, and
about or less than two for the other operators. Besides the numerical values of the bounds

on the Wilson coefficients, we also provide an approximate lower bound for the associated

In general, a “left-handed (right-handed) operator" is to be understood as an operator
which contains a left-handed (right-handed) projector in the quark bilinear.
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scale

A= 7| XlLY | (4.18)
¢ d
vd,a3sb

at which new physics contributing to the respective operator might reside. Here, tree-
level mediation and O(1) couplings are assumed, and potential (unknown) enhancement

or suppression factors are neglected.

Currently, depending on the operator under consideration, new physics scales between
a few TeV and roughly 25 TeV may be seen as (partly) constrained. In the fourth and
seventh column of Table [£.2] we provide the process which gives rise to the indicated
bound. If B — K®uw is indicated, both processes are very similarly competitive. We
find that B — Kvv is most sensitive to scalar operators, whereas tensor operators receive
the most stringent constraint from B — K*vv. For vector operators, there is no overall

trend towards one clearly most competitive observable.

Lastly, we discuss the differential branching ratios as functions of the transferred momen-
tum ¢%. Figure shows the contours for vector (blue), scalar (red) and tensor (black)
operators. For each of the curves, one representative non-zero Wilson coeflicient is intro-
duced. We have set C,ii%?)sb = 0.01TeV~2 in all cases X = V,S,T. The different linestyles
correspond to different choices for the form factors as detailed in the caption of Figure 4.1
One finds that vector operators dominantly contribute to the small-¢? region in the case
of B — Kvv, whereas the tensor and scalar operators source this decay more efficiently
at intermediate and large ¢, respectively. For B — K*vv, one instead finds that the
contributions from tensor operators are quite large for small and intermediate ¢ and then
decrease. Here, vector and scalar operators become most efficient for larger ¢ values. As
we use a logarithmic scale on the vertical axes in the top plots of Figure [{.I] we can-
not show the behaviour of the respective curves at the kinematic endpoints which can be
intuitively understood in terms of helicity conservation, see for instance Ref. [72] for a dis-
cussion. Three ¢? bins would most likely already help distinguish potential contributions
from different operators for either decay channel. As for the form factors, the different
sets are generally in good agreement for each operator. The largest discrepancies arise for

B — Kvv in the case of scalar operators.
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dBr/d¢* (Bt — K*fvv)

0 5 10 15 20
¢’ (GeV?)

Figure 4.1: The differential branching ratio distributions (top) and the differential longitu-
dinal polarisation fraction F7, (bottom) generated for different non-zero Wilson coefficients
Cl)/(de2L3sb = 0.01 TeV=2 for X = V,S,T, and choices of form factors. The blue (red) [black]
lines stand for the vector (scalar) [tensor] operator, respectively. The solid lines denote
the results for the form factors which are used in the analysis, taken from [5] for the
B — K* and from [6] for the B — K form factors. Both sets of form factors are based on
a combined fit to LCSR and LQCD data. The dotted lines indicate the form factors based
on the LCSR fit in [6] and the dashed lines show the B — K™ form factors obtained using
a combined fit to LCSR and LQCD in [6]. Note that no SM contribution is included here.

As can be seen from the definition in Eq. (4.43)), the (unbinned) longitudinal polarisation
fraction is not sensitive to the value of the contributing Wilson coefficient if only one is
switched on at a time. Scalar-operator contributions do generally not enter the numerator
of Fr = 1 — Fy, and thus imply F(¢?; K**) = 1 (without taking into account the SM
contribution). The behaviour of vector and tensor operators is complementary in the
sense that the former gradually reduce the value of Fy(q¢?; K*T) if ¢ increases, whereas
the effect of the latter is a complete cancellation of Fy(¢?; K*) for small ¢> which then

becomes less efficient for larger ¢2. This is related to the normalisation of the relevant
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helicity amplitudes with respect to ¢2, i.e., one has q2|Hrég)|2 — 0 and q2|Hgé§t)\2 — 0,

but qQ\H(‘)g(;)P — const. and q2]H£((£)|2 — const. for ¢> — 0, see Eqgs. (4.40)), since Ajz,

Ty and T, do not vanish at ¢ = 0. In general, the distributions pertaining to scalar and
tensor operators (approximately) converge at the kinematic endpoint of the distribution,
only for the ones based on the form-factor set in Ref. [6] which employs a combined fit to

LQCD and LCSR data there is a slight discrepancy.

4.4.2 Two Operators with Massless Neutrinos

In the following, we discuss the parameter space compatible with non-zero contributions
from two operators induced by new physics under the assumption of massless neutrinos,
both for sterile states and as an approximation for the very small masses of the active SM

neutrinos. The case of massive neutrinos is discussed in Sect. [£.4.3]

Depending on the observable and whether the two operators shown in a plot interfere
with each other, the parameter space compatible with that observable will in most cases
have the shape of an ellipse or of straight bands. Straight bands indicate the possibility of
exact cancellations among two operators. This occurs if the observable under consideration
depends only on the sum or the difference of the two Wilson coefficients shown. If there is
no interference between the two operators, the viable parameter space will in general be
elliptic. The same shape arises if the observable under consideration receives contributes
both from the sum and from the difference. The cases can be distinguished based on the
orientation of the ellipses in parameter space. The occurrence of parabola in the case of
Fr(K*1) is due to its insensitivity to contributions from a single vector operator or due
to cancellations between contributions to the numerator and the denominator, see the

bottom-right plot in Figure

In the plots in Figure no interference with the SM contribution occurs. In the plots
in Figure [£.2] the Wilson coefficient shown on the horizontal axis interferes with the SM
contribution. This implies an overall shift of the centre of the resulting viable parameter

space, i.e. the intersection of the regions pertaining to the different observables, from
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Figure 4.2: The allowed parameter space for the Wilson coefficients under the assumption
that the Belle-II results for 5 ab™! (light shaded regions) and for 50 ab™! (dark shaded
regions, dashed lines) for several b — svv observables will confirm the SM predictions.
In the shown cases, interference with the SM occurs. We use the sensitivities referenced
in |7] and assume an experimental uncertainty of 50% (dotted lines) and 20% (dashed
lines) for the inclusive decay B — X vv, respectively. The solid dark purple and green
lines reflect the current experimental bounds, see Table[4.1] For the neutrino flavor indices,
a € (1,2,3), while v and ¢ are arbitrary.

(0,0) to (—1,0) in units of \CL%&SSIXH ~ 0.01 TeV~2. Moreover, a region containing that
point will be excluded as well, since destructive interference would render the respective

decays unobservable in there, contrary to our assumption that Belle II will confirm the
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SM predictions. If instead the measured branching ratios turned out to be larger than
expected, the viable regions would in general get inflated, since there would necessarily
have to be non-zero contributions from new physics to induce the measured excess. In the
case of no interference with the SM, an excluded region containing (0,0) would appear.
The excluded region containing (—]C’L%OCL(’EZ&\, 0) in the plots in Figure [4.2) would also grow,
since a cancellation of the SM contribution would be even more strongly disfavoured. On
the contrary, if Belle II turned out to measure smaller branching ratios than expected, this

would imply that there has to be cancellation of the SM contribution. Thus, the viable

region in the plots would generally shrink towards their respective centre points.

If the constraints from all decay channels are combined, there trivially is at least one
single connected viable region in parameter space containing (0,0). If neither of the shown

operators interferes with the SM contribution, it is the only viable region. In the case of

interference, a region enclosing the point (—2,0) in units of ]C’X;;&i?\ will be viable as
well. This is because the new-physics contribution will result only in a sign flip of C’l\gjaLa b

which has no observable effect [7]

In the case of vector operators, a region compatible with B — Kwvv has the shape of a
straight band as can be seen in the top-left plot of Figure [£.2] and the bottom-left plot
in Figure because the observable only depends on the (squared) sum of (’),Ydljgﬁ & and
(’)Xdljgﬁ < Where 3 may be equal to o. Thus, there are exact cancellations between opposite-
sign contributions from new physics to these two Wilson coefficients. Put differently,
B — Kvv bounds new-physics contributions to left- and right-handed vector operators of
equal sign. On the contrary, B — K*vv depends both on the sum and on the difference
of (’)l\gj{;ﬁsb and Oyjjgﬁsb, each being multiplied by different combinations of form factors

and constants. Hence, the parameter space compatible with B — K*vv is always elliptic

in the case of vector operators, see the top-left plot in Figure and the bottom-left plot

in Figure [£.3]

Interference between OVFL . and (’)yéjgasb as visible in the top-left plot in Figure can

vd,aasb

. VLL,SM VLL,NP .
"Throughout this work, C’,Yd%asb = Chinass + Cudansy 18 understood.
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slightly weaken the current single-operator constraints listed in Tableto —0.033 TeV—2 <
CVILNE < 0,012 TeV—2 or —0.022 TeV—2 < CVIR < (0,022 TeV~2 which amounts to

vd,aasb ~ vd,aasb ~

an effect of roughly 18% and 5%, respectively, and the implied lower bounds on the new-
physics scale become A 2 6 TeV and A 2 7 TeV. Note, though, that the future sensitivities
are not noticeably affected in a similar way in the case of vector operators due to the fact

that B — Kvv and B — K*vv will become almost equally competitive.

VLL,SM
d,acasb

For (’)Vd L o and OVE regions containing the point (—1,41) in units of |C)

vd, aasb’

are viable as well, see the top-left plot in Figure Thus, for these two operators,
an experimental “confirmation" of the SM will restrict any deviation of the new-physics

contribution from the points (0,0), (0,—2) and (—1,+£1) in units of |C’VLL M 0 less than

d,aasb

roughly 0.002 TeV~2, respectively. If the sign of this deviation is the same (opposite)

for CLLL“QI\SIE and C’ydLgasb, the relevant bound will be set by B — Kvv (B — K*vv).
For the region containing (0,0), this would infer a prospective bound on C\;LaLalif which
is numerically very similar to the one on Cud “sp 10 Table A region containing

(—1,11)\01\/;%&1% means that sizeable O(]CL%&TXI) new-physics contributions to two
Wilson coefficients effectively relocate the source of the processes under consideration
from O;gf;a s @s it is the case in the SM, to Oyjjga < Without altering the experimentally

accessible signal. Thus, the possibility of the existence of two further relatively small,

disjoint windows for new physics will persist, distinguished by the sign of Cyd vshy With

an associated scale of roughly 10 TeV.

The bottom-left plot in Figure [4.3] shows a situation where two vector operators interfere
among themselves, but not with the SM. Here, it is sufficient to discuss the constraints
for non-negative CV}* od aﬂsb where o # 8 for a < 4 or 8 < 4, as there is no change under
swapping Cl,d “opsh < CcVL d a,@sb or a sign flip of the contributions. The current constraint
may weaken to —0.018 TeV 2 < C;/dLLﬂSb < 0.018 TeV—2 if C’X}gﬂsb (—)0.011 Tev—2
at the upper (lower) bound, which amounts to a relaxation of the constraint on OZYC%,I;(;Sb

in Table by roughly 30%, and may be interpreted as the possibility of new physics
residing at roughly 7 TeV.

Vector operators are a suitable instance to make a case for efforts to experimentally access
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Figure 4.3: Continuation of Figure but here the neutrino flavour indices are arbitrary

with a # .

the inclusive mode B — X vv.

While this is very challenging, our results show that

with an assumed sensitivity of 50% one can already expect to (almost) exclusively probe

parameter space which has been inaccessible so far. Also, note that the inclusive mode

is less prone to cancellations among contributions from left- and right-handed operators

than B — K*vv in parts of parameter space.

In the case of scalar operators, B — K*vv only depends on the difference of O%,I&ﬂsb and
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OS‘(I;’E gsp- Lhus, the region compatible with this observable also has the shape of a straight

band, as it can be seen in the top-left plot in Figure B — K*vv (B — Kwvv) hence
provides a bound on new-physics contributions to left- and right-handed scalar operators

of opposite (equal) sign.

Note that interference between contributions to OE(I;?I;X sp and OEE%SZ’ cannot significantly
relax the relevant current constraints indicated in Table but |C§(I;I& sspl < 0.003 TeV 2
and a corresponding new-physics scale of roughly 20 TeV, which amounts to a loosening
of the single-operator bounds by roughly 50%, may still be viable in the future. This is
due to the fact that the new-physics reach of B — Kvv will become clearly dominant in
the case of scalar operators, whereas currently B — K*vv is only slightly inferior. In that
sense, the situation is contrary to the one for vector operators where interference can only

noticeably affect the current constraints.

Generally, the observable Fy (K*T) is very suitable to test contributions to scalar operators
because they only modify the denominator in Fr = 1 — Fp, see Eq. (4.44)), whereas vector
and tensor operators also alter the numerator. Furthermore, note that a single contribution

to OydL&asb can be removed from the ¢? integral in the numerator and the denominator

and thus Fp(K*") is not sensitive to its value. If new physics contributes to O%I&ﬁsb

and (’)%ﬁﬁsb with opposite signs, B — K*vv (for 50 ab™!) and Fy,(K*T) provide similarly
competitive constraints, as can be seen in the top-left plot of Figure[£.3] The top-right plot

in Figure 4.2l demonstrates that combining Fr,(K*1) with B — K*vv would prove efficient

VLL

vdoash and a scalar operator (or a

in probing the scenario of new physics contributing to O
tensor operator as shown in the bottom diagram). In this case, both observables related to
B — K™ can already considerably tighten the existing bounds, and leveraging B — Kvv
as well would imply only a moderate further improvement especially in the case of tensor

operators.

The current single-operator bound on, say, (’)Ezﬁﬁsb does not significantly loosen if at the
same time the SM contribution would be (partly) cancelled by new physics. In fact, an
efficient cancellation of the SM contribution and a simultaneous contribution to scalar

operators would already come under severe pressure if the 5 ab~! data set confirmed the
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respective SM predictions for B — Kvv and B — K*vv, as there is only little overlap
between the relevant light-shaded regions in the top-right plot in Figure f.3] On the
contrary, in the top-left plot the intersection of the viable regions pertaining to the 5 ab™!
data set is even disconnected in parameter space, but cancellations of the SM contribution
could not be excluded at all. Still, a scenario with |C§;§55b\ < 0.004 TeV~2 and a less
efficient cancellation of the SM contribution could only be ruled out with the 50 ab~! data,
set. This illustrates that Belle II can be expected to be quite efficient in constraining new
physics which sources only one scalar operator with different final-state neutrinos, hence,

more contributions would be necessary to “mimic" the SM expectation.

For the b — svv processes, tensor operators only exist with left-handed projectors in
the fermion bilinears (together with their hermitean conjugates), thus they can never

interfere with one another. As in the case of scalar operators, the 5 ab™! data set will

VLL,SM
Cl/d,aasb

not entirely suffice either to rule out the scenario that | | gets (partially) cancelled
by new physics and the relevant decays under consideration are instead induced by tensor
operators, but 50 ab~! will provide a conclusive answer, see the bottom plot in Figure
Note that if O NP and (93}7%81) contribute together, instead of B — K*vv one could

vd,aasb

consider F(K**) together with B — Kvv without a significant loss of constraining power.

4.4.3 Massive Neutrinos

For the discussion of the impact of non-zero neutrino masses, we start with the current
constraints on and future sensitivities to a single Wilson coefficient, respectively, as a
function of the mass of a sterile neutrino, as shown in Figure In each case, all other
operators are switched off. It is assumed that the SM is extended by only one sterile
neutrino, that is, there cannot be two sterile neutrinos in the final state with different
masses. We study the entire range from massless neutrinos up to the respective kinematic
threshold for each process. Regarding the final-state neutrino flavours, we consider a
representative off-diagonal element as well as the diagonal one with two sterile neutrinos

with identical masses in the final state for the vector and scalar operator.
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Figure 4.4: Current (shaded regions) and future sensitivities (lines) on a single Wilson
coefficient as a function of the mass of two sterile neutrinos (top panel) and one sterile
neutrino (middle panel and bottom plot) in the final state, respectively. We assume that
the Belle-IT results for 5 ab™! (dashed lines) and for 50 ab™! (solid lines) for several
b — svv observables will confirm the SM predictions. We use the sensitivities referenced
in [7] and assume an experimental uncertainty of 50% (solid line) and 20% (dashed line)
for the inclusive decay B — X vv. Regions with \\ (//) [-] hatching are excluded via
the current bounds on B¥ — KTvv (B — K*vv) [B — X,wv]. The constraints are
identical if exchanging the third neutrino flavour o = 3 for aa =1, 2.
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Note that for a sterile-neutrino mass larger than my 2 1.7 (3.7) GeV for (off-)diagonal
elements of vector operators, B — Kwvv is currently more constraining than B — K*vv.
In terms of future sensitivities, B — Kvv and B — K*vv are very similarly competitive in
the (approximately) massless case, but for heavier sterile neutrinos B — K*vv also grows
more and more inferior. Indeed, for m4 2 1.5 (3.5) GeV for (off-)diagonal vector-operator
elements, even the results for B — Kwvv based on the 5 ab~! data set are projected
to outperform the bounds imposed by all other observables. The plots in Figure [1.4]
also reflect the previously made observation that Fp(K*T) is not sensitive to a single
contribution to 01\//(%(1;,3512 in the case of massless neutrinos. A sizeable deviation from that
only occurs for two massive neutrinos in the final state as can be seen in Egs. (4.38)
and , and thus Fy,(K**) cannot impose a constraint on C%%%b where the mass only
reduces the available phase space. For C’)yjjéhsb, a prospective constraint arises for my 2 0.9

GeV which nonetheless will only imply a (moderate) improvement over the current bounds

in the range 1.5 GeV < my < 1.9 GeV, and is generally not competitive.

For the entire accessible neutrino-mass range, B — Kvv accounts for the highest future
sensitivity to as well as the most stringent current bound on scalar operators, although
this dominant role is not very pronounced in the latter case for very small or zero neutrino
masses. Furthermore, irrespective of their symmetry properties, scalar operators are al-
ways more strongly constrained than vector operators also for non-zero neutrino masses.
In the case of tensor operators, B — K*vv imposes the most competitive bound for almost
the entire neutrino-mass range. Indeed, for 1.1 GeV < my < 3.6 GeV, even the results for
B — K*vv based on the 5 ab™! data set will outperform the bounds imposed by all other
observables. Only if the sterile neutrino is heavier than m4 2 4 GeV, B — Kvv becomes
more competitive, and in this range the tensor operator will also be slightly less stringently
constrained than the scalar operator. Hence, B — Kvv is indeed a very powerful probe of
new physics in b — svv processes for all considered operators. Note that up to my < 2.6
GeV, we find that the inclusive mode is more sensitive to tensor-operator contributions

than B — Kvv.

Linearly adding up the theoretical and experimental uncertainties for Fy(K*T) as given
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Figure 4.5: Binned longitudinal polarisation fraction Fr(K**) as a function of one new-
physics Wilson coefficient at a time (including the SM contribution). On the left-hand
side the blue (red) [black] lines stand for the vector (scalar) [tensor| operator, respectively.
Solid [dashed] contours signify m4 5 = 0 GeV [my 5 = 1.5 GeV]. On the right-hand side the
blue (purple) lines stand for the Wilson coefficients C;Yd%gsb (C,Yallj?%sb). Note the binned
longitudinal polarisation fraction Fy(K*") is obtained by separately binning the numera-
tor and denominator, see Eq. , and not by integrating the distributions Fy (q?; K*1)

shown in Figure

in Table one finds that only a result in the range (0.37,0.61) would be compatible
with the SM expectation at 1o. Hence, a measurement of Fy(K*T) in principle allows
for a sharp distinction between the case of dominant contributions to only the scalar
operator, or only the tensor operator, as can be seen in Figure on the left-hand side.
As scalar operators do only contribute to the denominator, but not to the numerator of
Fr, increasing the Wilson coefficient only implies a shrinkage of the difference of F(K™)

from 1. Note that with one massive neutrino in the final state, F(K*") is affected by

VLL
vd,aas

result in a competitive bound, see Eqs. (4.38)) and (4.39). While Fy(K*T) is sensitive

new physics contributing to O , only via phase-space suppression which does not
to new-physics contributions to left-handed vector operators with two massive neutrinos,
unambiguously discerning a deviation from the SM expectation might be challenging in
this case. On the contrary, a contribution to a right-handed vector operator can induce
a signal in F(K*") also for massless neutrinos, see the plot on the right in Figure
which should be distinguishable from the SM case at least for a Wilson coefficient value

close to CVER » ~ 0.02 TeV 2.

vd,aas
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A generic effect of the introduction of sterile-neutrino masses is a larger phase-space sup-
pression and thus a relaxation of the implied bounds on the new-physics Wilson coefficients.
Note that the masses have to be quite large to induce a noticeable deviation, for instance,
a decrease of the bounds on the respective Wilson coefficients by a factor of 2 occurs only
for sterile-neutrino masses of at least roughly my = 1 (2) GeV or larger in the case of
(off-)diagonal operator elements, that is, for about half of the kinematically allowed range
there is only a small effect. Indeed, the structure of the respective viable regions for two
non-zero operators does not substantially change either if massive neutrinos are consid-
ered. In particular, neutrino masses do not spoil the possibility of exact cancellations
between contributions from vector and scalar operators of opposite chirality, respectively,

to B— Kvv and B — K*vv.

Non-zero neutrino masses allow for interference between vector operators and scalar or
tensor operators. Still, as the contributions are proportional to (the sum or difference of)
the final-state neutrino masses, the discussion of potential interference of new physics with
the SM contribution in the last section will not be noticeably impacted if the tiny masses
of the active SM neutrinos were taken into account. A non-trivial consequence of two
massive sterile neutrinos in the final state, though, are non-vanishing contributions from
interference among scalar operators with different quark-flavour orderings, sb and bs. This
can also occur for tensor operatorsﬁ As the amplitudes for the decays under consideration
receive contributions from the Hermitian conjugates of the bs operators which amounts to
a chirality flip in the neutrino bilinears, interference with sb operators only occurs if both

neutrinos in the final state are massive.

The plots in Figure [£.6] indicate that the interference effect could in principle be exploited
to distinguish between interfering contributions from sb and bs quark-flavour scalar op-
erators with of the same quark chirality from those of opposite chirality. In particular,
the orientation of the ellipses indicating the parameter space compatible with B — K*vv

and Fp(K*') changes. Note that especially for two operators of the same chirality, a

8Vector operators with the quark-flavour ordering bs are trivially related to those with
sb via Hermitian conjugation.
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Figure 4.6: Future sensitivity of Belle II for 5 ab~! (light shaded regions) and for 50 ab™!
(dark shaded regions, dashed lines) to scalar Wilson coefficients with sb and bs quark-
flavour ordering and massive sterile neutrinos following the same analysis as in Figure [£.2]
The solid dark purple and green lines indicate the current experimental bound, see Ta-

ble@ Left: my = 0 GeV; Right: my = 1.5 GeV.

measurement of either observable can be expected to already imply a substantial improve-
ment over the current bound imposed by B — Kvv. Still, in the considered scenario with
only two contributing operators, the latter will retain the best future sensitivity to new
physics. Nonetheless, B — Kwvv lacks the feature of distinguishing between chiralities of

scalar operators. Thus it is conceivable that in scenarios with more contributions, for in-
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Ol\//dl:éIfllsb Ol%l%,ﬁ&;b 055,%4517 035%4317 Bound SM
WC (1073 TeV~2) 22.37397 9127298 6457572 9337330 0
Br(B® — K*%v)/1075  2.89 4+ 1.05 1.45+£0.18 13.5+£75 1.8  1.16£0.11
Br(B* — K*twr)/107° 3.11+1.13 1.57 4 0.20 146481 40 1.2440.12

Br(B — Xsvv)/1074 1.01 £0.37 0.494 £+ 0.055 4.57T£2.53 6.4 0.27 £ 0.02

Table 4.3: Implication of the non-zero simple weighted average of Br(BT — KTvv) for the
contributing WCs and the other decay channels. The indicated upper and lower ranges
reflect the uncertainty at 1. Note that our new-physics predictions for the inclusive mode
do not take into account QCD and HQET corrections, as indicated in Section and are
thus expected to be overestimated by O(10 — 20%). All bounds and SM predictions are
the same as in Table

stance also to 0551243{) with the sign opposite to that of C’%hsb, interference effects render

B — K*vv and/or F(K*") entirely competitive with B — Kvv and the shape of the

combined viable parameter space carries information about the chiralities.

4.4.4 A Hint for New Physics?

Recently, the Belle-II collaboration reported an upper limit Br(BT™ — KTvv) < 4.1 x
1075 [8] at the 90% confidence level. As part of the analysis a simple weighted average
of the branching ratio with previous analyses [24}291.]292] was presented with Br(Bt —
K*tvv) = (1.1 £0.4) x 1075 [1[8] which is above the SM expectation Br(B* — Ktvv) =
(4.440.7) x 1076 [11]. In this section, we interpret it as a hint for new physics and discuss
its implication for and interplay with the existing bounds on the other decay channels.
With the sets of form factors employed in this work, the SM prediction is contained in the

20 region of the average. At 30, the latter is still well compatible with zero.

We take the SM to be extended by one massless sterile neutrino which accounts for the
non-zero branching ratio Br(B™ — K'vv). We further assume one non-zero Wilson
coefficient at a time, and compute the resulting branching ratios for the other decay
channels. The results (at the scale u = my) are summarised in Table The constraints

for the right-handed vector and scalar operators would be the same.
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Figure 4.7: Parameter space which is compatible with the non-zero simple weighted av-
erage of Br(BT — KTuvv) at 1o (20) [darker(lighter)-orange shaded region] and the
current bounds on BY — K*vv and B® — K*%vv.
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The comparatively large vector Wilson coefficient reflects that B — Kvv is generally
less sensitive to the vector operator than the scalar operator. Besides, one has (9%11;451, =
—(’)%jff?) <« and thus the combined contribution from the components of the tensor operator
is also fairly large. The non-zero branching ratio Br(B™ — KTwvv) also directly implies
Br(B® — K%w) = (1.02 4+ 0.37) x 1075 which is perfectly compatible with the current
bound Br(B° — K%wv) < 2.6 x 107°.

As a general result, one may assert that the non-zero weighted average can be most
compellingly explained in terms of a contribution from scalar operators, since the relative
uncertainties of the predicted branching ratios are at most roughly 13% at 1o and thus
fairly small. More specifically, the prediction for the neutral (charged) mode of B — K*vv
is roughly 20% (60%) smaller than (and hence perfectly compatible with) the current
bound, but also still agrees with the SM prediction at 20. In particular, as the predictions
are slightly larger than in the SM, this scenario will definitely be tested at Belle II. The
neat agreement with the current bounds is reflected by the fact that if two operators
contribute, the viable region in parameter space compatible with the average at 1o in the

plots in Figure [£.7]is connected only in the case of two non-interfering scalar operators.

An explanation via vector operators is less preferred due to some tension with B — K*Opv
of which the 1o region is already excluded. Still, the prediction for this channel is compat-
ible with zero at 30. The latter statement also holds for BT — K*Tvv, but its prediction
respects the current bound at large parts of the 1o range. Arguably, contributions to
tensor operators are the least elegant way to account for the non-zero weighted average
of Br(B™ — K*vv). The implied predictions for both the neutral mode and the charged
mode of B — K*vv are already ruled out at much more than lo. Indeed, Figure
indicates that current bounds already constrain a possible contribution from tensor op-
erators to be quite small, i.e. |C’;Fd%45b| < 0.002 TeV ™2, whereas |C’VTde3Ij4sb| > 0.006 TeV 2
would be needed to explain the non-zero average at 1o. Conversely, the uncertainties of

the predictions are so large that they are compatible with zero at less than 2o.
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4.5 Conclusions

In this paper, we have studied how new physics contributing to b — svv transitions is
constrained by current bounds on the branching ratios of B — Kvv, B — K*vv, and
B — X,vv, and what improvements can be expected from the projected measurement of
these processes at Belle II. We have also taken into account the longitudinal polarisation
fraction F,(B — K*vv). Throughout the analyses, we have assumed that the Belle-II
results will confirm the SM expectations. Our investigation is based on the most general
set of dimension-6 operators in low-energy effective theory (LEFT) which contribute to
b — svrv [192,298] including massive sterile neutrinos, except for the dimension-5 dipole
operator the contribution of which can be expected to be very suppressed. We employ the
form factors provided in [6] for B — Kvv and the ones from [5] for the observables related
to B — K*vv, both of which are based on a combined fit to LQCD and LCSR data.
Finite-width effects are taken into account for the B — K™* form factors via increasing
them by 10% following [39]. The implementation of the exclusive decays makes use of the
general formalism developed in Ref. [302]. We also provide the leading-order expression

for the inclusive decay mode which we computed with FeynCalc [317}31§].

We started our discussion with a consideration of the bounds in the case of new physics
(dominantly) contributing to only one operator. We found that currently the vector op-
erator is the least constrained one, whereas the most stringent bound holds for the tensor
operator. The associated scale of new physics might reside at roughly 25 TeV in the latter
case, which Belle II can be expected to refine to approximately 35 TeV. One should stress
that the scalar and tensor operators exhibit symmetries under the exchange of the final-
state neutrino flavours, and thus a contribution from a «af operator element with o # 3
always implies that the Sa element also contributes with equal strength, which we do not

compensate for in our basis.

The bulk of our paper is dedicated to the case of non-zero new-physics contributions to
two different operators, as this allows the discussion of effects of interference between the

operators, and complementarities between different observables to probe these contribu-
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VLL

tions. We have also considered new-physics contributions to O,

, Which is the only
non-vanishing operator in the SM at leading-order. Since we assume that Belle IT will not
find significant deviations from the SM expectation, we exclude the possibility of efficient

cancellations, and thus there is generally less parameter space available in this scenario.

VLR

Only a simultaneous compensating contribution to O, ;'\

could potentially make the

experimental results appear consistent with the SM predictions.

Our results show that the combination of the processes B — Kvv and B — K*vv is
generally the most powerful probe of new physics. Partly, this is due to the fact that
B — Kvv depends on the sum of left- and right-handed vector operators and scalar
operators, respectively, while B — Kvv is dominantly sensitive to the respective difference
of these operators. Thus, these processes probe largely different regions in parameter space.
Moreover, the experimental uncertainties for these processes are projected to be as small as
ca. 10% with the 50 ab~! data set. In the case of massive neutrinos, the bound imposed
by B — Kwvv becomes completely superior in the case of large neutrino masses for all
considered operators. Still, as indicated above, these observables individually are not safe
from the possibility of cancellations among interfering contributions from different Wilson

coefficients, in which case independent information from other processes is needed.

In particular, throughout our study a bound on the inclusive mode always translates
into an unambiguous bound on each contributing operator. B — X vv is a suitable probe
especially in the case of interfering vector operators, but it is also useful to constrain tensor
operators for which it outperforms B — Kvv for sterile-neutrino masses below < 2.6 GeV.
Our conservative assumptions about the uncertainties associated with B — X vv could be
nullified with a dedicated study of next-to-leading order contributions to the decay rate.
Therefore, we wish to make a case for efforts to experimentally access the inclusive decay

and to reduce its theory uncertainty.

Conversely, the longitudinal polarisation fraction Fp, is very suitable to test the scenario
of new physics yielding contributions to scalar operators. In the case of two massive
neutrinos in the final state, it can even help distinguish whether the operators are of the

same or opposite chirality. Here, it is perfectly competitive with the branching ratio of
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B — K*vv. The latter observable is the most sensitive probe for tensor operators up to
a sterile-neutrino mass of < 4 GeV and also competitive with B — Kvv in the case of

vector operators and small neutrino masses.

In summary, we have demonstrated that the search for rare process based on b — s quark
transitions with missing energy in the final state at Belle IT will considerably strengthen
the current bounds on new physics contributing to these processes, and that the processes
under consideration exhibit different and therefore complementary sensitivity to the differ-
ent operators taken into account. Studies of non-leading contributions to the observables
as well as the interpretation of the results in terms of SMEFT and their connection to

other rare processes are left for future work.

4.6 Appendix: Form factors

We follow the parametrisation in [6]. For the B — P transition with P = 7, K, D, the

form factors fy, f+ and fr are defined as in

m2 — m?2 m2, — m?2
(P(k)|dv"b|B(p)) = [(p+ k)t — B2Pq“] (@) + —2——L¢" fo(d?),
1 1 (4.19)
iz _ ZfT(q2) 2 ©wo_ 2 2N\ i
(P()[do" bl B(p) = — T2 (P (p+ k)¥ — (my —mb)e")
mpg mp

where g# = p* — k*, k and p are the 4-momenta of the P pseudoscalar meson and the B

meson, respectively.

For the B — V decay with V = p, K*, D*, the non-vanishing form factors V, Ag 12

Pt )

3, 1123
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are
(V (ks ) [AA#DB(p)) = P kg ——)—
mp + my
- . (p+ k)"q" 2my
k dv*~=b| B =in" [g" A — ~— 2 Ay — gMg¥ Az — A
V ()5t B o) = i g (s -+ ) As = B0 Ay — g2 (g = ag)|.

(V(k,n)|dio" @b B(p)) = €7 n;poke 2T,

(V(k,n)|dic" ~v5b| B(p)) = i, | (g" (m% — m3,) — (p + k)'q")Th

2

+q” <qu - 2(12(17‘1'16)”) T3],
mB — mv

(4.20)

where 7 is the polarisation vector of the vector meson. Ag is a redundant quantity and

can be expressed in terms of A; and A,

As = Mﬁh _
2my 2my

MB 7V 4, (4.21)
In practice, it is common to replace A, and T3 by

(mp +my)*(mE —mi, — ¢*) A1 — A(¢®, m¥%, mi ) A

App =
2 16mpmi, (mp + my) ’
2 2 2 2 2 2 2 2 (4.22)
Tos E(mB —my,)(mp + 3my — ¢°)Th — Mg 7vamV)T3'
8mpmi,(mp — my)
Furthermore, there are also three identities for the form factors at ¢% = 0:
f+(g* = 0) =fo(¢* = 0),
Ao(¢? = 0) =A3(¢* = 0), (4.23)
Ti(¢* = 0) =Tx(¢* = 0)
Combining Egs. (4.21)), (4.22), and (4.23)), one obtains
2 2
12(q ) Smpmy olq ) ( )

4.7 Appendix: S, P,V, A,T basis

The LEFT operators can be related to the basis used in [302]. In order to take into account

the Majorana nature of neutrinos we include an additional factor of 1/2 in the effective
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Lagrangian. This ensures that the leptonic helicity amplitudes have the same form as in
the case of Dirac fermions. The effective Lagrangian is thus given by

1
L=gen > > (CiapOiap + Cf 0505 0p) - (4.25)
i

where ¢ runs over S, P,V, A,T and cy determines the normalisation of the operators. In

this work we choose cy = lﬂ The operators are given by

Os(pyas = (520)(Ta(V5)vs) ,  Ov(ayas = GIV'0)Tavu(¥5)vs) s OTap = (5L0"D)(Va0,wvp) -
(4.26)

The primed operators are obtained by replacing s;, — sg, i.e. O’ = Ol|s, s, Where
qr,rR = Prrg. The notation Og1g) = Oy () is also commonly found in the literature.
The operators have well-defined symmetry properties: the pseudo(scalar) operators are
symmetric in the neutrino flavour indices and the (axial)vector and tensor operators are

antisymmetric. We find for the Wilson coefficients using the S, P, V, A, T basis

Cvap = CszI,Jaﬁ]sb ) Caap = —CXdL,(Lag)sb )

Cirap = Chditiga » Chas = =Cod sy »

Csap = Crd(apyss + Cod (ajps - CPas = ~Crd(ag)sb + Cod(Bayps » (4.27)
Csap = Codlopss + Codlparps + CPas = ~Cliapss + Cod(Bajps -

CTap = 2C)3 b - Coras = 2C)0 G 1sb

where «, § denote the neutrino flavours. Parentheses (...) indicate symmetrisation and

square brackets [...] indicate anti-symmetrisation of the neutrino flavour indices as in
1 1
Map) = 5 (Map + Mpa) Mia = 5 (Map = Mya) - (4.28)

4.8 Appendix: B = Kv,vg

For the convenience of the reader, we provide the expression for the coefficient G(©) of the

Wigner-D function ngo(ﬂ) = 1 for B — Kv,vp following [302]. Although the vector and

9Reference [302] uses cy = %ﬁ\/{g‘/}b. Note that we rewrote the effective Hamil-
tonian in terms of an effective Lagrangian and replaced ¢ in [302] by the neutrino fields
v.
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tensor operator are antisymmetric in the neutrino flavour indices «, 3, all combinations
which enter the helicity amplitudes are symmetric under exchanging them. The CP-
conjugate process B — Kv,vg is obtained via replacing G by G where the Wilson
coefficients in the helicity amplitudes are replaced by their complex conjugates. Note that
this complex conjugation does not introduce additional minus signs into the coefficients
of the Wigner-D functions for terms with antisymmetric Wilson coefficients. The CP
conjugation also implies a redefinition of the angles, in particular x — 7 — 0k, under

which the relevant Wigner-D functions D8’0 and D(2),0 are invariant though. According

to [302],
NGO (¢?) = (4 (ELE AN vy (4(eE A g2
(Q)_ ( o B+mamﬂ)+3q2 | a5| + ( e B_mam6)+3q2 ‘ aﬁ‘
)\ * )\ *
+ <4 (EaEg — mamg) + q'YQ > ’h§5|2 + (4 (EQEB + mamg) + q’é ) ‘hgﬁ‘Q
>"y* T: |2 )‘v* T |2
+16 <EaEg +mamg — 12qz> |hopl” + 8 (EQEB — mamg — 12q2> ]
+16 (Mo By +msFa) Tm |highls | +8v2 (maBg — mgEa) Tm [hishis]
(4.29)

where the normalisation factor NV, the energies E, 3 and the kinematic functions Apg -

are defined as in

\/m Ay _ 2 ) _ 2 2 9
N = (47T)3m3Bq2(]_'y+ 5QIB) , Ea,,@ = m?yﬂ + ﬁ ) )\BK = )\(mB,mK,q ) N )\,7* = )\(q 7ma’m/8)

(4.30)

and \(z,vy, 2) = 22 +y% + 2% — 22y — 222 — 2y~ denotes the Kéllén function. The symmetry

factor for identical neutrinos in the final state is contained in V.
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The helicity amplitudes are given by

hag = \2/)\\/3»? (CVaB + C(/aﬁ) [+ (4.31)
hag = % (CAaB + C;uw) [+ (4.32)
hSs = M 3 i (Cszi fiﬁ“ﬁ + maq;mﬁ (Cas + C’W)> fo, (4.33)
ey = T e ( O”;‘Z fip oy BT Cogy + %w) fo (4.34)
hgﬁ = —im (CTaﬁ - C'/Taﬁ) Ir (4-35)
nl = —im;% (Crap + Chag) fr (4.36)

in terms of the S, P,V, A, T basis. We provide the matching to the chiral LEFT basis in
App. For massless neutrinos, the expression reduces to

VABKG

¢ = (47)3m3 (1 + 0ap)

4 4 8 4
(GIRUPE + sl + 2S5 + 2El? + SIBZLI2 + 1RGP
(4.37)

4.9 Appendix: B - K*v,vg

As the final-state neutrinos are not observed, we integrate over the neutrino solid angle.
Thus there are only two relevant contributions which are described in terms of the co-
efficients of the Wigner-D functions Df 5(Q) and D§ (k) which depend on the solid
angle Q of the final-state K meson in the K* rest frame. They are denoted by Gg,o and
Gg’o for B — K *vqrg following [302]. The corresponding coefficients for the CP conjugate
process B — K*v,vg are denoted by ég’o and 6(2)’0 and obtained from Gg,o and G%’O by

replacing all Wilson coefficients with their complex conjugates. The coefficient for the
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Wigner-D function D, for B — K*vavg is [302].

4 Ay 4m m

—1,~0,0 A

N 1G0 9 (3E E/3—|— 1 2) Z:t(| a,8|2 + |H aﬁ‘ aldcally2 zozi | aﬁ’2 aa6|2)
a=0 a=

4 4
+ 3 (EaEg Mmamg + ) |H, ﬁ’z 3 < ) |H, 5‘2
16
+§ 3(Eabp + mamp) — > aa,8|
a=0,%
8 2
+ § 3(E EIB - mamﬁ Z ’ aa5|
a=0,%t
16 Tk
+ 3 (maBs +myEq) Im > HysH.l
a=0,%+
8v2
a=0,%t

(4.38)

and the coefficient for the Wigner-D function D%,o is

_ )\
NG = —5 (3EaBs+ T5 ) X (1Hhasl + HEogl? — 2Hsl?)
b=V, A
dm,.m
f—éiffufmf+wﬂ asl? = 2H s — (V = A)
3

8 8 Ay
+ 3 (EaEﬁ mam/g—l— )| 5|2 3 (E Eg +mamg + ; ) |H,, ﬂ|2

16 .
5 <3(E Ep + mamg) — 72) (1T o + [HT 52 = 2l H )

8 A

5 (3B — mamg) = 335 ) (IHTosl? + 1T — 24HE, )
16 « * *

— 3 (maBs + msEq) Im {HMBHI*Q[J, + HY g H oy — 2H{, Ol
8v2 E E)Im |HY HT* , + HY HT* —9ofgY -HI*

- T (’I?’La B — Mg Ot) m { +apBtt+ap + —aftt—aB — 0ap Oaﬁ} )

(4.39)
where the normalisation factor N, the energies F, g and the kinematic functions Agg+ -

are the same as in Eq. (4.30) with the kinematic function Apg replaced by Apg+ =
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Mm%, m%.,¢%). The helicity amplitudes for B — K*v,vg are given by

4imBmK*

Hjop = JE (CVa,B - C’{/a,g) Arz
dimpmp«

Hiby = B (g — Clhag) iz |

Ve

Hls = Sy [ (Cvos + Clas) VAmicrV = (m - muc? (O = Clis) 1]

Hiop = m % (Caap + Cliag) VABKV = (m +mice)? (Caap = Chag) A1] |

p _ IWABK~ Cprap — Cﬁaaﬁ Ma + Mg /
Hys = =5 l e (Ciap = Clhas ) | Ao
(4.40)
S _ IV ABK* CSO‘B - C./S'aﬁ Mo — Mg ’
HaIB - 2 [ mep n M + q2 (CVQB - CVO[,B) A() y
2/ 2m gm e
T _ BIMK /
Hyop = B+ e (CTaB + CTaB) Tos
2mpmp
T BIIK /
Hy\p = P — (CTaB - CTaB) To3 ,
1
Hi,5= Ve [i (CTaﬁ - C‘/Taﬂ) VAsk+Ti — (C’rag + C’%-Cw) (m% — m%(*)Tg} ,
1
Hfaﬁ = N [i (CTaB + C'/Taﬂ) VApr-Ti — (07'@5 - C’ifa5> (m% — m%(*)Tg}

in terms of the S, P,V, A, T basis. The matching to the chiral LEFT basis is given in
App. [£77 For massless neutrinos, the normalisation factor reduces to

VABK: (4.41)

N =
(4m)*m% (1 + bap)

and the coefficients of the Wigner-D functions become

4 2 2 8 4
0,0
Go' =N | = > ([HYgl? + [ Honsl®) + S Hs? + SIH P + = >0 ‘HaT&ﬁ’QﬂL* > [Hisl?|
9 < 3 3 9 £ 9 4
a=0,+ a=0,+ a=0,+
4 4 4
2,0
Gy :qul—g >o (1Y asl + [H opl® = 21Hopl?) + S HGP + 5IHLP (442)
b=V,A

8 T; T; T; 4
= o (HL P+ [HT P = 20H5 5 7) = 5 (1 apl + 1 H ol — 2 HiosP) | -
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For massless neutrinos, the binned longitudinal polarisation fraction Fj for the decay

B — K*v,vg can be compactly written in terms of helicity amplitudes H as

{@eea)

L= ~0,0

3(65°)
_ _ _ _ T _

4 (NG ([H gl + | Hgl g + 31 HS51? + 31 HD; 2 + 2/ Hyt o + | HE 512) )
9 ~0,0 :
! (&)

The helicity amplitudes H are obtained from the corresponding helicity amplitude H by

(4.43)

replacing all Wilson coefficients by the complex conjugates. The corresponding binned
transverse polarisation fraction Fr is given by

N2Z ‘ﬁV |2+’E[A |2+2|HTt ‘2+|I:IT ‘2
4 q a==+ aaf3 aaf a3 aaf

FTzl—FL:§ <C_¥8’O>

(4.44)

4.10 Appendix: B = X v,vg

In the following, the different terms contributing to the inclusive differential decay rate

which was computed via FeynCalc [317,318] are given. The individual contributions from
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vector, scalar and tensor operators are given as in
dFijI?clllBV q2 ms

Vo 2 2 2 VLR

a2 12@ [(ma — dmamg +mj — ) R(CY11a156Cod fobsh)

+ (mi + 4mam,3 + m% - q2)§R(CVd (aﬁ)sbc

1 1
3 {g(ma,m/g,ms, \/qQ,mb)q—4 — 6mam5(mg + mz —q )}
b

VLR
Vd,(aﬁ)sb)}

“CVdL[I&ﬁ]sb‘ + |CY1L[135]51)’ ]

1 1
{g(ma,m/g,ms, \/q?, mb)(T4 + 6mamg(mi +m? — qQ)}

2
my

2 2
(1T 4 OS5 }),
(4.45)

)

dl's ¢
dq; = —3% (m?2 + m% -

SLR
+ ‘Cud,aﬁbs

2
SLL
+ ‘Cud,oz,é’bs

2 2
SLR
+ ‘Cyd,a,@sb

1 SLL
X [ 2 (m% + mz - q2) (‘Cud,aﬁsb
my
m SLL SLRx SLRx
+ 4ﬁzm(cyd,a,esbc dafsb T o aﬂbscud,aﬁbs)}
2 SLL
+ 2mam5 { (mb + m —4q )Re (Clld,a,BstVd afbs + Cud aﬁsbcud aﬁbs)
b

+ 4f3%(03114,]&55b0 i gbs + Co g Cod. aﬁbs)D
1
([3(m + mB - q2)(mg + m? - q2) - 2g(ma7 mpg,Ms, \/qj) mb)g}

I/al/ﬁ 2
incl, T _ 16(]7
dq? m}
2
TLL TLL
) - 72mam/3msmbRe(Cud,aﬁsbcud,aﬁbs)) .

TLL
+ ‘Cud,aﬂbs

2
TLL
X ( ‘Oud,aﬁsb

2 .2

Here, the function
T w2 4P - 4x2y2))\(m , 5%, w?)
(4.46)

g(z,y,5,w,m) = (2(z" +y")

+ 3w? (2 + y* — 2079 — wh)(m? — w? + 5?)
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was defined for convenience in order to shorten the expressions. The interference terms

involving the vector operators and the scalar and tensor operators read

dr:ers 3
— e o <(ma —mg) ((ma +mg)* - ¢?)

dq? mj

m S SLRx* SL
x [HZ(mi =i+ @) R(Coaga(Codapsn + Codaps) + CoalapasCodapss + Codapns))

+ (mj —m? — QQ)%(CszL,[I&msb(C rnteh T Codans) + Cyd%&,@pb@%ﬁ@ + C%,Eﬁbs))}
+ (mq +mg) ((ma — m/g)2 — q2)

m 2 2 2 SLLsx SLL SLR* SLR
x [mz (my —mi +4q )%(Cud (aﬁ)sb(oud,a,@sb — Cod.ags) T . vd (aﬁ)sb(cud,aﬁsb - Cud,a,@bs))

+ (ml% - mg - QQ)%(CZYCII:(I&ﬁ)sb(CEiEZ’Sb - Cz/d aﬂbs) + Cu (oz,B)sb(Cl%z]iJ&}Z?sb szd aﬁbs))}) )

Valg
L v _ 36
dq? m

<(ma —mg) ((ma +mg)* - ¢°)

m VLL TLL VLR
X [HZ(mg - mz + q2)§R(Cl/d,(aB)stl/d aE’sb + CVd,(a,B)stVd aﬁbs)

- (mg - m? - q2)%(01/d (aﬁ)sbc d aﬂsb + Cu (aﬁ)sbclld aﬁbs)}
+ (Mo + mg) ((mCY —mg)? — q2)

m 2 2 2 VLL TLLx* VLR
x [ﬁi(mb —mg+q )%(Cud,[aﬁ]sbcud afsb ~ Cyd,[amsbcud aﬁbs)

- (mg - mg - qQ)R(Cud [aﬁ]stEdLaésb Cl/d JaBls bCVd aﬁbs)}) :
(4.47)

4.11 Appendix: Matching to SM Effective Field Theory

with Sterile Neutrinos

For completeness we present the matching to SM effective field theory (SMEFT) with
sterile neutrinos. The matching conditions have been obtained by translating the existing
matching results in the literature |191,192,1319] to the operator basis we are using. The

relevant SMEFT operators are contained in the effective Lagrangians Lg 7 for operators
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at dimension-6 and dimension-7, respectively [185.|191]

LoD Cpy(H'H)? + Cyn(H'H)O(H'H) + Cyp(H'D*H)*(H'D,H)
+ CypH'HB,B" + Cyw H'HW,,, W' + CpwpH'T' HW ., B"
+op)(Hbi Dy HY(IAML) + O (H'i Bi H)(LT'4"L) + Cig( Ly, L) (dy"d)
+ Con(Q@1uQ)(NYN) + Can (dyud) (NY*N)
+ OLnQa(LN)eas(Q7d) + Cragn (L d)eap(Q°N)
L7 D Cqronmi€ijemn(dL)(QTL™)H" + Conan(QN)(Ned)H + Caqnr H' (dQ)(N°N)
+ Conrmeij(QuuQ) (NA' LY HY + Con i€ (QruQ') (NAM L)) H
+ Can € (dyud)(Ney* LY HY
(4.48)
where N denotes right-handed neutrinos, i.e. right-handed SM singlet fermions, 7! denotes

the Pauli spin matrices and we suppressed flavour and colour indices. For the matching,

we also require the modified Z-boson couplings [192]
£ 22 | Zaydiydp + Zapdpy"dr + Zyoiy"vi + Zy NN + (ZyxvPy"N + hee)|
(4.49)

where gz denotes the effective gauge coupling of the Z boson and depends on gauge

couplings and the weak mixing angle 6

- [ 2, -2
_ e 91+ 95 9 _ a1 G- 2
= = = [14+ =—Z0v7C , € = gosinf — = cos 0gov7:C ,
A sinfcosd | 29105 T HWB] 92 5 92v7CHWB
5 g2 |, Cowsigigl—gi| 2
cosf = 1-— — =5 g1 = g1(1 + Cupvy)
= — 2 2| ) 4.50
Vot +93 L 2 201t (430
.z g1 [ Cuwpv? G2 35 — 3 _ 2
sinf = — 1+ 5> syl 27 g2(1+ Crwvr) .
VIi T 9L gLIL T 2

The Z-boson couplings to the different fermion species are parameterised by

1 1., i , - 1.5z ¥
[Za,Jpr = (— + & sin? 9) S = (Cliy™ + Ciiy™ )+ [Zaglyr = 5510% 08,0 — LCy

2 "3
1 VE [ ()pr (3) V% pr
[Z]pr = iépr 2 (CHZ —Chi ) ’ [ZN]pr = _7CHN , (4.51)

3
(% T T
[ZVN]pr =L (C]\:;?Ll + 201\&2) .

42
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Following [192], we write the renormalisable part of the SM Higgs potential as
2\ 2
v
and the SM Higgs doublet H in unitary gauge as

1 0
H=— . (4.53)
\/Q [1 + CH,kin] h + vp

The Higgs field normalisation 1 + cp kin and the Higgs VEV vr receive corrections from

dimension-6 operators

1 3C 2
CH kin = <CHD - 4CHD> %, vp = (1 + 8};) ) v. (4.54)

After introducing and summarising the relevant SMEFT operators and expressions, it is
straightforward to present the matching of the LEFT Wilson coefficients to SMEFT. We

find for the LEFT Wilson coefficients with neutrino flavour indices 1 < o, 8 < 3

) =2
1), 3), 9 VLR g
C;Yd%ﬁpr = l(q) o Cl(q) - Miﬂ[zdL]W [Z]ap Cvd,aﬁpr - ﬁiﬂpr B ﬁ%[ZdR]pT[ZV]aB’
A Z
SLL  _ vt par par3 SLR  _
Cvd,aﬁpr - 42 (CJLQLm + CJLQLHl) ) Cvd,aﬁpr =0,
TLL o ur parf pBra
Cvd,ocﬁpr 16 V2 (CJLQLIH - C&LQLHJ :
(4.55)
For Wilson coefficients pertaining only to sterile neutrinos with «, 8 > 4, they are
VLL 8 9 VLR B 9z
o o
Cyd,aﬁpr = *CgN + W[ZdL]pr[ZN]Baa Cyd@ﬂpr = *CgN + W[ZdR]pT‘[ZN]ﬂaa
VA Z
sLL.  _ vVt B 8 SLR ~ _ VT B
Cud,ozﬂpr = m (05%51{ + Cg]\?c?lnH) J Cud,aﬁpr - %ngj\/H )
TLL _ VT 8 B
Cotasr = 1675 (Conan = Clnan) -
(4.56)

The different signs and orderings of neutrino flavour indices originate from the charge

conjugation in N = v and the symmetry properties of the bilinears

. — +1 for ' =1,~5,v"75
Gy = eIy C7'TC = pel™ p = . (4.57)

—1 for I'=~H oM o5
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Finally, SMEFT operators which contain both sterile and active neutrinos imply

(4.58)

VLL VT B B
Cl/d,oaﬁpr - ﬁ (Cgﬂ]\o;LHl CgﬁLHQ) M2 [ZdL]pT[ZVN]ﬁOH
CVIR UL opral 9 2 Zaglpr[Zon]
vd,afpr f NLH M2 RrIpr“vN|Ba
Cud,aﬁpr = g%erd Cfld)TQaN’
SLR
Cl/d,aﬁpr =0,
TLL *
Cyd,aﬁpr = CEZTQQN

when >4 and 1 < g <3 and

vioL T Bovk B
Cotwom =5 (CaNTm - c&m) A 2 (Za,);
VLR vr * "
Cdea/BPT = \[Cgil](fﬁgH—i_ M2 [ZdR] [ZVN]Q,B7
SLL  _ ~afrpx B
Cud,aﬁpr - gNTSd - 700&522]\”
SLR
Cud,aﬁpr = 07
1
TLL *
Cudasor = ~3CragN

when 1 < a <3 and 8 > 4.
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CHAPTER 5. FLAVOUR ANOMALIES MEET FLAVOUR SYMMETRY

Chapter 5

Flavour Anomalies Meet Flavour

Symmetry

After having performed (partly) model-independent studies in this thesis so far, I lastly
present an extensive investigation of a concrete NP model which provides a possible expla-
nation for several currently observed flavour anomalies as well as for the charged fermion
masses and quark mixing. The predicted interaction structure is constrained by the dis-
crete symmetry D17 X Z17 which is broken at high energies by the VEVs of several spu-
rion fields. I find that it is indeed possible to address the aforementioned anomalies in
agreement with experimental constraints arising from various flavour observables. The

presentation in this chapter draws from ref. [90]E]

5.1 Introduction

The SM has been very successful in describing the gauge interactions involving fermions,

the Higgs boson and gauge bosons. However, the observed values for the masses and

T was primarily responsible for sections 4 and 5 as well as appendices C.3.2—C.3.6 and
D therein, but also helped prepare the other sections and appendices. I acknowledge my
co-authors Innes Bigaran, Claudia Hagedorn and Michael Schmidt and their contributions.
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mixing among the fermions can only be accommodated with a judicious choice of free
parameters, appearing in the Yukawa matrices, and cannot be predicted. In particular,
it would be desirable to have a profound explanation at hand for the strong hierarchies
among the charged fermion masses, and for the fact that the Cabibbo angle is the only

sizeable quark mixing angle, while the lepton sector features two large mixing angles.

Given the success of symmetries in predicting the gauge interactions of the SM particles, it
appears reasonable to also employ a symmetry G ¢ which acts on the flavour (or generation)
space in order to explain the measured fermion masses and mixing. Abelian symmetries,
such as a U(1) group |78|, have been shown to be capable of accommodating the hierarchies
among the charged fermion masses via an appropriate selection of charges for the different
generations of SM fermion species. However, a non-abelian, discrete flavour symmetry
group which can be broken non-trivially seems to be preferred in the light of the striking
differences between quark and lepton mixing, as well as due to the capability of these
groups to predict a certain mixing pattern, e.g. tri-bimaximal mixing among leptons [320-

323|. See refs. [175H178] for reviews about applications in high-energy particle physics.

In recent years there have been several measurements of flavour-physics observables which
deviate from their respective SM predictions and hint at a more non-trivial flavour struc-
ture. In particular, the ratiog’]

(B — DWru)
() —
R(D™) = I'(B — D®Ww) (5.1)

with ¢ = e, u which are sensitive probes of LFU have been measured at BaBar |128,129],
Belle [14,[125(1127] and LHCb [15,/16,(124]. A combined fit yields larger values for R(D™))
and exhibits a tension with the SM prediction at the 3.40 level [10]. There is also a
long-standing discrepancy between the measured value [18,/46] of the AMM of the muon,
a, = (9 — 2),/2, and its theoretical prediction [19}324-358]. The combined fit to the
experimental data shows a 4.2 0 tension [18] in Aay, = a}? — aEM The three anomalies

are summarised in table B.11

In ref. [79] Bauer and Neubert have proposed a simultaneous explanation of the flavour

2For brevity, antiparticles are not indicated by overbars in schematic expressions in
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ANOMALIES
Observable SM prediction Experiment Significance
R(D) 0.297 +0.008  [11-{13] | 0.340 +0.027 £ 0.013  [10] ldo
R(D¥) 0.245 £ 0.008  [11H13] | 0.295 4+ 0.010 +0.010  |10] 290
Aay, 0 (2.51+0.59) x 1079 [18,/19] 120

Table 5.1: Overview of the three anomalies to be addressed in this chapter
and their present significance. The quoted experimental values for R(D) and R(D*)
are adopted from the Heavy Flavour Averaging Group (HFLAV) fit circa 2021, and the
combined significance of these two anomalies is 3.4 o, with a correlation p = —0.38 [10].

anomalies via the scalar LQ ¢ transforming as (3,1, —%) under the SM gauge group. The
importance of LQ couplings to RH fermions has been emphasised in ref. [80] and it has
been pointed out that ¢ alone cannot explain the discrepancies in b — sppu which requires
the presence of additional particles; see e.g. refs. [359-371]. In the vast majority of these
studies only the couplings which are needed to explain the flavour anomalies are assumed
to be non-zero, without any explanation for their size or why the remaining couplings

vanish.

In this chapter, I describe a model with a discrete flavour symmetry which explains the
observed anomalies in R(D™)) and in the AMM of the muon. This model is also capable
of correctly describing the strong hierarchies among the charged fermion masses as well as
quark mixing, while not accounting for neutrino masses and lepton mixing. Therefore, the
three generations of SM fermions are (mostly) assigned to doublets and singlets of G ¢, and
a dihedral group is chosen for the flavour symmetry. The series of single-valued (double-
valued) dihedral groups D,, (D)) groups feature one- and two-dimensional irreducible
representations for n > 3 (n > 2); see e.g. refs. [372-375] for their application in the
context of fermion mixing. The thorough analysis in this chapter shows that a model

equipped with the flavour symmetry group Gy = D17 X Z17 can pass all requirements

this chapter unless required for clarity.

3There is an ongoing debate about the theoretical prediction of the HVP. While

the current determination of the LO contribution is obtained from dispersion relations,
c.f. ref. [19], recent lattice calculations [145-148] predict a value consistent with the ex-
perimental result for the AMM of the muon.
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which for instance arise from the non-observation of cLFV decays such as 7 — pvy. The
residual symmetry Zf;ag which furnishes a diagonal subgroup of G'; is preserved by the LQ
couplings to the SM fermions at LO, and turns out crucial for appropriately suppressing
the couplings to up quarks and electrons. The breaking of the flavour symmetry is achieved
with the help of four spurions that acquire specific VEVs, given in terms of the expansion
parameter A = 0.2. For related studies on flavour symmetries in the context of explaining

the anomalies observed in semi-leptonic B meson decays, see refs. [81-86].

The chapter is organised as follows. The model setup is introduced in section [5.2] wherein
the choice of Gy, its residual symmetry and the assignment of transformation properties
to the particles as well as the spurion fields are motivated. The explicit form of the mass
matrices and the LQ couplings in the charged fermion mass basis is derived in section [5.3
Analytic expressions for the charged fermion masses and quark mixing are also given.
Section [5.4] contains the phenomenological study which includes the analytic estimates
and numerical results for primary and secondary observables. Conclusions are drawn in

section and further technical details are collected in the appendices to

5.2 Model Setup

The main motivation behind the model discussed in this chapter is to ameliorate the
above-mentioned anomalies with a specific LQ coupling structure which is predicted by a
(discrete) flavour symmetry. For that purpose, the scalar LQ Sy [160], c.f. section [2.3.2]
is added to the SM particle content, but I employ the notation ¢ ~ (3,1, —%) in this
chapter which implies that the quantum numbers of ¢ coincide with those of SI. Sterile
neutrinos are not included in the model, and baryon-number conservation is imposed in
order to forbid the occurrence of diquark couplings. Furthermore, the structure of a type-
IT two-Higgs-doublet model [376|,377] is adopted, that is, the generation of up-type quark
masses is achieved via the Higgs doublet H,,, whereas the masses of the down-type quarks
and charged leptons arise from the presence of a second Higgs doublet Hy. In order to

accommodate the hierarchy between the masses of the bottom quark (or the tau lepton)
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and the top quark, an adequate hierarchy among the VEVs of H; and H,, must be chosen.
This implies

<E»E§%~24&Nam1@ﬁ>5%§~ﬁ4&N (5.2)

and therefore v2 + v2 = v? ~ (246 GeV)?2. Consequently, the Yukawa sector of the SM is

defined as in
Lyvax =~y Qri Hyurj — v Qri Hydpj — y? Ly Hyer; + h.c. (5.3)

which is consistent with eq. (2.14]) up to the obvious difference due to the presence of H,,
and Hy. I do not discuss the scalar potential of the model. The couplings of ¢ to the SM

fermions are described as in
L8 =3, L5, ¢ Qrj + ij €5, &' upy + hc. . (5.4)

Here, #;; and §;; are, in general, complex numbers which constitute the coupling matrices
X and §. The hats indicate the interaction basis of the SM fermions. Adopting the mass
basis of the charged SM fermions yields

LE}%SS = x5 (VP)S, o dr; + Yij (eR)e; o uR; — Zij (e)e, ot uy; +hee. (5.5)

where the conventions are consistent with section In a way similar to the interaction
basis, z;j, y;; and z;; are, in general, complex numbers which constitute the coupling
matrices x, y and z. Note that

z=xV! (5.6)

with the CKM matrix V. Neutrino masses are not accounted for in the model, and thus

lepton mixing is unphysical as in the SM.

Regarding the interactions between ¢ and the different generations of SM fermions, a major

guiding principle for the construction of the model is an (approximate) achievement of the

texture
0 0 O 00 O
x~ 1 0 A A andy~ ] 0 0 M\ , (5.7)
0 N 1 01 0
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which was identified in ref. [80]. Here, A =~ 0.2, and zeros denote entries which are generally
further suppressed than A\* ~ 1073. All non-zero components are accompanied by complex
order-one numbers. The above textures hold in a basis which (approximately) coincides
with the mass basis of the down-type quarks and charged leptons, thus, the CKM matrix
(largely) originates from the structure of the up-quark mass matrix. Furthermore, the
unitary transformation associated with the RH up-type quarks is close to the unit matrix

in flavour space.

In the model, the non-zero entries shown in the texture above are generated with the help
of a single spurion field S. Protecting (most of) the zero entries in y is one motivation to
introduce an external Zy symmetry and assign different charges under it to the RH up

quarks.

Furthermore, experimental constraints require that the first row and column of both LQ
coupling matrices x and y are largely suppressed. In the model, this requirement is
implemented with the help of a residual symmetry. I consider an extension of the SM

gauge group by the group product
D17 X Zl7 (58)

with the residual symmetry Zf;ag, where Zf;ag is the diagonal subgroup of a Z17 symmetry
contained in Dy7 (and generated by the generator a of Di7; see appendix for details)
and the external Zi7 symmetry. As long as Zf;ag is intact, the vanishing elements in the
texture in eq. are protected from acquiring non-zero values. Conversely, the non-
zero values therein should correspond to combinations of SM fermions and ¢ of which the
added-up charge under the residual symmetry is zero. Besides, the first component of S
which acquires a VEV must be uncharged under Zf;ag . The charges of the fields contained

in the model under the residual symmetry are listed in table

Choosing a member of the series of dihedral groups D,, is furthermore motivated by the
fact that they feature several one- and two-dimensional representations which allows for
the assignments 1 +1+1 and 2+ 1 for the three fermion generations. Note that both the

singlets and the doublets can be inequivalent, respectively. Assigning the third generation
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Field | Z3%¢ || Field | Zz38 || Field | Z3%8 || Field | Z{3*¢ || Field | z{ie
Q1 3 dr1 5 eRr1 5 S, 0 %%} 14

Qro 16 dRro 14 €R2 16 So 15 Wa 10

Qr3 16 dRr3 7 €R3 9 T 10

URL 13 L1 3 H, 15 T 6

UR2 8 Lo 1 Hy 9 Uy 10

UR3 1 Lps 1 ¢ 0 Us 6

Table 5.2: Charges under the residual symmetry Z‘li;ag. I list the charges of the different

fermions, scalars and spurion fields under the residual symmetry Zf;ag, preserved by the LO

structure of the LQ couplings x and y; see eq. 1) This residual symmetry Zf;ag is the diagonal
subgroup of the Z;; symmetry contained in D;7; and generated by the generator a, compare
appendix and the external Z;7 symmetry.

to a singlet is a reasonable choice in particular regarding the quark sector, since mixing
between the third quark generation and the first two ones is small. Indeed, the assignment
2 + 1 is used for LH quarks as well as LH and RH leptons; see table Conversely,
the assignment 1 + 1 4+ 1 is used for RH up-type quarks as it is helpful regarding the
pronounced hierarchy among the masses of the up-type quarks, and the desired structure

of the interactions between RH up-type quarks and RH charged leptons.

Further spurion fields T', U, W are introduced in order to account for the charged fermion
masses and quark mixing in the SM. These spurions acquire VEVs which generally break
the residual flavour symmetry. The spurion T' generates the masses of the muon and the
strange quark, U gives rise to the masses of the electron and the down quark, and W
generates the charm-quark mass and the Cabibbo angle. A specific combination of T
and U together also give rise to the up-quark mass, whereas an operator involving (S T)2

further generates the smaller quark mixing angles; see egs. (5.117)), ((5.119)) and (5.121])).

The VEVs of the spurions are given by

A A2 0 A5
(S) = ; (T) = ; (U) = ; (W) = . (5.9)
0 0 2t A\

Since the potential of these spurions is not adressed and thus neither potential mechanisms

to achieve the alignment of their VEVs, the latter is assumed to be exact in the following.
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Q= @ 3 2 Lol 2, 1
Qr2
Qr3 3 2 : 1, 16
UR1 3 1 2 |1, 13
UR2 3 1 2 1 8
UR3 3 1 % 14 1
d
dp=| "™ 3 1 L2y 1
dpo
drs 3 1 —3 | 1 7
L
Lp=| " 1 2 -1 l2 2
Lis
Lis 1 2 -3 | 11 1
en=| ™ 1 1 1| 25 2
€R2
€R3 1 1 -1 11 9
H, 1 2 -3 | 11 15
Hy 1 2 3 19
o 3 1 -3 [ 1 0
S
s=1[ " 1 1 0 | 21 16
Sa
T
T = 1 1 0 | 20 8
T
U
v=| ! 1 1 0 | 2o 8
Us
W
W= ( ! ) 1 1 0 | 2o 12
Wy

Table 5.3: Particle content of the model. The fermions, scalar fields and spurions (flavour-
symmetry breaking fields) and their transformation properties under the SM gauge group SU(3) x
SU(2) x U(1) as well as the flavour symmetry G = D17 X Z17 are given. Particles in an irreducible
two-dimensional representation of D17 are evidenced in terms of two-component vectors.
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5.3 Mass Matrices and Leptoquark Couplings

In this section, the form of the charged fermion mass matrices M,, My and M., analytic
formulae for charged fermion masses, the unitary matrices L., Ry, Lg, Rq, L. and R,
relating the interaction basis and mass basis of the SM fermions, and the form of the LQ
couplings x, y and z given in eq. are presented, given the transformation properties of
the particles contained in the model; see table [5.3] I take into account all operators which
are invariant under the flavour symmetry and yield a contribution up to and including
order A\'? in the symmetry-breaking parameter, given the VEVs of the spurion fields as
indicated in eq. . The relevant underlying Lagrangians including the operators as well
as the resulting LQ couplings X and § in the interaction basis are listed in appendix

The matrices M,, My, M., x, y and z are given in an effective parametrisation. The
relations between these parameters and the coefficients of the contributing operators can
be found in appendix The parameters are implicitly assumed to be real for the
analytic derivations discussed in this section, but they are taken to be complex-valued in

the phenomenological studies presented further below.

I focus on the scenario of a slight modification of the up-quark mass matrix M, for the
model under consideration, dubbed ‘scenario B’, in comparison with ‘scenario A’ without
any modification. The motivation to introduce scenario B is the observation that the CKM
mixing matrix V' as obtained in scenario A cannot be in full agreement with experimental
data; see section below for more information. Therefore, the presentation of the
relevant results for scenario A is relegated to appendix Still, the form of the LQ

coupling matrices x, y and z is computed in both scenarios.

5.3.1 Quark Sector

Herein I discuss the results for the up-type quark mass matrix M, and the down-type

quark mass matrix My as well as the CKM mixing matrix V in scenario B.
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5.3.1.1 Up-Quark Sector

The form of the up-type quark mass matrix M, as predicted in scenario A is given in
eq. (5.127)) in the appendix, and the unitary matrices L, and R, which achieve the diag-
onalisation of M, are given in egs. and . Therefore, one can already infer
that the CKM-matrix element

Via = (Ly)13(La)in + (Ly)23(La)21 + (Ly,)33(La)31 (5.10)

is likely to very suppressed, since L is close to the identity matrix in flavour space and
thus (Lg)21 and (Lg)3; will be very small, and in addition (L, )13 ~ A%. Consequently, the
Jarlskog invariant Jop can also be expected to be very small, cf. eq. . Besides, the
CKM-matrix elements V., Vi, and V, will turn out to be too strongly correlated as per

the tight relation between the elements (Ly )21, (Ly)31 and (Ly,)s2.

A simple way to resolve these issues is an enhancement of the element (M,);3 in the

up-type quark mass matrix, that is

fiiA® fi2 X5 fiz A3
My =1 fa X0 fad fozA? <H8> (5.11)
far A2 fao Mt fag

where fi3 and the fij are generally independent, complex order-one numbers, apart from
fi2 and fa2 which satisty
frz = faa ~ e XN (5.12)

with ¢ complexﬁ This relation is sourced by the operators with coefficients af and of

in eq. ((5.118]); see also eq. (.140) in appendix Therein, the definition of the other

parameters f;; in terms of the coefficients o} are given therein as well.

A further contribution added ad hoc to the element (M, )13 is not explained by an ap-

. 4For the sake of clgu"ity, one could instead express the element (M,)12 as (fa2 +
f122%) X5 (HO), where fi5 is a complex order-one number.
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propriate operator in the context of this modelﬂ Thus, the Lagrangians presented in
section [5.7] are valid both for scenario A and scenario B. Still, as it will become clear from
the analytic estimates for the primary observables discussed later on in this chapter, the

enhancement of (M,,)13 does not appreciably affect the phenomenology induced by ¢.

The effective parametrisation of M, in scenario B implies the following LO results for the

up-type quark masses:

my = |f11 )\8+O()\10)‘ <H3> )
7 J23 f32
me = |2 Xt <2f1222_ f33 ) N+ o) <H3> : (5.13)
f2
my = f33+ﬁ2;)\4+(9()\6) (HY) .

As expected from the construction of the model, the dominant contributions to the three
up-type quark masses originate from the first, second and fourth operator in eq. (5.117)),
respectively. Also, note that the enhancement of (M,,)13 only causes further subleading

contributions to m; to appear at order A instead of A® as in scenario A.

The unitary matrices L, and R, which diagonalise M, read

/i 2 4 f 3 f 3 .
L= M+ 00 o AT O HIN3 4 O(AT)
2 <
b= —FR AT ONY L-J 200 N o0) (5.14)
fiaf fi3) )3 5 fo3 12 4 2 .
(ffe - )N +000)  —BX+00) 11— a1+ 000

5The field combinations H, ugr3 and H, dps transform in the same way in order to gen-
erate the LO contributions to the top- and bottom-quark mass, respectively, when paired
with Qr3 . For instance, this means that the invariance of Q7 H, ugs (ST)? which sources
the LO contribution to the mixing angle o3 also implies the invariance of Qr Hydps3 (ST)2.
Importantly, if an element (M,)13 ~ A* (HQ) was generated via an operator, I would im-
mediately also obtain (Mg)13 ~ A* (H3) and thus enhance (Lg)31 and consequently the
elements in the first column of the LQ coupling x in the charged fermion mass basis.
Therefore, I refrain from inducing (M,)13 via an operator which explicitly breaks the
flavour symmetry. On the contrary, generating (M,)13 ~ A3 <H3> in a manner which is
consistent with the flavour symmetry likely necessitates a modification of the transforma-
tion properties of (some of) the SM fermions under Gy, and/or of G itself. An exploration
of this option is beyond the scope of this thesis.
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and
10 fuifia \5 6\ fiifiz y11 12
1+ O 1fi2 35 1 O(X8)  [ufus 114 O(N12)
22 33
R, = _f1;22];12 )\5+O()\6) 1_|_O()\8) %)\44_(’)()\6) . (5.15)
Ji1 f12f32 )\9+O()\10) _f32 /\4_|_O(/\6) 1_|_(’)()\8)
f222f33 f33

I note that L, is the primary source of the CKM mixing matrix, whereas R, is close to the
identity matrix, which is thus in good agreement with the basis in which the textures of the
LQ couplings x and y are given in eq. . As expected, one now has (L, )13 ~ A3, and
the tight relation between the elements (Ly )21, (Ly)31 and (L, )s2 observed for scenario
A, see section [5.8.1] is relaxed. The largest deviation of R, from the identity matrix
is of order A%, due to the operator with the coefficient o which appears automatically
upon fixing the LO operators in the up-type quark sector; see section Apart from

(Ry)13 ~ A'! herein, the matrix R, is identical in scenario A and scenario B.

5.3.1.2 Down-Quark Sector

The effective parametrisation of the down-type quark mass matrix, including all contri-

butions up to and including order \'?, reads

din M dipA® diz N8
My= | dy N0 dpp)? dogA? | (HY) (5.16)
dsp M2 dsg At das
with d;; being, in general, independent complex order-one numbers, related to the coef-
ficients ozf as shown in eq. ([5.141)) in appendix Furthermore, the LO results for the

down-type quark masses are given as in

mq = |d11 /\4 + O(/\lz)‘ <Hg> ,
~ das(daadas + 2 d3adss)

2d2,
(HY) |

me = |dyg N2 A+ o0

(H3) . (5.17)

d2
my = |dss + ﬁz’; M4 0(0®)
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with the dominant contributions arising from the three operators in eq. ((5.119)), as expected

from the construction of the model.

The unitary matrices Ly and Ry read

d2
L— g A2 +0o(M?) 220+ 0() N8+ O(M?)
_ d d3 d
Li= —E2A oY) 1- st AMHON)  EN+00N) (5.18)
. d2
Lasi A8 + O(\'2) —BA2L O 11— 2a A+ OO
with
dy2da3 — di3dao
L = 1
@31 doods3 (5.19)
and
1+ 0()\12) Rd712 )\8 + O()\u) Rd713 )\12 + 0()\12)
Ry= | —Rq12A®—O(A\?) 1+ 0O(X8) Wcld;dd) M+ 008
12 (d22d23+d32d33) y4 8 8
O()\ ) _ 22 23d§332 33 )\ +O(A) 1+O()\)
(5.20)
with
Rats = di1di2 -12- do1dao and Ras = di1d13 + d212dQ3 + d31ds3 ' (5.21)
d3, d3s

Both Lg and Ry are close to the identity matrix, except for the (23)-block in Ly where
a rotation of order A\? is present which is a consequence of the operator Qr Hydgs (ST)2
being invariant. This implies a contribution to the quark mixing angle €23 of the same
order in A as the contribution arising from the up-quark sector; see the (23)-block of L,
in eq. (5.14) and eq. as well as the CKM mixing matrix in eq. (scenario A)
and eq. (scenario B). Furthermore, it induces contributions to the elements x22 and
239 of the LQ coupling x in the charged fermion mass basis which are of the same order

as the elements Z99 and Z32 of the LQ coupling X in the interaction basis; see eq. (5.29)
and eq. (p.145]) in appendix
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5.3.1.3 Quark Mixing

I obtain the CKM mixing matrix

=B o0y larond) (f2v - 52) N o)

2 f3
Vi=Lila= Earon)  1-dparron —Va A2+ O(MY)
22
X LON) VRO 1- (V)24 O()
(5.22)
with
Joz  das

Vie=5m — o 5.23
. f33 d33 ( )

Clearly, this mixing matrix predicted in scenario B features the required modifications:
the element Viq ~ A3, the Jarlskog invariant Jep = Im(V,qVieV,i Vi) ~ A% and a not-
too-tight relation between V., Vip and V. Indeed, the results of a chi-squared fit show
that scenario B can be brought into excellent agreement with experimental data on quark-

mixing parameters [29] and the charged fermion masses at the scale u = 1TeV [378].

5.3.2 Charged Lepton Sector

For the charged lepton mass matrix M, I find the effective parametrisation
et Mt e A2 o(A12)
Me=1 e A% €222 ez ) <H3> (5.24)
es1 A ez NP ess
with e;; being complex order-one numbers that are related to the coefficients af as indi-
cated in eq. in appendix The element (M,)13 is generated only at an order
higher than 2.

This implies the following LO results for the charged lepton masses

Mme = |€11 )\4+0()\12)’ <Hg> ,

o 2 ea3(eazes + 2 e32€33) 4 6 0
My = |eaz A s Mo (H]) (5.25)
2
_ €23 2 4 0
mr = less+ o0 AT+ O <Hd> :
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As expected, the respective dominant contributions arise from the three operators in

eq. (5.121)).

The unitary matrices L. and R, read

1+ 0(A\12) eugaL A8 4 O(A19) o(A12)
22
L.= _61612621 )\8 4 (’)()\10) 1— % )\2 4 O()\4) 23%3 A+ O(/\3) (5.26)
22 33
e11e1€23 A+ (’)(/\11) —f23 ) 4 O(/\g) 1-— % N+ O()‘4>
€59€33 €33 2e3,
and
e2 e eg1€23+e3ge:
1_@)\1Q+0(A12) &1 \6 4 O(A%) W/\QJFO(AH)
R, = —2L X6 4 O(N%) 1= §(Re23)?M0 + O(X®) Re3 X* 4+ O(X°)
Res1 XY + O\ —Reoa3 A3+ O(\D) 1 — 2(Re23)? X5+ O(\®)
(5.27)
with
1
Re,23 = w and Re,31 = — (621632 — 631> (528)
€33 €33 €22

I reiterate that since neutrinos are massless in this model, lepton mixing is unphysical and

thus the neutrinos transform with L.

In both L. and R., the (23)-block deviates from being close to the identity matrix. The
element (L.)23 ~ A is mainly due to the operator Ly Hyers ST which arises because
L1z Hgeps is induced at tree level, Lro and L3 carry the same charge under Zf;ag,
and L; and S both transform under 2; and thus the product contains the combination
L2 S1. Similarly, the operator Lrs Hger ST which sources the element (R.)a3 ~ A3 is

automatically induced upon fixing the field content of the operators arising at tree level

in the model.

5.3.3 Leptoquark Couplings

Herein I discuss the form of the LQ couplings x, y and z, defined in (5.5) and given in
the charged fermion mass basis, in scenario B. The LQ couplings X, ¥ in the interaction

basis, as well as x, y and z in scenario A are given in section [5.8:3]
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5.3.3.1 Couplings in Charged Fermion Mass Basis

I use the matrices Ly and L. defined in egs. ((5.18]) and (5.26)) as well as the LQ coupling
X in eq. (b.135)) to obtain

all )\9 a1 /\11 ai3 )\9
X = LZ b'q Ld - a1 )\8 a9 )\3 a23 A ) (529)

8 2
az1 A°  aza A ass

where the effective parameters a;; are related to the coefficients a;;, d;; and e;; contained
in the matrices X in eq. (5.135), My in eq. (5.16) and M, in eq. (5.24)), respectively. The
explicit form of these relations is given in eq. ([5.145)) in appendix In general, the a;;

can also be expected to be complex order-one numbers.

Comparing the form of the LQ coupling x in eq. to the texture of x in eq. ,
one finds that all of the elements x33, x23, x32 and x92 are generated at the correct order
in \, respectively, whereas the remaining elements in the first row and/or column are
strongly suppressed. Note that in the case of x99 and x93, the LO contributions are not

only sourced by the respective elements Z92 and Zo3 in the interaction basis, but also by

the order-\ rotation in the (23)-block of L.; see eq. (5.145)) in appendix

Furthermore, applying the matrices L, and L., see egs. (5.14) and (5.26)), to the LQ
coupling X in eq. (5.135)), I find

C11 )\9 C12 )\10 C13 )\9
7 — LZ X Lu = C21 )\4 C29 )\3 C23 A . (530)
e A e e
While the orders of magnitude in A at which the different elements of z are induced are

identical in scenario A and scenario B, the relations between the effective parameters c;;

and the coefficients a;5, €;5, fi; and f13 are slightly different. Comparing to eq. (5.146)) in
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appendix I now have

Co1 = __ e (G33e23 fo3 — Ao3ess foz — A32e23 f33 + G22e33f33)

e33 f2 fa3

asse
B @ <&23 . 33 23) + O()\2> , (531)
f33 €33
d3sfos — @ f
_ fi2(ass foz — asafs3) Sz g3+ O(\?) .
f22f33 f33

From the unitary matrices R, and R, in eqgs. (.15 and (5.27)) as well as ¥ in eq. (5.136]),

I obtain the form of the LQ coupling y in the charged fermion mass basis as in

b11 29 b1a 29 b13 29
Y=RIJR.=| by X8 by A3 bog A | . (5.32)
b3t A b3y byz A

The effective parameters b;; are related to the coefficients Bij, ej; and f;;, with the exact

form of these relations given in eq. (5.147) in appendix

Comparing this form of the LQ coupling y with the texture in eq. , one sees that
the elements 329 ~ A3, 33 ~ A* and y3; ~ A® turn out to be larger than anticipated in
the charged fermion mass basis, which is mainly due to (Ry)a3 ~ A and (Ry)12 ~ A%
see eq. . Still, as will be clear from section none of these couplings plays a
major role for the currently viable parameter space of the model. The LO contribution to
the element y99 is not only sourced by the interaction-basis element 322, but also by the
order-\3 rotation in R.; see eq. in appendix Moreover, the LQ couplings ¥
involving the electron are very small. Note that the enhancement of the element (M, )13
of the up-quark mass matrix in scenario B only leaves a slight imprint on the form of y,

with the largest contribution appearing at order A7 in ys;.

5.4 Phenomenological Study
In this section, I will mainly discuss the strategy and results of an analytic and numeri-

cal study of the primary observables which will be defined in section [5.4.1.1] just below.

Ref. [90] also contains an extensive discussion of a second study which is referred to as
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comprehensive since it also takes into account observables which are currently not com-
petitive, and includes a fit to charged fermion masses and quark mixing. The strategy
employed for the comprehensive scan will also be sketched herein, and the findings for the

primary and secondary observables will be presented where appropriate.

5.4.1 Employed Strategy and Parametrisations
5.4.1.1 Primary Scan

Besides R(D), R(D*) and Aa, of which I aim to explain the anomalous experimental
data, the primary observables comprise those for which the model contributions may be
in conflict with current experimental bounds in some regions of parameter space, or can
be probed in near-future experiments. A brief discussion of the results for secondary
observables is also provided in section [5.4.12] These are not currently competitive in
shaping or probing the parameter space of the model, but promise to do so in the near-
or mid-term future. Where results are expressed in terms of LEFT, see also section [2.4.3]

the Jenkins-Manohar-Stoffer (JMS) basis [192] is chosen.

Note that in the primary scan, I do not explicitly refer to the interaction basis of the SM
fermions as the underlying structure which has been utilised for the construction of the
model, but instead treat (most of) the effective parameters in the LQ coupling matrices
x, y and z as unrelated order-one coefficients for simplicity. Indeed, the magnitudes of
the effective parameters a;;, b;; and 05 (except for bgy and cf), the latter to be defined

momentarily, are independently varied in the range
[)\, ﬂ ~ [0.23,4.47] (5.33)
in order not to jeopardise the expansion in A, and their phases within
[0,2) . (5.34)

A narrower range is chosen for the magnitude of the effective parameter bzs for my = 2,
in order to respect a constraint arising from searches for high-ppr 77 pairs at colliders; see

table 5.4l and section B.4.10 for details.
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As a further simplification, I assume that the phenomenology of the scalar sector of the
model is dominated by effects induced by ¢, and only the lightest Higgs is SM-like with
all other scalar states being effectively decoupledﬁ

In order to better reflect the fact that the coupling matrix z is directly linked to x via

the CKM matrix as per eq. (5.6)), instead of the form given in eq. (5.30) I employ the

parametrisation
B \2
(an1 — G2 X2 4 ey X)X ey A (azs + cff A%) N
z= co1 A? (age +ags &+ cBHA2) A2 (agg + B A A (5.35)
c31 A3 (az2 +as3é+ A2 A2 agz +cE A4
where
e B
C21 = _ai (GQQ + ao3 é) —az3C+cyy A,
B (5.36)
€12 ~ _ . B
C31 = T (as2 +as3€) —azzc+ez A

This reflects scenario B which I will exclusively focus on due to its capability to cor-
rectly account for experimental data on quark mixing, as emphasised in section |5.3.1.3|/']
Furthermore, I defind|

a d
B = 1112 Lo | 28 s g o T (5.37)
f22
and the remaining effective parameters cg- are taken to be complex order-one numbers,
thereby reflecting rather involved combinations of the a;;, Bij, fij, dij and e;j. Together

with
a1 = a1 + O(N?) (5.38)

6This can be justified for instance in the scenario of inducing one of the Higgs
VEVs [379]. A dynamical mechanism to achieve this might require a further extension
of the scalar field content of the model, and a soft breaking of the imposed symmetry. The
pertinent discussion is well beyond the scope of this thesis.

"Note that cg; and c3; are the only two effective LQ coupling parameters of which the
form differs in scenario A and scenario B. Still, neither of them plays a major role for the
primary observables. co;1 enters a subleading contribution to p — e conversion in nuclei, as
can be seen in section and table c31 is relevant for the leptonic decay B — v
which constitutes a secondary observable and will be commented on in section @

8The parameter ¢ is formally equivalent to —Vay defined in eq. (5.23)).
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this implies

B
C
Vius| = 12
a

A, V| = @A and  |Vig| ~ |¢|A3 (5.39)
1

to LO in A. Regarding the respective powers of A, this is consistent with experimental

data on quark mixing, see eq. (2.27)), thus I further decompose

iws (5.40)

Il
Sy
m&.
€
[ V)
ol
Il
2
o

cfé —apae¥, @
where the parameters «, 8 and  are varied in the range
[0.5,1.5] (5.41)

and the phases w;, ¢ = 1,2,3 in
[0,27) . (5.42)

This does not reflect any information on CP violation.

Both the primary scan and the comprehensive scan are performed for each of the following

three LQ ¢ masses
. me
=——=2/4 . 4
m Tov ,4 and 6 (5.43)

From the LQ coupling matrices in eqs. ((5.29), (5.30) and (5.32)), one may infer that ¢

will dominantly decay into one of the three pairs vy, b, Tc or 7t of final-state particles.
For BR(¢ — vi:b) ~ BR(¢ — 7t), that is, for the two BRs taking similar values which
is the case in the model since the relevant couplings are related via quark mixing, the
lower bound 7y 2 1.2 at 95 CL has been established at ATLAS [380]. Decays with
muons or electrons in the final state are further suppressed by at least A\?. Still, the above
choice of benchmark masses is also consistent with the most stringent limits on LQs solely
coupling to muons (electrons), for which 7, > 1.7(1.8). This bound is robust regarding
different flavours of the coupled quark [381]; one may also consult ref. [382]. For the mass

Mg = 2(4)[6], a sample of 4(3)[2] x 10° points has been generated in the primary scan.

For each observable discussed in this section, an analytic estimate is derived which ev-
idences the respective dominant contribution and involved LQ couplings in the charged

fermion mass basis. Note, though, that for the numerical study, including the displayed
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plots which illustrate the results, the complete analytic expressions are employed. They

are given in the remainder of this section as well as in sections [5.10} [5.11] and [5.12] and

used to calculate the contributions to the primary observables. In line with the consider-
ations in section RG running under QED is typically neglected, that is, the relevant
leptonic observables are directly evaluated at the scale ;1 = mg. On the contrary, RG run-
ning under QCD between the scales 1 = mg and p = up = 4.8 GeV is taken into account
for R(D), R(D*) and 73M; see eq. . For the observables BR(7 — uv), BR(p — e7),
BR(7 — 3u), BR(7 — pee), BR(n — 3e), Ry, Tgl(\:/l and g, /g3, the current exper-
imental bounds are imposed; see table A concise discussion of contributions to the

scalar charged-current WC 05553332 is provided in section [5.4.11

Regarding the sample points displayed in the scatter plots which reflect the findings of the

primary scan, the following conventions hold:

e A round light-coloured sample point indicates that at least one of the imposed ex-

perimental bounds is violated.

o A sample point with the shape of a star (plus sign) [cross] indicates that all imposed

experimental bounds are respected in the case of My = 2(4)[6].

« Different colours are used to distinguish the different masses gy = 2,4, 6.

I employ solid lines for bounds arising from existing experimental data, and dashed lines
signify prospective bounds or future sensitivities. In the former case, regions in parameter
space for which agreement with existing data is established at difference CLs may be
highlighted with grey shadings. Lastly, I mark the employed SM predictions for the
observables R(D) and R(D*) at 1o with a black cross in figure and green-shaded

bands in the respective top panel of figures [5.5] [5.6] [5.15] and [5.18]
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5.4.1 Employed Strategy and Parametrisations

5.4.1.2 Comprehensive Scan

In the comprehensive scan, 1.5 x 10° sample points were generated for each LQ massﬂ
The effective parameters f;;, d;; and e;; were fixed in a chi-squared fit to the (running)
charged fermion masses at the scale = 1TeV [378] and to quark mixing [29]. In order to
achieve this, the VEV of Hy was varied in the range (HJ)/GeV € [1.22,4.86] in accordance
with eq. . Note that in the comprehensive scan it is also assumed that besides the LQ
¢ only one SM-like Higgs is present in the scalar sector, which can be easily accounted for
by appropriately rescaling the effective parameters d;; and e;;. Since the unitary matrices
Ly, Ry, L. and R, only depend on ratios of these, they are unaffected by this rescaling

and thus the LQ coupling matrices x, y and z also remain unaltered.

A further motivation to conduct a second numerical study is the possibility to efficiently
target regions in the high-dimensional parameter space of the model which were identified
in the primary scan as compatible with an explanation of the flavour anomalies, and as
consistent with current experimental bounds. This is achieved via a suitable biasing of

the most relevant effective parameters, as is explained in sections [5.4.3.2] and [5.4.4]

Furthermore, since the comprehensive scan is based on a variation of the effective param-
eters in the LQ coupling matrices X and ¥, it properly accounts for effects which originate
from the unitary transformations relating the interaction basis and the charged fermion
mass basis. This in general implies additional contributions to the effective LQ parameters
in the coupling matrices x, y and z, which may push them outside the range [A,1/\] and
thus leave an imprint on the phenomenology in some instances as discussed below. For
simplicity, the relations between effective parameters given in appendix which hold at
LO in A are employed to translate between the interaction basis and the charged fermion

mass basis. As these generally involve both the SM Yukawa parameters f;;, d;; and e;;

9As already mentioned in the beginning of section I will discuss the findings of the
comprehensive scan and include the pertinent plots where appropriate in the following.
Note that the comprehensive scan as well as the discussion of the results as presented
in ref. [90] are primarily an achievement by my co-author Innes Bigaran. If no explicit
reference is made to the comprehensive scan in the main text herein, it is understood that
the results agree with those from the primary scan.

153



CHAPTER 5. FLAVOUR ANOMALIES MEET FLAVOUR SYMMETRY

as well as the LQ parameters a;; and Bij, the ranges which the effective LQ parameters
fall into may be sensitive both to the fit to charged fermion masses and quark mixing
and to the biases. In the comprehensive scan, the observables R(D), R(D*) and R, are
calculated via the WCs defined in egs. and further below in this section, the
Wilson package [383] and flavio [11,[12]. Aa,, BR(7 — pv), BR(¢ — e) and CR(p—e;
Al) are computed with the help of SARAH [384,385] and SPheno [385]. Trilepton decays

and g-,/ giM are calculated in the same way as in the primary scan.

The conventions for the plots which illustrate the results from the comprehensive scan are
not identical to those for the primary scan. Firstly, the displayed coloured points pass all
considered constraints. Red stars are employed for g = 2, yellow plus signs for /g = 4
and blue crosses for 4 = 6, as displayed in the plot legends. Dotted black lines indicate
the central values for SM predictions. If relevant for the observable under consideration, a
red-brown shaded region indicates the prospective reach as labelled, with the best-fit value
denoted with a solid red-brown line. Where a parameter (or combination of parameters)
is shown on an axis, a grey-shaded band signifies the region of parameter space probed in
the primary scan. The overlaid white crosses (labelled ‘Anomalies’ in the legends) mark
sample points that can simultaneously address the anomalies in R(D), R(D*) and Aa,
within the respective 3¢ regions about their present best-fit values. Slightly different
conventions are employed in figure [5.7} see the caption therein for further information.
Lastly, in agreement with the conventions for the primary scan, solid black lines indicate
current experimental bounds, dashed black lines stand for prospective bounds, and grey-
shaded areas indicate the regions about the present experimental best-fit values pertaining

to different CLs where a physical observable is shown on an axis.

5.4.2 R(D) and R(D*)

I begin the discussion of the phenomenology of the model under consideration with the

LFU ratios R(D) and R(D*). They are mediated via semi-leptonic charged current tran-
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5.4.2 R(D) and R(D*)

LisT OF PRIMARY OBSERVABLES

Observable Experiment

Current constraint/measurement Future reach
R(D) 0.339+£0.026 £ 0.014 at 1o level  [10] +0.016 (0.008) for 5(50)ab~!  [17]
R(D¥) 0.295+0.010 4 0.010 at 10 level  [10] 40.009 (0.0045) for 5 (50)ab™!  [17]
Aay, (2.51+£0.59) x 1077 at 1o level  [18/]19] +0.4 x 1079 [20]
BR(T — 117) 121078 at 90% C.L. 1] 6.9 x 109 3861
BR(u — ev) 4.2 x 10713 at 90% C.L.  [22] 6 x 1071 [23]
BR(T = 3pu) 2.1 x 1078 at 90% C.L.  [28] 3.6 x 10710 [386]
BR(7T — ueé) 1.8 x 1078 at 90% C.L.  [28] 2.9 x 10710 [386]
BR(u — 3e) 1.0 x 10712 at 90% C.L.  [242] 20 (1) x 10716 [27]
CR(u — e; Al) 2.6 (2.9) x 1017 [25/126]
RY., 2.7 at 90% C.L.  [24] 1.0 £0.25 (0.1) for 5(50)ab™t  [7]
Gra/GM 1.00154 4 0.00128  at 1o level  [30/31] +7.5(0.75) x 107° [314{33]
TE,I:I 0.521015 ps at 1o level |387 ]
@ 7 lbs| < 2.6 (1 = 2) [161//388]

Table 5.4: List of primary observables. Herein I list the observables of which the anomalous
data ought to be explained, as well as the ones which dominantly constrain this model, together
with the respective current measurement/constraint and future reach. The values for R(D) and
R(D*) reflect the 2021 averages from the HFLAV collaboration. The future reach for BR(u — 3e)
outside (inside) the parentheses refers to Phase 1 (2) of the Mu3E experiment. For CR(pu — e;
Al), the first (second) value indicates the future reach of COMET (Mu2E). The future reach
for R%-. holds under the assumption that the result of the measurement will agree with the SM
expectation [7]. Regarding the projections for g, it is assumed that the experimental uncertainty
will be reduced by the same factor as sin?f.g as in ref. [31); the unbracketed projection refers
to the International Linear Collider (ILC) [32], whereas the bracketed value is for the Future
Circular Collider (FCC) [33]. The current experimental constraint on the B, lifetime is 75" =
(0.510 £ 0.009) ps [10,/29]. Note that the constraint arising from high-py 77 searches differs from
the other constraints in that it is directly imposed in the primary scan via an adequate restriction
of the range for |bss| as indicated.

sitions, for which the effective Lagrangian reads

L2 Ol i @i Pres) (diyu Prw) + Cheduiji (7in* Pre;) (diyu Prus)
+ OB 1 (TiPre;) (dp Prwg) + Cotilt i (73 Pre;) (d, Pruyg) (5.44)

+ sz;];ﬁijkl (Pia“”PRej) (EkO.MVPRul) + h.c..

Integrating out ¢, I find the following contributions via tree-level matching:

* * *
CVLL Tkl SRR _ TigYjl cTrRR 1Ty (5.45)
vedu,ijkl Qm?b ’ vedu,ijkl Qm?{) ) vedu,ijkl 4 Qm?b
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Observable | Effective parameters Observable Effective parameters
R(D) ass, bs2, (az3) BR(pu — 3¢) b13, Cca3
R(D*) ass, bs2, (a23) CR(p — €5 Al) | big, ca3, (b1, bas, c13, c21)
Aay, ba3, €23 Tx asz, asz, (a2, ag3)
BR(7 — p7) bas, ¢33 9ra /93" €33
BR(p — ev) b13, c23 T%lr\l ass, bse, (az3)
BR(7 — 3 p) ba3, ¢33, (c23) CC— TT b32
BR(T — pee) ba3, c33, (ca3) bc — Tv ass, bsz, (c32)

Table 5.5: List of primary observables with the relevant effective parameters. I list
the primary observables together with the effective parameters related to the LQ couplings in the
charged fermion mass basis which capture the most relevant contributions, respectively, in line
with the analytic estimates performed in this section. The parameters listed in round brackets

refer to contributions which are subdominant.

On the contrary, CVLE ; are only sourced at loop level and thus disre-

vedu,ijk

l and Cuedu Jijk
garded. The underlying quark-level transition for R(D) and R(D*) is given by b — ¢,

thus I specify k = 3 and [ = 2 henceforth. According to eq. (5.45)), one has

(5.46)

SRR
Cl/edu,ij32( ) 40 vedu zg32(m¢)

at the matching scale = mg. Since it is common to define the observables R(D) and
R(D*) at a scale close to the mass of the bottom quark, I account for the effects of RG

running as follows, extracted from the package Wilson [383]:

i 1.016, 1y =2 o 1.675, 1y =2
CVedu,,Ba32<IuB) “ Cuedu,ﬂa?)Q(MB) N
POl L 1018, iy =4 . eI A 1736, g =4 ¢,
Cyedu ﬁa32( ¢) Cuedu,ﬁaSZ (m¢)

1.019, my =6 1.770, mg =6
(5.47)
. 0.860, 1 = 2
Cyedu ,Ba32 (HB) ~ ~
Ty B 0.852, g = 4
Vedu,ﬂoz32(m¢)
0.848, 1hg = 6
Here, I have chosen the scale
pw=pp =48 GeV . (5.48)
Note in particular that RG running implies
S
CV£§Z]32 (:U’B) —8 Cuedu 1332(/1’3) (549)
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5.4.2 R(D) and R(D*)

The formulae used for the computation of R(D) and R(D*) in the primary scan are derived
from requiring that the results agree with the output of the package flavio |11}12], V2.3E
Thus, the SM predictions R(D)gy = 0.297£0.008 and R(D*)gm = 0.245+0.008 obtained
from flavio are employed as well. Their discrepancy with current data has a significance

of roughly 3o, as can be seen in table ]

As the model predicts the main contributions to R(D) and R(D*) to be induced in the tau-
lepton channel, I focus on j = 3 henceforth. Moreover, the dominant correction will arise
from the large coupling x33 ~ 1 which involves a tau neutrino v;. In this case, interference
with the SM contribution occurs, as the flavours of the final-state leptons match. Since the
coupling xe3 ~ A is also fairly large, neglecting the lepton-flavour violating (LFV) channel
with a muon neutrino v, is generally not justified. Contrariwise, the residual symmetry
Zf;ag successfully protects the couplings to electron neutrinos v, resulting in 11 ~ A7,

z13 ~ XY and x1o ~ A1, respectively, which implies that this channel can never have a

sizeable impact. Eventually, I find the approximate expressions

R(D)

——~1-11 1 92 R
R(D)sm 7Re (Cl/edu 3332(#3)) +0.72 Re (Cyedu 3332(#3))

2 . 2
+0.63 (‘ SRE 3332(#3)’ + 5515,2332(#@’ )

2 A~ 2
+0.37 (\ edu3332(MB)’ + fe]}ﬁzsgz(uB)\ ) (5.50)

la 33 32!

~1+1.07 cos (Arg(ass) — Arg(bs2))
g
b bas|?
+0.46 7|a33 320” , g gp 1028bs2” Z’Z|
m¢> My

10As the formulae are lengthy, they are relegated to appendix [5.10

U R(D) and R(D*) are implemented in flavio via the helicity formalism [302]. Regard-
ing the employed form factors, ref. [13] which makes use of HQET, see section has
been used since v2.0.
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1.00

|asgs| - )
Alg((123>. 0.75 Figure 5.1: Correlation plot for 7y = 4
based on the sample points which ex-
\a33|.. 0.50 plain R(D™) at 20 or 1o in the pri-
Al‘g(a33>. 0,95 mary scan. The plot visualises Spearman’s
b rank correlation coefficient calculated via the
0.00 library seaborn [9]. A negative (positive)
AI'g(b“)... correlation among, say, two coefficient mag-
|b23|... —0.25 nitudes indicates that if one of them in-
Arg(bz;;).. _o50  creases, the other tends to decrease (also

increase). Note that sample points not re-
—0.75 specting the experimental bounds are taken
into account here as well.

and

R(D*) R R
— 7 ~1 1 4.21
R(D")su +0.10 Re (Cuedu 3332(#3)) + Re (Cuedu 3332(MB)>

N 2
+0.03 (’0551%332(#8)‘ +

N 2
SRR
vedu,2332 (MB)‘ )

. 2 | 2
+ 8.60 (‘012553332(#@‘ + ‘03;13%332(#8)‘ ) (5.51)
~1+0.36 |33 32‘ cos (Arg(ass) — Arg(bsz))
m
@

b b
+0.12 7|a33 2”001 L% sl”

¢ ¢

Here, the dominant LFV contributions are captured via the WCs with the flavour-index
combination 2332, and the parameter product assbso in the respective last line. Further-

more, for the sake of convenience, dimensionless WCs
C=C-TeV? (5.52)

were introduced. Note that ¢ dominantly sources R(D) via the scalar operator, and
R(D*) via the tensor operator. On the contrary, the hierarchy z33/y32 ~ A% implies
that corrections mediated by vector operators are further suppressed and can hence be

neglected.

The estimates in egs. (5.50) and (5.51)) suggest that the contributions to both R(D) and
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5.4.2 R(D) and R(D*)

R(D*) are largely controlled by the product |assbse| which has to fall in an appropriate
range to explain the anomaly. Furthermore, whether an enhancement or a suppression of
R(D) and R(D*) is obtained may be suspected to largely depend on the cosines associated
with the real parts of the NP WCs which interfere with the SM contributions. Seeing as
the best-fit values are larger than the SM predictions in either case, one expects that
the cosines should take values close to +1 for that purpose, which would imply that the
arguments of the complex coefficients az3 and b3y should approximately coincide, hence

be positively correlated.

These considerations are substantiated via selecting only the points from the entire gener-
ated sample for which the anomaly in R(D) and R(D*) is explained at a certain CL, and
then determining Spearman’s rank correlation coefficient for all pairwise combinations of
the LQ coupling parameters. For that purpose, the library seaborn [9] has been used,

and the results are shown in the correlation plot in figure [5.1}

Besides the coefficients as3 and b3z which play a major role for R(D) and R(D*), the
coefficients ass, b1z and beg are included as well for the sake of comparison due to their
relevance for contributions to the AMM of the muon and radiative cLFV lepton decays; see
section The case 1y = 4 and an (inclusive) CL of 20 are chosen as an illustrative
example, the results are not appreciably different for the other considered masses and
CLs. Note that the sample points taken into account in figure [5.1] comprise all those which
explain R(D) and R(D*), regardless of whether they also respect the imposed experimental
bounds or not, thereby making up roughly 10% of the entire sample for 1, = 4. A blueish
(reddish) colour illustrates a negative (positive) correlation, whereas black indicates the
absence of any appreciable correlation. One can see that the contribution linear in |az3bsa|
is required to be positive for an explanation of R(D) and R(D*), that is, the contribution

quadratic in |aggbsz| is generically too small to yield a dominant effect.

The results from the primary scan in the R(D) — R(D*) plane are displayed in the left
plot of figure The distinctive linear relation

R(D*) ~ 0.30 R(D) + 0.15 (5.53)
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0.35

_-—==_Belle [I/HFLAV (37)
7’ N\

* 2 TeV
4 TeV
x 6 TeV
0.20 ‘ ; ; -
0.20 025 030 0.35 040 0.45

Figure 5.2: Model predictions for R(D) and R(D*). Left: Results from primary scan. The
regions marked by solid lines are compatible with the current experimental world averages for
R(D™) [10] at the indicated CL; see table I use the values output by flavio, v2.3 for the
SM predictions for R(D™®)) at 1o indicated by the black cross, see section The round
points (geometric shapes) indicate that current experimental bounds are violated (respected); see
also the main text of section[5.4.1.1] Right: Results from comprehensive scan. The shown sample
points respect the experimental bounds from primary constraints; see also section [5.4.1.2] The
dot-dashed purple ellipse shows the 1 ¢ contour about the most recent results for R(D) and R(D*)
from Belle [14], and the green band indicates the 1o region about the most recent result for R(D*)
from LHCb . The black dashed ellipse shows the prospective reach at Belle 11 at the
level of 3¢ for 5 ab™! of data under the assumption of the best-fit value and correlation coefficient
from the HFLAV collaboration as of 2021 .

holds after the experimental bounds are imposed, implying that ¢ can accommodate the
anomalous data in R(D) and R(D*) at the level of 2 o, regardless of which benchmark mass
is considered. This is confirmed by the findings of the comprehensive scan, see the right
plot in figure[5.2] Moreover, if the best-fit value and the correlation coefficient reported by
HFLAV remain unchanged, but the uncertainties for R(D) and R(D*) shrink as projected
by the Belle-1I collaboration, see table an accommodation of the anomaly within the

model would still be possible at 3¢ for all LQ masses.
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5.4.3 Radiative Lepton Transitions

5.4.3 Radiative Lepton Transitions

In order to describe radiative transitions of charged leptons, I make use of the contribution

from the dipole operator which enters the relevant leptonic effective Lagrangian
L > CH (80" Prej)Fu + h.c. . (5.54)

Herein, I define the covariant derivative for QED as in D, = 0, + iQeA,, which agrees
with ref. [192]. Note that as per ¢ = (Pr, + Pgr)® with the projection operators introduced
in eq. (2.8)), the transitions described by eq. ([5.54)) necessarily involve a chirality flip.

Evaluating the one-loop amplitudes of the contributions mediated by ¢ and matching the
results onto LEFT with the help of FeynRules [389], FeynArts [390], FormCalc [391}392],
Package-X [393|, and ANT [394] yields

.. e
C8 = ~ S 2 ( (mectimtim + me, zhzjm ) [F5(tu) = 35 (b, )]

(5.55)
with the unit electric charge e = |e| and the abbreviation
2
tx = =X (5.56)
Mo
Moreover, the loop functions
z+1 zlnz 22 —5x —2 rzlnzx
Is@ == o PO T o apo i (5.57)

1 _ Inz () = r—3 n Inx
r—1 (z-1)72° I =512 T (@ —1)°

gs(z) =

enter. Expanding them in small arguments, I approximately find

C'f% ~ 128;2”% Zm: (meiyfmyjm + Me, ZimZjm + 2Mu,, 25 Yjm (7 + 41 tum)) - (5.58)
This result neatly illustrates that the chirality flip occurs due to a mass insertion either on
an external lepton line (first two terms), or the internal up-quark line (right-hand term).
Thus, the latter contribution will be the dominant one for m = 3 due to the large mass

of the top quark. Generally, the finite contributions to the AMM arise from the photon

coupling to either the internal LQ propagator or the internal up-type quark propagator.
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5.4.3.1 Anomalous Magnetic Moment of the Muon

Turning now to the AMM of the muon and using eqs. (2.51) and (5.54)), I find

mumt

— 55 7+41nt)Re(z* y23)
2 7 ( t 23
167 my

4
Aay, = % Re(C2) ~
(5.59)

5 . _ 5 _
~ —A—2Re(623023) x 10 9= =9 ’623623| COS (Al“g(bg;;) — Arg(623)) x 10 9 .
Mg M

After the announcement of the Run-1 results from the g — 2 experiment at Fermilab [18],
the combined significance of the experimental anomaly in the AMM of the muon now
stands at 4.2 0; see also section The result Aa, ~ 1079 obtained from the estimate
above suggests that the model under consideration can ameliorate this anomalous data,

see also table which I will elaborate on in the following.

Firstly, a positive contribution to Aa,, is required, which implies that the cosine in eq.([5.59)
must cancel the negative sign in front. Therefore, the difference of the arguments of the

Coeﬁicientﬁ co3 &~ as3 and bog needs to be in a vicinity of 7, signaling the requirement of

12A5 can be seen in eq. (5.35)), the effective parameters co3 and as3 as well as ¢33 and
as3 agree up to O()\4), respectively, and since co3 and c33 are not varied as fundamental
parameters in the primary scan, the implications for these coefficients will be mainly
discussed in terms of ass and ass.
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5.4.3 Radiative Lepton Transitions

a negative correlation between Arg(ces) ~ Arg(ags) and Arg(bes). This is confirmed via
the correlation plot in figure which indicates a (moderate) negative correlation, both
in the case of |ag3| and |bas| as well as for the phase differences. The points constituting
the plot may or may not respect the imposed experimental bounds and comprise roughly

15% of the entire sample for the mass 7y = 4 used as a benchmark here.

Note that the negative correlation of the magnitudes is less pronounced than in the case
of |ass] and |bse| if the anomaly in R(D) and R(D*) ought to be explained. I interpret
this as being due to the fact that the product |as3bsz| more directly determines the result
for R(D™), since there is not only the contribution arising from interference with the
SM, but also the (smaller) contribution proportional to |assbsz|? which is unaffected by
Arg(ass) — Arg(bs2), as can be seen in egs. and (5.51). On the contrary, say, a
too large value |ag3bes| can always directly get compensated by Arg(ags) — Arg(bes); thus
the result for Aa, exhibits a more similar sensitivity to the magnitudes and the phase

difference of as3 and bog.

The primary scan shows that a priori, a result up to Aa, ~ 3 - 10~ or larger is possible,
depending on the L(Q mass, in line with the estimate in eq. in the case of large LQ
couplings. Still, after imposing the experimental bounds, Aa, ~ 107 is not a generic
result, but instead I found a further suppression by one or two orders of magnitude for
about 90% of the viable sample points with positive Aa, generated in the primary scan,
irrespective of the LQ mass. Imposing the experimental bounds does not result in a
preference for either sign of Aa,, as is expected since none of the primary observables
exhibit a particular sensitivity to the phase of bag or ass. Still, the results hint towards
the possibility of explaining Aa, at 20 or better in the model. See section for the

pertinent plots and further discussions.

Regarding the case of other charged leptons, I note that the model under consideration
can generate contributions |Aae| ~ 1072! and |Aa,| ~ 1077 as is found in the comprehen-
sive scan, which are however well below the respective present and future experimental

reaches [395-398]. The EDM of the muon will be briefly discussed in section [5.4.12.1
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Experimental Bounds
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5.4.3.2 Radiative Charged Lepton Flavour Violating Decays

Contributions to the dipole operator generally also imply the occurrence of radiative cLFV

decays, of which the BRs read
BR(e: — ¢7) = (| I +ICEF) (5.60)

Here, the full decay width of the charged lepton e; is signified by I',. Again focussing on
the dominant contribution with a top-quark mass insertion in the loop, I approximately

find
2.2 3

e“mim
t e 4\7+4lntt] (‘Zi3yj3|2+|zj3yi3’2) . (561)

Further specifying the flavour channels ¢4 — e and 7 — p, one obtains

2,12,.3 8

em m
BR(/.L — 6")/) W‘? + 41n tt‘ ’223y13’2 ~ m4 ‘C23b13|2 X 10_11 (562)
é
and
e?m?m3 3 _
BR(T — ,u’}/) ~ mw—l— 41Dtt|2|233y23|2 ~ %|C33b23|2 x 1076 . (563)

In fact, the viable parameter space for the model is predominantly shaped by the estab-

lished experimental limits on these two BRs. This is further evidenced by the correlation
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plot in figure showing the coefficients of the LQ couplings which display non-zero cor-
relations when all the experimental bounds considered in the primary scan are imposed.
Note that for the selected benchmark mass 1, = 4 this is the case for only 0.35% of the

generated sample points.

Therefore, imposing an adequate negative correlation between the magnitudes |as3| and
|b13| as well as |ags| and |bas|, respectively, is sufficient in the primary scan to render
a sample point compatible with every experimental constraint taken into account. In
other words, one in principle only needs to sufficiently constrain the products |bj3as3| and

|bagass|, which is in excellent agreement with egs. (5.62)) and (5.63) above. Thus, if a bound

on another observable is violated, this generally implies in the primary scan that either
BR(7 — wy) or BR(u — e7), or both of them, is too large as well. Still, this observation
needs to be revised in particular in the light of the results from the comprehensive scan

for the observable R, which is the subject of section @

Combining the estimates for Aa, and BR(y — ev), I approximately find

5 _ ’623| _ 1.6 _
Aa,| < b 107 < 5,/BR(u — P2l 1070 < = x 1077, (5.64
8| S G lhasen] > VBRU: = €7)exp 127 X 1070 5 55 x (5.64)

Note that the smallness of the coupling |y13| ~ |b13|\? due to the residual symmetry Z{i;ag

implies that BR(u — e) does not provide a more stringent constraint than BR(7 — u7y),
although the experimental bound on the former is five orders of magnitude stronger than
the one on the latter. As is found in the primary scan, one generally generates large
contributions BR(7 — py) 2 O(107?), depending on the LQ mass. Still, the experimental
bound on BR(u — ev) is easily saturated as well. See the pertinent plots and further
discussions in sectionbelow. On the contrary, the hierarchy y13 /123 ~ A% also implies
that the experimental bound on BR(7 — e7) does not give rise to a relevant constraint

for the model, despite it being similarly stringent as the one on BR(7 — pu7y).

In the comprehensive scan, the competitiveness of the processes 7 — py and p — ey in

shaping the parameter space is incorporated via a suitable biasing of the involved effective
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parameters, as derived from the results of the primary scan. Explicitly, I require

0.16, 7hg =2
|bas| < Tag] | 045, g =4 (5.65)
0.86, 7hg =6
and
0.41, 1y =2
1
|b13| S o | 116 e =4 (- (5.66)
2.22, 1 =6

Thus, the parameters |bi3| and |ags| as well as |bes| and |ass| are correlated in the com-

prehensive scan not only due to the imposed experimental bounds on BR(7 — pvy) and

BR(p — e7v), but also a priori due to the biases enforced as per egs. (5.65) and (5.66)).

Note that the ranges for |ags| and |ass| employed in the comprehensive scan also arise

from a biasing procedure; see the following section for more details.

On a slightly different note, I emphasise that ¢ also induces a correction to the charged
lepton masses in a manner similar to the radiative transitions discussed in this section.
Still, in the case of the electron and the tau lepton, the contributions are very small
compared to the respective measured masses. On the contrary, the muon mass can receive
O(my) corrections which may however be absorbed via a redefinition of the effective

parameter BQQE

5.4.4 Simultaneous Explanation of All Anomalies

From Aa, o |bagcas|, cf. eq. , and R(D™) being mainly controlled by |assbsa| as
can be seen in egs. and , one may conclude that a priori these observables are
not (strongly) correlated in the model. Still, BR(7 — py) is intertwined with R(D) and
R(D*) via |cs3| ~ |as3|, and with Aa, via |bs3|, whereas the latter also largely depends

on |ca3| & |ags| which is constrained via BR(p — e7v); see sections and Thus,

13Gee for instance refs. [399,400] for a different approach in which a constraint related
to these corrections is imposed.

166



5.4.4 Simultaneous Explanation of All Anomalies

1078 1078
1079 107
= =
=1 w1
<] <]
10-1 10-1
101 101
0.20 0.25 0.30 0.35 0.40 0.45 0.20 0.25 0.30 0.35
R(D) R(D")
1078 1078
Future
*  2TeV I
4 TeV
10794 10794 6 Tev
. - & Anomalies
S] S]
< | <
10—10 ] 10—10 ]
2 TeV
4 TeV
6 TeV
& Anomalies %8
10~ : ] 2 —11 | LN
0.20 0.25 0.30 0.35 0.40 045 0.20 0.25 0.30 0.35
R(D) R(D")

Figure 5.5: Model predictions for R(D), R(D*) and Aa,. Upper panel: Results from
primary scan. The regions marked by solid lines are compatible with the current experimental
world averages for R(D™)) and Aa, \, respectively, at the indicated CL; see table
The SM predictions for R(D™)) at 1o | \ are indicated by the green-shaded bands. The round
points (geometric shapes) indicate that current experimental bounds are violated (respected); see
also the main text of section[5.4.1.1] Lower panel: Results from comprehensive scan. The shown
sample points respect the experimental bounds from primary constraints; see also section [5.4.1.2
The red-brown band indicates the projected sensitivity of the Muon g—2 experiment at the
level of 3. This (roughly) overlays the present 2 ¢ region under the assumption that the current
experimental best-fit value persists (red-brown solid line).

enforcing the bounds on these two BRs results in a distinct correlation between Aa, and

R(DM).

The capability of the model to explain the anomalies in R(D), R(D*) and Aa,, is illustrated
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in figure Therein, the effect of imposing the bound on BR(7 — py) helps understand
the shape of the viable parameter space. As indicated in section [5.4.2] the difference of
R(D)/R(D)sm and R(D*)/R(D*)gym from 1 can be approximated as a quadratic function
in |ass|, respectively; see eqs. and . Together with Aa,, o< |bas|, see eq. ,
and the experimental limit on BR(7 — py) constraining the product |bascas| =~ |bazass|
according to eq. (5.63)), this bounds R(D)/R(D)sm and R(D*)/R(D*)s\ from above as a

function of Aay,.

Consequently, both R(D) and R(D*) can individually be explained at least at 2o for all
considered LQ masses in agreement with the current experimental bound on BR(7 — u7);
see figure Still, the model contribution to R(D*) will always be smaller than the
experimental best-fit value. Note, though, that even in the case of a non-observation of
T — wy at Belle IT [7], an explanation of R(D) within 1o would still be possible, whereas

an accommodation of the anomaly in R(D*) would be disfavoured in that case.

The upcoming searches for 7 — py and p — ey 23] will both probe large parts of the
currently viable parameter space. 7 — w7y can be expected to provide a particularly
efficient test of the model in the case of g = 2. The bottom-left plot in figure also
indicates that current data on 7 — py implies the upper limit Aa, < 3x 10~ in the model
which can readily be recovered from combining the estimates in eq. and with
the current experimental bound BR(7T — f17)exp < 4.2 x 1078 [21] for the magnitudes of
the involved effective LQ parameters not much larger than, say, 2. In addition, both the
future search for 7 — v at Belle II and the one for  — ey at MEG II will test the

capability of the model to explain Aa, and potentially render this option at least unlikely.

Using flavio [11H13], one finds that the SM prediction R(D)gy = 0.29740.008 is compat-
ible with the current experimental world average at 2 o, that is, the anomaly is primarily
constituted by the discrepancy between R(D*)gy = 0.245 4 0.008 and the corresponding
experimental value [10] which overlap only at 3 JE Thus, a combined explanation of the

anomalies in R(D), R(D*) and Aa, at a CL of 3¢ or better is very challenging to achieve

14Gince the values for R(D)sym and R(D*)sy output by flavio differ from those quoted
in ref. [10], the significances are not in exact correspondence with the ones in Table
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Figure 5.6: Constraining power and future reach of 7 — py and p — ey as found in the
primary scan. The vertical solid (dashed) lines indicate the current bound on (future sensitivity
of) BR(7 — wy) in the upper panel and the bottom-left plot, and the current bound on
(future sensitivity of) BR(u — ev) in the bottom-right plot; see table The round
points (geometric shapes) indicate that current experimental bounds are violated (respected); see

also the main text of section

in the primary scan in particular due to the correlation between the latter two observables.

This situation is remedied in the comprehensive scan with the help of an adequate biasing
of the effective parameters ass, b3z, ag3 and beg as laid out in table The shown
ranges reflect the sample points generated in the primary scan for which all considered

experimental bounds are respected and at least one of the anomalies in R(D™)) or Aay, are
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me | |ass| |bs2| | cos[A(ass, b32)] | [azs| | cos[A(azs, bas)]
2 | 0.2,0.7] | [1.1,2.6] [0.4,1.0] - -
4 {7[0.2,1.9] | [1.0,4.5] 0.1,1.0) | [1.6,4.4] | [~1.0,-0.5]
6 | [02,3.6) | [0.8,45 | [0.0,1.0] | [14,44] | [-1.0,-0.3]

Table 5.6: Inputs for biasing in the comprehensive scan, derived from the samples
generated in the primary scan. I define A(r;;, sp) = Arg(r;;) — Arg(si:). Every sample point
found in the primary scan which respects all experimental bounds and explains R(D(*)) or Aa,, (or
both) at 3o falls into the displayed ranges. The interval bounds are rounded to one decimal place.
Since no sample points which explain Aa,, at 3o were found for 14 = 2 in the primary scan, the
default ranges [\, 1/A] and [—1.0,0.0] are adopted for |aqzs| and cos[A(ass, bag)], respectively, in the
comprehensive scan. Note that the inequalities in eq. and are imposed as well, as is
explained in the main text.

explained at 30. In the case of |as3|, the union of the ranges separately extracted from the
sample points explaining R(D™)) at 3 ¢ and those explaining Aay, at 3 0 is displayed. Still,
an efficient accommodation of the constraints arising from BR(7 — pvy) and BR(u — ev)
requires further imposing the inequalities in egs. and . Note that the bound
on BR(T — py) controls whether a sample point will explain R(D™), for which |azs]

needs to be rather large, or Aa,, for which |beg| must be rather large.

As they are extracted from the primary scan, the biases are expressed in the charged
fermion mass basis. Still, the given ranges are utilised to sample dss, 1332 and 1323 in the
interaction basis, since these coeflicients constitute the only contribution to the respective
parameters in the charged fermion mass basis at LO in A; see egs. and .
Nonetheless, since the complete relations between the LQ coupling parameters in the
interaction basis and the mass basis are used, the ranges of the resulting coefficients in
the latter may not strictly adhere to the ranges laid out in table in the sampling for

the comprehensive scan.

Note that sample points with |ag3| being as large as 1/ which respect all imposed con-
straints are found in the comprehensive scan for all considered L(Q) masses, and thus

eq. (5.66) implies that |bi3] may be pushed outside the default range [A,1/ )\]E The

150n the contrary, the biases for |az3| are compatible with maintaining the range [\, 1/)]
for |bes| to a good degree. This is in agreement with the model since |bas| = |bes| at LO
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0.32
Figure 5.7: Tllustration of the capability
of the model to simultaneously explain
the anomalies in R(D), R(D*) and Agq, in
the comprehensive scan. The sample points
shown as light-coloured dot points (dark-coloured
points with specific shapes) respect the experi-
mental bounds from primary constraints and ex-
plain Aa, within the 30 (20) range about the
present best-fit value. Apart from that, the plot
is to be read in the same way as the right plot in

figure
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model can accommodate this in a somewhat accidental manner, since the effective pa-
rameter b3 picks up an additional contribution from the adoption of the charged fermion
mass basis, that is[1]

biz = bis — 523:—; +ON?). (5.67)

Indeed, values as small as |b13| =~ 0.004 ~ A\* are obtained in the comprehensive scan.
Importantly, as per eq. (5.64)), this implies that larger results for Aa, are attainable than

suggested by the primary scan where |bi3| > A was enforced.

Overall, I observe that the biases imposed in the comprehensive scan help establish the
fact that the model under consideration respects all primary constraints and can explain
the anomalous data in R(D), R(D*) and Aa, at the level of 3¢ for 74 = 2 and 4.
Furthermore, even a sample point for which all anomalies are simultaneously explained at

20 was identified in the case of g = 2; see figure [5.7]

Apart from the conventions employed for figure as is explained in the caption therein

in A; see eq. (5.147).

16The parameter egy is directly determined from the fact that it constitutes the LO
contribution to the muon mass in the model. Still, since lepton mixing is unphysical,
the parameter eo; is only indirectly constrained from the diagonalisation of the charged
lepton mass matrix in eq. . Indeed, the fit to charged fermion masses and quark
mixing seems to prefer the ratio |eg;/eg2| to take values roughly between 1 and 4.5 and
thus cannot bar cancellations among both LO contributions to bys.
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as well as in section a simultaneous explanation of the anomalies at 3 ¢ or better
is achieved in the comprehensive scan only for the white crosses displayed in the plots.
In fact, all of these have |biz| < A. If solely Aa, is considered, an accommodation of the
anomaly requires |b13| < A only for g = 2, whereas |b13| can be larger for Mgy = 4,6.
This is the only instance in which experimental data favours the LO contribution to a LQ
coupling to be suppressed by more powers of A than anticipated in the construction of the

model.

Lastly, I remark that in the comprehensive scan, a simultaneous explanation of the anoma-
lies together typically, albeit not necessarily implied a signal in 7 — py at Belle IT and/or
in y — ey at MEG 1L

5.4.5 RY..

The effective Lagrangian for neutral-current semi-leptonic b — svv transitions reads

L> Cl/q 7723 (Vi’YMPLVj) (§7;LPLb) + C,Yqﬁfgg (Pi’)/MPLVj) (§7[LPRb) +h.c. . (568)
In the SM, contributions to CX(I%-JL-Q?) are generated at the level of one loop through penguin
and box diagrams, whereas Cl‘,/q%?%

but not to C’Vq 1723

is sourced only at higher order. In addition, ¢ induces

tree-level corrections to C/ L so I henceforth disregard the influence

vq, 13237

of the latter. Tree-level matching yields

T;3To
CszLé%: = 7 - (5.69)
2m¢

Unlike in the SM, the flavours of the neutrino and antineutrino in the final state do not
have to match in the model under consideration. The BR for the decay B — K®uw

is normalised with respect to the SM prediction in the ratio RY.(.). In accordance with

ref. [76], I write

2

e CEL e
va,o
K = 3 > |das CVLL (5.70)
af=1 vd,23,SM

Here, the value CVE d23 sm ~ (1.01 — 0.027) 10V2 is used which is output by flavio, v2.3,

see also ref. [303], at the scale u = pp and re-expressed in the JMS basis. The absence
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of sizeable contributions to RH vector currents furthermore implies R} ~ RY., therefore
I only employ the current bound RY%. < 2.7 at 90% CL [24] in the following as it is the

more stringent one.

If the flavours of the neutrino and antineutrino in the final state coincide, interference
with the SM contribution occurs. The interaction structure of the model implies that one
obtains the largest NP contribution for a tau neutrino-antineutrino pair v;7, (top line
below), whereas the case of a muon neutrino-antineutrino pair v,7,, (middle line below)
will also prove non-negligible. Lastly, I also provide the LO LF'V combinations v,7,, and

v, U7 (bottom line below), respectively:

v 1 |lazzasz| |agzags|?
et 1+ 1.69—5— cos (Arg(as3) — Arg(asz)) + 2.15————
Mg Mg
2
+0.09 |a2§222’ cos (Arg(ags) — Arg(ag)) + 0.01% (5.71)
Mg Mg
011 lassasa]*  |agsags|?
+ 0. mé + fn;ﬁ .

Consequently, one may approximate RY.,, as a quadratic function in [as3| to LO, in a vein

similar to R(D)/R(D)sm and R(D*)/R(D*)gy in egs. (5.50) and (5.51]), respectively. In

v

this way, the constraint on BR(7 — y) o< |asgbes|? correlates RY.

with Aay, o |beg|, and
the LO contribution is expected to effectively compete with an explanation of the anomaly
in Aa,. This is confirmed by the results of the primary scan, and further substantiated
by the comprehensive scan for the larger benchmark masses 7y = 4,6, as can be seen
in figure The correlation is less strict for mg = 2 where subleading contributions,
including LFV ones, become more relevant. In order to saturate the current bound, |ass|

needs to be (almost) as large as allowed by the biasing for 74 = 4,6, whereas it can be

smaller for 7, = 2; see table and the bottom-left plot in figure

There are two effective LQ coupling parameters which receive an additional contribution
from the adoption of the charged fermion mass basis, respectively, and play a major role
in shaping the results for R7.,) in the comprehensive scan. Firstly, the coupling of a tau

neutrino v, to a strange quark s is given by x3s = azaA\? where

d
ags = a3o — dgsﬁ + O(AQ) (5.72)
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Figure 5.8: Constraining power and future reach of R%... Left: Results from primary scan.
The vertical solid line indicates (dashed lines indicate) the region compatible with the current
experimental bound on (future reach of) RY. [7,[24]; see also table For the future reach, a
SM-like result and an uncertainty of 10% is assumed. The round points (geometric shapes) indicate
that current experimental bounds are violated (respected); see also the main text of section
Right: Results from comprehensive scan. The shown sample points respect the experimental
bounds from primary constraints; see also section [6.4.1.2] The red-brown shaded regions indicate
the projected reach for RY.. at Belle II for 5 ab™! of data, again under the assumption that the
best-fit value is SM-like.

and secondly, the coupling of a muon neutrino v, to a strange quark s is given by z2 =
a3 where
. 623) deg . €23

a99 = 499 — (&23 —ag9g3— | — —aza— + O()\Z) . (573)
e33/ ds3 €33

Indeed, O(10) results are possible in the comprehensive scan for both |azz| and |asz|, which
again cannot be fully accounted for in the primary scan due to the imposed range [\, 1/\[;

see the top panel in figure 5.9

Since larger values can be generated for [ass|, the LO contribution to R, from ¢ which
is proportional to |aggass| and interferes with the SM may be further enhanced. The
fact that sample points which respect all experimental constraints and for which |as3| can
be as large as 1/\ can be accessed in the comprehensive scan implies that substantial

contributions to RY%. via the LFV channel with the combination v;7, which is governed

by |agsasz| are attainable. The same holds for the contribution involving the combination
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14
K*

v, U, driven by |aggase| which interferes with the SM. Note that since the biases on |ass]
force this parameter to be smaller than 1/, a similarly large contribution to the final-state

combination v,7, governed by |agsase| is not expected.

Still, despite the imposed (moderate) suppression of |ass|, large attainable magnitudes of

aso and asg result in the fact that the model can generate contributions which exceed

the current experimental bound on R%... This is in stark contrast with the primary scan

where the restriction to the range [\, 1/A] in particular implied that this bound could a

priori not be reached for g = 6, irrespective of whether other experimental constraints
v

are imposed or not. Notwithstanding, the comprehensive scan demonstrates that RY .,

genuinely takes part in shaping the viable model parameter space for all LQ masses, which
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is not obvious from the results of the primary scan either.

Overall, this suggests that if the expected measurement of B — K™ + invisible at Belle
IT [7] does not reveal a substantial deviation from the SM expectation, the model would be
in the best position to explain the anomaly in Aa,. Still, even if there was a large excess
in RY,), the anomalous data in Aa,, could still be accounted for if the LQ is sufficiently
light, that is, for g = 2.

5.4.6 u — e Conversion in Aluminium
For the description of u — e conversion in nuclei one needs the effective Lagrangian for
neutral-current semi-leptonic interactions

Lo CYEE (@ Prey)(@vuPra) + Clii (€7 Pre; ) (@ Prar)

+ CL @A Pre;) (@ Pra) + Coii (@ Pras) (€™ Prey)

(5.74)
+ [ngg?kl (€:Pre;) (@ Pra) + Cofth (@i Pre;) @ Pra)
+ C’;{?ﬁl(éia"”PRej)(qkam,Pqu) + h.c.} .
Integrating out ¢, one obtains
VLL _ %% vRR _ YikYj SRR _ ZikYil RR 1 23.Yj1
Cewighi = 2jmzzk v Cewijhl = Qmé v Couight = 2““73 , CLEE, = ~1 221:715 (5.75)
¢ ¢ ¢ ¢
via tree-level matching. The full expression for the conversion rate reads [277]
o 2
Weony = |_2e1:1’12D + g(Lpgs(P) + g(Lp‘Zv(p) +(p—n)
g , (5.76)
C*
|- 52D + gigsS® + gV + (- n)
m

with the effective coupling constants gg(N) for N € (p,n) and X € (LS, LV, RS, RV) given

in appendix and the nuclear overlap integrals D, S (V) and V) taken from ref. [277].
In the model under consideration, the dominant contributions are again due to the dipole
operator which is induced at the level of one loop. Tree-level contributions from scalar

operators have a subdominant effect, while the remaining contributions can be neglected:
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2 2

C3 Ca" b o 20 o), 5 gm)

~ ~ ~ n

Weony R _QmuD + _2muD+gRSSP + gpesS
D?  e2m?

~ o gt (A0 ) rateal
m
D em (5.77)

+ (7 +41nt;)z3y73

B 2m, 647r2m3)
2

u,p o (p) u,n o(n) ZQlyTI
+(Gyrs® + ay"s )2m3>

Numerically, one has G4 = 5.1, G&" = 4.3 [401] and D = 0.0362m}/ >, S®) = 0.0155m,/
and S = 0.0167mf/ ? for aluminium [277]. Furthermore, the muon capture rate in
aluminium is given by weapt = 0.7054 x 10951 [277]. After normalising the conversion
rate to the capture rate in the conversion ratio (CR) given by weonv/Weapt Which is the

quantity typically reported by experimental collaborations, I approximately find

' |c1sbas|® | |casbis c2107 -13
CR(i — e; Al) ~ 2.243 [ 0.003153721 || ©23%15 | 5321 x 1013 . (5.78)
m4 m2 m2
¢ ¢ ¢

The dominant contribution from the dipole-operator WC C’g}/ o c33b13 is constrained by

the non-observation of u — evy. Neglecting all other contributions, I find

2
r,.D
Wcaptm5

CR(p—e;Al) =
i

———
~0.0027

BR(p — e7) (5.79)

and thus a very stringent correlation between the two rates. In this case, the plots in
the top panel in figure [5.10] would simply feature a straight line in the centre of the
coloured region, respectively. Subdominant contributions, mostly due to scalar operators
as elaborated on above, can result in a deviation from the photon-penguin approximation
by a factor 2 or 3, while further outliers are incompatible with the considered constraints.
Still, the future search for y — e conversion in aluminium can be expected to complement
the one for © — 3e, as can be directly compared in the top-right plot in figure [5.10
COMET [25] and Mu2e [26] are projected to efficiently probe the scenario of the model
explaining Aa,,, see the bottom-left plot in ﬁgure and to generally provide an excellent

test for the cLFV p — e transition, superseding the currently more stringent bound on
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Figure 5.10: Future reach of u — e conver-
sion in Aluminium as found in the primary
scan. The vertical dashed lines indicate the fu-
ture sensitivity of 4 — e conversion in Al as an-
ticipated by COMET and Mu2e ; see ta-
ble The round points (geometric shapes) in-
dicate that current experimental bounds are vio-
lated (respected); see also the main text of sec-

ton [T

10—9_

Aay,

107174,
L]

10711 ]

075 07 ot gt gk

CR(p — e; Al

BR(p — ey)El Indeed, all the sample points found in the comprehensive scan which
simultaneously explain the anomalies in R(D), R(D*) and Aa, fall above the projected

sensitivity of either experiment; see the bottom plot in figure further below.

170One might note that, relatively independently of the target nucleus, the model can
generate O(10713) contributions to the respective u — e CRs for mgy = 4 and 6, and
O(107'2) contributions for 74 = 2, which are however ruled out due to the stringent
bound on and the strong correlation with BR(y — e7) in this regime. Thus, the current
experimental bounds CR(p — €; Ti[Au]{Pb})exp < 0.061[0.070]{4.6} x 101! [402-404] do
not impose relevant constraints on the model. In addition, the reach of future searches for
1 — e conversion in aluminium , is projected to be three to four orders of magnitude
better than for carbon targets [405].
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5.4.7 'Trilepton Decays

In order to describe decays with one lepton in the initial state and three leptons in the
final state, one needs the relevant effective Lagrangian

LD CYLh (@ Pre;)@vuPre) + Cllifti (@7 Prej) (@kvuPrer) (5.50)

+ Ce‘éﬁﬁl(éi’yupjgej)(Ek’y#PRel) + [Cfe]fi?kl (él'PRej)(EkPRel) + h.C.} .
Note that not all of the WCs contained in the sums above are independent. In the
following, I will consider two different cases. If the flavours of all the final-state leptons

match, the BR reads [406]

5
_ me, 2 2 2
BR(ei = €161€;) = 51g 5 l64\ceve§.§jj\ +64 |CLER "+ 8 |CLER | + 8|CULR,
€
256¢2 mZ 11 y y
In— — — | (|C2)2 + |C4 |2 5.81
— (nm 4>(\ 5P+ 105 (5.81)

64e ik .
- Sine[(actt, + CU) i + (st ki) o] |
e

If there is a lepton-antilepton pair in the final state of which the flavour is different from

the one of the third lepton, the BR reads

me 2 2 2 2
BR(ei — ejesth) = ggspe 128 (¥ L] + 128 |CYARL] + 8 |CUER,| + 8 |CUEE,
€4
256¢2 m?2. g N
+ = (m - 3) (IcEi P +|cE)?) (5.82)
€e; €4
64e

VLL VLR 1% VRR VLR ij
m Re [(4Cee,jikk + Cee,jikk) Cgé + (4Cee,jikk; + Cee,kkji) C;]v:| ] :
e
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Figure 5.11: Constraining power and future reach of y — 3¢ as found in the primary
scan. The vertical dashed lines indicate the respective projected reach of the phase-1 and phase-2
runs of the future search for u — 3e ; see table The round points (geometric shapes)
indicate that current experimental bounds are violated (respected); see also the main text of

section @

5.4.7.1 pu— 3e

In the model under consideration, the decay mode pu — 3e is entirely dominated by

contributions to the dipole operator. Indeed, one finds

e*m? m? 11 2
~ © [ 21
BR(M — 36) =~ 4871'3PM In @ — Z ‘Ce’y
e emim, my 11 5
~ = 5.83
1272 12827°T,md \\ m2 4 J22313] (5:83)
6
N = ‘023b13|2 X 10_13 .
Mo

Furthermore, this implies that the BR is strictly correlated with the one for y — ey, and
a comparison with eq. ((5.62) yields

e? m2 11
BR(p — 3e) = 192 In m—g - BR(p — ev) . (5.84)
(&
~0.0069

These expectations are confirmed by the results from the primary scan, as can be seen

in the left plot in figure [5.11} and from the comprehensive scan. In addition, the right
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plot illustrates that the future search for u — 3e at Mu3e [27] can be expected to probe a
substantial portion of the parameter space which is currently viable, and might challenge

the scenario of the model explaining Aa,,.

5.4.7.2 T —=3u

Unlike u — 3e, the decay channel 7 — 3 is not only sensitive to the dipole operator, but
contributions from Z-penguin diagrams with two top-quark mass insertions can also be

important. I find

m 2 2
BR( - 3~ g 64 |Clbal + 82
T

5
3(16m)

256e2 [ mZ 11\ | 1|2
2 (- e

1 2.3 2 11 2
mim? [4 AT+ dnt)’ (lan _ ) lyeszsal” (5 g5)

= 6474 3(167)3T, m?% 4 md
2
223233
+72GEmIm2(1+1Int)?((1 — 2s)? + 28%)|m4’]
é

|b23633’2 + 0.O7|023633|2

A~ 1.46 x 1077 —
Mg

Instead, in the limit of exact photon-penguin dominance one finds [273,274]

e? m?2 11
i
~0.0025

which would imply that an observation of 7 — 3u at Belle II is not possible due to the
experimental constraint on BR(7 — py). This case corresponds to the upper edge of
the coloured region in the left plot of figure [5.12] Still, with the presence of Z-penguin
contributions taken into account, the search for 7 — 3u at Belle IT [7] will be sensitive to
a portion of the parameter space which is currently viable. As can be seen in the right

plot in figure [5.12} this is also the case for 7y = 2.

The hierarchy |co3| & |agg| > |ba3| required for large Z-penguin contributions tends to

suppress the product of the two coupling magnitudes and thus the result for Aa,,, the latter
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Figure 5.12: Constraining power and future reach of 7 — 3y in relation with 7 — u~y.
Left: Results from primary scan. The vertical solid (dashed) lines indicate the current bound on
(future sensitivity of) 7 — 3 [7,[28]; see table The round points (geometric shapes) indicate
that current experimental bounds are violated (respected); see also the main text of section
Right: Results from comprehensive scan. The shown sample points respect the experimental
bounds from primary constraints; see also section The purple dot-dashed line (labelled
“~y-penguin”) illustrates the approximate correlation between 7 — 3u and 7 — py in the limit of
photon-penguin dominance as given in eq. .

particularly efficiently in the case of M, = 6; see egs. and . As a consequence,
observing 7 — 3 at Belle II would indicate that an explanation of Aa, o |bes| is very
unlikely for 74 = 6 and, due to the increased sensitivity to the constraint on BR(7 — p),
also for my = 4; see ﬁgure For these two masses, conversely, the largest contributions
to Aa, are generated if BR(7 — 3u) remains below the prospected sensitivity. In turn,
for 7y = 2, the ratio |bag/ca3| being small in the regime of large Z-penguin contributions

does not efficiently suppress the results for Aa,.

The inequality in eq. imposed in the comprehensive scan implies that the photon-
penguin contributions to 7 — 3u are generally smaller than in the primary scan. Indeed,
since a simultaneous explanation of the anomalies in R(D), R(D*) and Aa, hinges on an
efficient accommodation of the experimental bound on BR(7 — p7), it is often accompa-
nied by a signal in 7 — 3u at Belle II as is visible in the plots illustrating the results from

the comprehensive scan.
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Figure 5.13: Constraining power and future reach of 7 — 3x in relation with Aq,. Left:
Results from primary scan. The vertical solid (dashed) lines indicate the current bound on (future
sensitivity of) 7 — 3u [7,[28]; see table The round points (geometric shapes) indicate that
current experimental bounds are violated (respected); see also the main text of section
Right: Results from comprehensive scan. The shown sample points respect the experimental
bounds from primary constraints; see also section

In the model, an observation of 7 — 3u effectively enforces an observation of 7 — py, but
the reverse case is not true in general. Furthermore, the plots in the top panel of figure
seem to suggest that a result BR(7 — 3u) > O(107'%) becomes increasingly disfavoured
if the contributions to cLFV u — e transitions shrink. Since by construction |bjz| > A
in the primary scan, this shrinkage mainly relies on a small |co3| & |aas3], see egs. ,
and , and so the Z-penguin contributions to 7 — 3u become more suppressed.
Hence, BR(7 — 3u) is more tightly correlated with BR(7 — py) in this case, and it is
more difficult to respect the stringent experimental bound on the latter. In turn, if 7 — 3u
is observable at Belle II, |co3] & |ag3| must be rather large and therefore one generates
an enhancement of BR(u — ey) and CR(u — e; Al). Still, since |bi3| < A is possible in
the comprehensive scan, the rates for cLFV pu — e processes can get efficiently suppressed
without a direct impact on the Z-penguin contributions. Indeed, the distinct slope of
the right edge of the coloured region in the top plots in figure has almost entirely
disappeared in the bottom-left plot therein. This indicates that there is no pronounced

correlation between BR(7 — 3u) and cLFV pu — e transitions in the comprehensive scan.
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The discussion above generally also holds for the decay channel 7 — pee, for which an

estimate yields

~ m5 2 2
BR(7 — pee) ~ W 128 ‘Cxa,[égll‘ +8 ‘Cevegl??ll‘
T
256¢2 2 2
In —~ _ 021
1 m2m? 4 o [ mZ 11 |y23zs3]?
~ 4e*(7T+4Inty)? [ In— — — | 22220 5.87
611 3(16m)pr, | ¢ (TH4Int) Ymz T x )  md 57
1 2
T2 ERm2m2(1 + Int,)? (_(1 —252,)? —1—23%[,) |Z23223| ]
2 mgy
N _7 |b23033|2 + 0.05|023033|2
~1.34 x 10 mé .
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In the limit of exact photon-penguin dominance, one finds

2 2

BR(7 — pee) = 1;7r2 (ln (:Z;) - 3) BR(7 — wy) (5.88)
m
~0.0023

as well as

BR(r — 3p) _ 2In(m./my,) —11/4
BR(T — peé) 2In(ms/my) =3

~1.09 . (5.89)

More generally, the obtained BRs for 7 — 3u and 7 — pee are almost coincident in
the primary scan, whereas larger deviations appear in the comprehensive scan. This is
mainly due to the possibility of generating effective coupling parameters with magnitudes
(much) larger than 1/ in the latter, which can result in contributions from box diagrams

becoming more relevant.

Similar to the role of 7 — ey among the radiative cLFV decays, trilepton decays with
other flavour combinations in the final state do not give rise to relevant constraints on the

model, neither regarding current data nor in the light of near-future searches.

5.4.8 B,— Tv

In the model, ¢ contributes to the leptonic decay channel B. — 7v and therefore modifies
the lifetime of the B, meson, as was originally elaborated on in ref. [131]. In line with this
approach, I employ a constraint on the SM contribution to the lifetime. A pseudoscalar
meson By constituted by a bottom quark b and an up-type quark ug decays into a tau

lepton and a neutrino with a rate [29}407]

2
G? m?2
FBk%‘ru = 87Fmka123’k|Vukb’2m72— (1 - 27— )
; 1 ) (5.90)
¢
X ﬂz:l (1 + 6) ’ 635 - 2\/§GFV’{L bCl/edu,B?)?)k(lu’B)
= k

where

2
— AVLL mp
C(Vz)edu,633k<:u3) = Cuedu,b’33k(:u3> -

k
M (M, (1B) + mp(1B

) CoBR s (up) (5.91)
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was defined. Here, mp, and fp, are the mass and decay constant of the meson, respec-
tively, and V is the CKM matrix. The correction § = 0.007 accounts for QED running

of the SM contribution to C’Xegﬁ from the Z-boson mass scale down to the hadronic scale

1= pB.

I equate the measured decay width with the sum of the contributions in the SM and from
¢ as in

P =P 4+ 1, . (5.92)
Here, I fix 75" = 1/T'5" = 0.51040.009 ps [10,29] at the best-fit value, while F%E accounts
for contributions to the tree-level process bc — 7v induced by ¢. F%C can be calculated

by subtracting the SM contribution from the rate in eq. (5.90)), thereby it also captures

interference effects:

2
G m2
re - -r 2 2,2 (1 - r
B, S mp, g, Vams sz ]

B=1

(5.93)
1

NGV V2G Vo Cfedu,ﬁ332 (1B)

(1+5)~535—

2
-1 +5)2) .

I do not attempt a direct calculation of FSBI\C/[ =1/ 7']%16\/[ which takes into account all SM
contributions to the B. decay width, but instead indirectly infer it from eq. (5.92). The

complete expression reads

2
1 G? m2
SM __ _Gr 2 2. 2 (1 _ M7
B, — [Texp ST chch‘/;me 1 m2
Be B,

p=1

L (5.99)

(1—1—5)'535—

2
—(1+5)2>]

I require that the resulting TEIL\_/I lies in the interval [0.4,0.7] ps, following the seminal

1
72\/§GFV , Cfedu,ﬂ332 (4B)
C

result in ref. [387] at 10, and neglect all other uncertainties against the broadness of this
rangem I use the PDG values Tg)zp = 0.510 ps, mp, = 6.2745 GeV, m,; = 1.7769 GeV,
Vep = 0.0405 [29] as well as fp, = 434 MeV [410] and the quark masses m.(ug) = 0.9023
GeV and my(pp) = 4.0945 GeV output by flavio, v2.3.

18More recent calculations of the B, lifetime in the SM can for instance be found in
refs. [408,409].
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The LQ ¢ mainly sources the channel with a tau neutrino v, in the final state, but the
muon neutrino channel may also have a non-negligible effect. The latter corresponds to

the rightmost term in egs. ((5.96)) and (5.98)) below. One approximately finds

-1
o O v R N I, (5.95)
By Ts. T ‘
Re(assb b b
~ 1 gaaRelamba) 197‘“33 2" g, 017@23 32| (5.96)
m m m
7 6 o
—0. 13’ ?;i b2l cos (Arg(ass) — Arg(bsz)) (5.97)
o
b b
+0. 19M +0. 01M (5.98)
it g

upon rearranging eq. (5.92)). The latter is also equivalent to the following relation

BR(B, — 7v) = BR(B. — 71/)gn — (TBC - 1) . (5.99)

Thus, imposing an upper bound on the BR, say BR(B, — 7v) < 0.3 [131] or < 0.1 [411],
which takes into account the (semi)tauonic contributions in the SM and from NP, is equiv-
alent to Tglcv[ < 0.70 ps or < 0.55 ps, respectively. Indeed, a BR larger than predicted in
the SM implies an effective reduction of the lifetime due to ¢ which must be “compen-
sated” by a larger SM contribution to the lifetime in order to maintain consistency with

the experimentally determined value 75"

As is illustrated in figure a large contribution from the LQ to the lifetime of the B,
meson is incompatible with the imposed experimental bounds. In the plots in the upper
(lower) panel, the vertical solid lines indicate (grey-shaded region indicates) where the SM
prediction agrees with the measured lifetime of the B, meson at 1. In particular, the
model can accommodate the current best-fit value in R(D)eyxp, = 0.339 £ 0.026 + 0.014
even in the absence of any contribution from ¢ to the B, lifetime. In the case of larger L.Q
masses, an inferred SM contribution to the lifetime which is appreciably larger than the
experimentally determined one only arises if R(D) and R(D*) become smaller than in the

SM, respectively, which is consistent with the opposite signs of the respective contributions

linear in |assbsz|; see egs. (5.50)), (5.51) and (5.98)).
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Figure 5.15: Constraining power and future reach of 75M in relation with R(D) and
R(D*). Top panel: Results from primary scan. The vertical solid lines indicate the region
where the inferred contribution to the B, lifetime in the SM agrees with the measured lifetime
at 1o , and the hatched area marks the region in which the BR of B, — 7v remains
smaller than 0.1, as is implied by eq. ; see also table The round points (geometric
shapes) indicate that current experimental bounds are violated (respected); see also the main text
of section [5.4.1.1] Lower panel: Results from comprehensive scan. The shown sample points
respect the experimental bounds from primary constraints; see also section [5.4.1.2] The grey-
shaded region represents the 1 o range about the current best-fit value for ngp, and the red-brown
shaded band indicates the region of parameter space that corresponds to BR(B. — 7v) < 0.1.

Contrariwise, for 7y = 2, the comprehensive scan demonstrates that a SM contribution

which substantially exceeds Tg,tp = (0.510£0.009) ps is compatible with a simulta-
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Figure 5.16: Constraining power and future reach of 75M in relation with Aq,. Left:
Results from primary scan. The vertical solid lines indicate the region compatible with current
experimental data on the B, lifetime at 1 o , and the hatched areas mark the regions in which
the BR of B. — 7v remains smaller than 0.1 and 0.3, respectively, as is implied by eq. ; see
also table The round points (geometric shapes) indicate that current experimental bounds are
violated (respected); see also the main text of section Right: Results from comprehensive
scan. The shown sample points respect the experimental bounds from primary constraints; see

also section I@

neous enhancement of R(D) and R(D*) over their respective SM values, which I interpret
as mainly due to the channel with a muon neutrino v, in the final state. Furthermore,
for almost all sample points found in the comprehensive scan which successfully explain
the anomalies in R(D), R(D*) and Aa, I obtain |assbsa| < 1, thus significantly below
the upper bound |agsbse| < 1.82 imposed via the biasing, cf. table [5.6f Hence, a maxi-
mally large contribution to the channel with a tau neutrino v, in the final state is not
preferred for an accommodation of the anomalies. Note that a similar effect occurs for
R(D) and R(D*) where an enhancement of up to 40% and 30%, respectively, over the
respective SM contributions can in principle be induced via the muon channel in the case
of g = 2. For my = 4,6, I obtain a maximal enhancement of 10% which is still roughly
coincident with the current 1o region about the respective experimental best-fit values
of R(D) and R(D*), and should thus not be neglected in the light of more precise data

becoming available in the near future.
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If Aa, is explained at 3 o or better in the model, I find that a substantial deviation of 7'%12/[
from the measured B, lifetime is very unlikely for /g = 4,6, see figure @ This reflects
the way an explanation of R(D) and R(D*) competes with an explanation of Aa,; see
section Still, according to the results of the comprehensive scan, an enhanced 7']%12/[
is compatible with an explanation of Aa,, since the latter is controlled by the effective
parameter co3 & ao3 which also drives the muon-neutrino contribution from ¢ to the B,

decay rate and thus implies a larger inferred T%ICVI.

Still, a deviation of 7'%12/[ from the best-fit value of ngp by more than 10 percent is incom-
patible with the considered constraints. Accordingly, the BR for B, — 7v will remain
below 0.1 in most cases, and can potentially exceed this limit only to a very small degree.
In line with eq. (5.99), imposing the upper bound BR(B. — 7v) < 0.1 ps constrains

the B, lifetime to the hatched (red-brown shaded) region in the upper (lower) panel in

figure [5.15] respectively.

549 Z — 1T

For the discussion of modifications to the effective Z-boson couplings to fermions induced
by ¢, I focus on the case of charged leptons henceforth and define the vector and axial-

vector couplings as in
g =g gl (5.100)

cf. eq. (2.10). In the model under consideration, charged leptons only couple to up-type

quarks at tree level. Following ref. [96], I approximately find

~ Nc tt(tt —1- lntt)
73212 (t —1)2

897 ) = 09en) ETETRE (5.101)
Under the assumption of LFU for the SM couplings, that is

SM SM SM __ _SM
gM = M = M = M = Ty (5.102)
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Figure 5.17: Constraining power and future reach of g,,/¢5™ as found in the primary
scan. The regions indicated by vertical solid (dashed) lines are compatible with the current
experimental world averages for (future sensitivity of) g,,/¢5M at the indicated CL (at
3o ); see table The round points (geometric shapes) indicate that current experimental
bounds are violated (respected); see also the main text of section

taking the ratio yields in the case of the tau lepton

45, 1y =2
gra /9 R 1= 15, sy =4 ¢ less]? x 1074 (5.103)
0.8, 1y =6

Note that the negative sign of the correction is due to the axial-vector coupling to charged
leptons being negative in the SM. This estimate suggests that g,/ giM is not per se
(strongly) correlated with Aa, o |ag3bas|, as is further evidenced in figure Still, if
the experimental constraints are imposed, the axial-vector coupling of Z bosons to tau
leptons is necessarily SM-like if Aa,, is explained at 3 0. In particular, the deviation from
LFU would be constrained to be much smaller than 0.1%. This correlation is established
through the bound on BR(7 — p7y) o |asgbes|? illustrated by the plot on the right in
figure It is distinctly visible that a deviation of g¢,,/ giM from the current best-
fit value larger than 20 is incompatible with the constraint on BR(7 — 7).
Furthermore, the future search for 7 — p~v at Belle II |7] will conclusively test the capability

of the model to induce a significant deviation from LFU in axial-vector couplings. Note
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that the prospective sensitivities of a measurement of Z-boson couplings quoted in table[5.4]
are adopted from ref. [31] where it is assumed that the precision of the determination of
ge, will improve by the same factor as sin? fg. In addition, if this sensitivity were indeed
reached and the current best-fit value for g¢,,/ giM remained unchanged, the currently

observed deviation from the SM value could not be explained within the model.

5.4.10 High-pr Dilepton Searches

In several recent studies [161}|412H414], constraints on effective operators were derived
from LHC data. In ref. [161], the process q¢ — 77 was considered for the LQ ¢, among
other ones, and the ATLAS analysis in ref. [388] was reinterpreted to place a constraint on
the LQ couplings for the mass range m € [1,3]. Reading off from the top-right of figure
4 in ref. |[161] and using the fact that the LHC does not distinguish between chiralities,
one may infer the upper bound on the LQ coupling involving a RH tau lepton and charm

quark
lys2| = [b3a| < 12 + 0.6 . (5.104)

Similarly, in ref. [414] the process bc — 7v was considered and two analyses [415,416] by
the ATLAS and CMS collaborations were recast to obtain a constraint on the relevant
effective charged-current operators. The resulting constraints are quoted in table II in
ref. [414], where it is assumed that a single operator dominates. In terms of the effective

couplings at the LQ mass scale, they read

A/ |CL33€32| <3.5 m¢ and 4/ |a33b32| < 0.70m¢ (5.105)

where the QCD RG corrections are extracted from RunDec [305,/417]. Still, these two
constraints are automatically respected in the model if the experimental bounds on other

primary observables are imposed.
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Figure 5.18: Current constraints on and fu-
ture sensitivity to |[CJ/i ... | as found in the
primary scan. The scalar WC is computed as in
eqs. and , and the displayed results
hold at the hadronic scale p = pp. The round
points (geometric shapes) indicate that current
experimental bounds are violated (respected); see
also the main text of section IBE}
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5.4.11 Scalar Charged-Current Wilson Coefficients

Herein I provide a brief discussion on current constraints on and the projected sensitivity
to contributions to |CSE e R 30| in future experiments. This scalar WC constitutes the
dominant contribution to the observables R(D), R(D*) and TSM in the model. In line

with eqs. (5.45) and (5.47), I find C5f 40 &~ —1.7233ys0/(2m3) ~ —1.7az3bsa/(2m3) at

the hadronic scale p = pup. The following statements draw from the primary scan, and
largely agree with the findings from the comprehensive scan apart from small deviations

in the case of My = 2.

As can be seen in the top panel in figure the achievable deviation of R(D) and R(D*)
from their respective SM values grows linearly with an increase of the absolute value of
CShR 3332-  Only for magnitudes |CSER 33321 2 0.2/TeV?, a slight deviation from that
trend becomes visible. This confirms that the contributions to R(D) and R(D*) which are
linear in the scalar WC and interfere with the SM, see eqgs. and , dominate for
smaller LQ coupling values. The top plots also conveniently illustrate that the anomaly is
mainly driven by the experimental data for R(D*), that is, explaining R(D*) at 20 (10)
requires \Cyedu 3330] = 0.2(0.3)/TeV2.

The centre-left plot in figure evidences that a correlation between Aa,, o |bazco3| and
]Cfg}ﬁ 3332] O |az3bsa| arises only after imposing the experimental bound on BR(7 — py) o
|bascsz|? & |bagass|?. Indeed, the current constraint requires ]Cyedu 3332| <0.4/TeV?, and
the upcoming search for the process at Belle II [7] will potentially strengthen this to
]CVedu a330] S 0.15/TeVZ. Note that an efficient test of the capability of the model to
explain Aa,, still requires a further refinement of that bound, as is visible in the centre-left

plot.

Lastly, one can see that T%I:/I is slightly less sensitive to |C§£ﬁ3332\ than R(D) or R(D*)
are. The distribution of the generated sample points for 1, = 2 features a kink which is
localised at the upper boundary of the coloured region at |Cyedu 3330] & 0.13/TeV?, due
to the experimental constraint |bsa| < 2.6. One can see that | 5533332| > 0.3/TeV? is

necessary to have the BR of the decay channel B, — 7v exceed 0.1.
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LiST OF SECONDARY OBSERVABLES

Observable Experiment

Current constraint/measurement Future reach
| <15x10"Yeem at 90% C.L.  [418] 1000 (60) [1] x 10722 ecm  [34/35/{40H42]
Gua/9M 0.99986 + 0.00108  at 1o level [301[31] +6.3(0.63) x 107° [31H33]
R‘L"j/ ¢ 0.995 + 0.090 at 1o level [419] +0.00995 [36]
ReD/I‘ 1.01 £ 0.032 at 1o level [420] +0.0101 [36]
BR(B — 1v) | (1.0940.24) x 107* at 1o level  [29] +9 (4)% at 5(50) ab=t  [17]

Table 5.7: List of secondary observables. I list the observables that can potentially be used
to further constrain and test this model, together with their current experimental constraint and
future sensitivity. In the case of the muon EDM d,,, the future projection without brackets refers
to the prospective reach of the Muon g — 2 experiment at Fermilab [34] and a similar experimental
effort at J-PARC [40|, while the bracketed values are estimates for experimental proposals [3541,42]
based on the frozen-spin technique. Furthermore, I assume that the precision of measurements of
gu, Will improve by the same factor as sin? 6o as in ref. [31]; the (un)bracketed projection refers
to the FCC [33] (ILC [32]).

5.4.12 Secondary Observables

In this section, I briefly comment on the results for the secondary observables from the
comprehensive scan which are collected in table The muon EDM and BR(B — 1v)
were calculated with the help of SPheno, g,/ ng was obtained from analytic formulae

which are analogous to the ones for g;,/ giM, and flavio was used for R%/ “ and R%/* .

5.4.12.1 Electric Dipole Moment of the Muon

Similar to the AMM of a charged lepton being sourced by the real part of the relevant
dipole operator, EDMs are related to the imaginary part. As the generation of large
contributions to Aa, is a key motivation for the model, and the LQ couplings can be
complex, the occurrence of sizeable results for d, is expected. In complete analogy to
the reasoning laid out in section [5.4.3.1] the dominant contribution is due to a top-quark

mass insertion on the internal line of the relevant one-loop diagram. Using egs. (2.51]) and

B39, 1 find
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Figure 5.19: Future reach of secondary leptonic observables in relation with Aq, in the
comprehensive scan. The shown sample points respect the experimental bounds from primary
constraints; see also section In the left plot, two constraints on the magnitude |d,| of the
muon EDM are shown, from the Muon g—2 experiment and the muEDM experiment [35]. For
Gua/ giM, the red-brown shaded regions represent the projected sensitivities at the ILC under
the assumption that the current best-fit values shown herein as red-brown solid lines will
persist.

emy . 8 N _
du = QIm(C’eQA%) ~ W(? + 41n tt) Im(223y23) ~ —miélm(b23023) x 10 9
5 N _

¢

5 . _
= —W|623623’ sin (Arg(beg) — Arg(ca3)) x 10 2cem .
[

Firstly, note that the contributions to the muon EDM are well below the current bound
|du| < 1.5 x 107 ecm if the experimental bounds are imposed, see table and
the left plot in figure despite the absence of a CP symmetry in the model. Still,
in agreement with the literature regarding correlations between d,, and solutions to the
currently present anomaly in Aa,,, particularly for the LQ ¢ ,, I find that a portion
of the viable parameter space can be expected to be probed at the muEDM experiment .
Generally, if the anomaly in Aa,, is accommodated within its 3 o range, one obtains a result
|d,| € [1072°,1072%]. As the biasing requires cos(Arg(azs) — Arg(bes)) to lie in a vicinity
of —1, see table it may favour smallish values for sin(Arg(aas) — Arg(bes)), but no
preference for either sign of d, is induced. After all, the impact of the phase difference

Arg(agz) — Arg(bas) seems to be limited, since there is no indication that (comparatively)
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large contributions to Aa, and d, would be incompatible.

5.4.12.2 7 — uu

The presence of sizeable contributions to Aa,, due to loops containing a top quark triggers
the expectation that the process Z — pp will also get modified. In complete analogy to

section [5.4.9] and under the assumption of LFU for the SM gauge couplings, one finds

2.3, 1 =2
Gual g8 1= 08, =4 ¢ leas|® x 1077 (5.107)
0.4, 1ms=6

The deviation of the best-fit value of the measured axial-vector coupling of the Z boson to
a muon-antimuon pair from the SM prediction is currently compatible with zero at 1 o; see
table [5.7 Moreover, the contributions obtained in the comprehensive scan all fall within

this range, thus no constraints can presently be derived from this observable.

Still, the discrepancy between the SM prediction and the current best-fit value can in
principle be explained in the model. Furthermore, if the best-fit value persists and the
experimental uncertainty shrinks as is projected for the ILC [32], some of the sample
points which simultaneously explain all anomalies fall outside the prospective 3 ¢ range,
as can be seen in the right plot in figure [5.19] Therefore, upcoming measurements of the
axial-vector coupling of the Z boson to muons promise to provide a powerful test of this
scenario. Note that a further decrease of the experimental uncertainty by a factor of 10 is

expected from the Future Circular Collider (FCC) [33].

Regarding the couplings of the Z boson to electron-positron pairs, the relevant couplings
are suppressed by a factor of A\?, and thus no sizeable BSM contributions to Z — ee can

be expected.
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5.4.12.3 Lepton-Flavour Universality Ratios R%/ “ and R%/f

The LFU ratios R%/ ¢ and R%/* are useful probes for NP effects in b — cfv transitions

which do not involve the tau lepton,

D * D*
BR(B — Duv) _ Gy Reln _ BR(B — D*ev) _ G (5.108)

BR(B — Dev) ~ GP’ b* 7 BR(B — D) ~ GP*

Ry =

where GZD(*) is defined as per eq. ((5.149)) and (5.150]). I obtain the LO estimates

RY° 2 L
R 1 + ——5Re(c5pa23) x 10 (5.109)
(Rp “)sm g

and
e/n

RJ 2 _
6/72 ~1— —5Re(chpazs) x 1072 (5.110)
(R )sm g

A scalar-operator contribution is induced at the same order in A, but is numerically sup-
pressed. Note the occurrence of the parameter ass = co3 which plays a major role for
Aa,, and is biased towards larger values, see table Furthermore, O(10) values can be

generated for the magnitudes |coa| & |agz| in the comprehensive scan.

The results show that an enhancement or suppression of either LFU ratio by more than
2 percent with respect to the SM expectation is at least very unlikely; see the left plot in
figure [5.20] Thus, the model predictions are SM-like and well compatible with currently
available data at the 1o level. Still, this will not be the case anymore for the entire
currently viable parameter space if the sensitivity improves as is projected for Belle IT [36],

regardless of whether the best-fit value will change or not.

5.4.12.4 Leptonic Decay B — 1v

In this model, ¢ contributes to the leptonic decay channel B — 7v which in the SM
is CKM-suppressed due to |V ~ A3 see eq. (5.90) with u, = wu for the full decay
width including the contributions from ¢. I focus on the case of a tau neutrino v, in the

final state for which interference with the SM occurs. Indeed, the process B — 7v also
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Figure 5.20: Future reach of secondary hadronic observables in the comprehensive
scan. The shown sample points respect the experimental bounds from primary constraints; see
also section The projected sensitivities at Belle II to R%/ ¢ and Ri,/f (5 ab™!) and
BR(B — 7v) [17] are indicated via the respective red-brown shaded regions. Note that the white
crosses are omitted in the left plot since they lie uniformly across the coloured region and would
thus obstruct a proper visualisation of the data.

largely depends on the parameter ass and thus provides another probe for the b — crv
transitions. The largest contribution arises for the vector-operator WC 012/65{;73331, whereas
the scalar-operator WC 053125,3331 is suppressed at the scale yu = mg due to the hierarchy
y31/231 ~ A2, This is only partly compensated by the RG evolution down to the hadronic
scale 4 = pup and the chirality enhancement of the scalar-operator contribution, which

together results in an enhancement factor of roughly 6.5. T find

BR(B — tv) 0.1
O P Y 111
BR(B — 71)su 2 Re(agscsy) (5.111)

In the comprehensive scan, the magnitudes |c3;| ~ |ag1| can take large O(10) values. Still,
the currently viable parameter space of the model will only be probed by future searches
for B — 7v to an appreciable extent, see the right plot in figure [5.20f This happens

despite the dependence on the couplings y3; and z3; which involve first-generation quarks

and thus are protected by the residual symmetry Z?;ag; see sections |5.3.3.1| and |5.7.4l

If the current experimental best-fit value persists and the experimental uncertainty de-
creases as projected at Belle 11 , the model predictions for the BR will remain partly

consistent with the data at 2o, but not at 1o. Since these prospective sensitivities to
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the BR are comparable to the uncertainty of the SM prediction which currently stands at
the level of about 10 percent, see [7], one can indeed expect that the decay B — 7v will

provide a useful probe for the model in the near future.

5.5 Conclusions

I have considered an extension of the SM with two Higgs doublets H,, and Hy (in the
decoupling limit) and a scalar LQ ¢ ~ (3,1, —%) The main purpose of ¢ is to explain the
flavour anomalies in R(D), R(D*) and the AMM of the muon. The interaction structure of
this model is constrained by the flavour group Gy = D17 x Z17. The three scalars H,, Hy
and ¢ are singlets under the dihedral group, whereas the three generations of SM fermion
species transform in doublet and singlet representations, apart from the three RH up-type
quarks which are all assigned to singlets. In this way, the masses of the third-generation

charged fermions arise without breaking the dihedral group.

The flavour symmetry Gy is broken by the VEVs of four different spurions S, T', U and W
which are assigned to doublets of the dihedral group. While the role of S is to (mainly)
generate the aimed-at texture of L couplings in X and §, T and U are responsible for
the masses of the second and first generation, respectively, of both down-type quarks and
charged leptons. The purpose of the spurion W is to give rise to the mass of the charm
quark and to generate the correct size of the Cabibbo angle. The smaller quark mixing
angles and the up-quark mass arise automatically due to the spurions .S and a combination
of T and U, respectively. As dictated by their roles, the VEVs of these spurions are given
by the expansion parameter A =~ 0.2 taken to some integer power, i.e. (S) ~ X, (T) ~ A2,
(U) ~ M and (W) ~ (A%, A°)t. A residual symmetry Zf;ag given by the diagonal subgroup
of a Z17 group contained in D17 and the external Z17 symmetry is preserved by both %X and
¥ at LO, which facilitates the achievement of suitable coupling textures and simultaneously

avoids too large effects involving first-generation quarks and/or leptons.

The most relevant physical observables were identified analytically, and two numerical
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studies of the phenomenology of this model were performed. A major distinction was
drawn between primary and secondary observables. The former include the anomalies
(R(D), R(D*) and Aa,) and other observables for which the present experimental mea-
surements can (significantly) constrain the parameter space of this model. The latter do
not currently provide competitive constraints, but according to short- or mid-term future
prospects, increased experimental sensitivity to them will offer an opportunity to probe

this model.

In the first (“primary”) numerical study I included only the primary observables, and
varied the effective LQ coupling coefficients in the charged fermion mass basis as (mostly)
independent order-one parameters. This scan, therefore, did not touch upon the viability of
the model to explain the charged fermion masses or quark mixing. It identified the bounds
on the radiative cLFV decays 7 — pvy and p — ey as the most stringent constraints on
parameter space, and was used to extract biases on effective LQ parameters to guide a
more thorough numerical analysis. A simultaneous reconciliation of all anomalies proved

to be very challenging in the primary scan.

In the second (“comprehensive”) numerical study, all considered observables were included
and the LQ parameters in the interaction basis were (mostly) varied as order-one param-
eters. A subset of them were fixed in a chi-squared fit in order to reproduce the charged
fermion masses and CKM mixing matrix which yielded excellent agreement with experi-
mental data in the case of scenario B. The remaining order-one parameters parametrising
the LQ coupling matrices were biased with the help of results from the primary scan. The
comprehensive scan demonstrated that this model is compatible with all considered ex-
perimental constraints and capable of explaining the observed deviations in R(D), R(D*)
and Aa,, from their SM predictions at the 3 o level for 7, = 2 and 4. Furthermore, even
a reconciliation of the three anomalies at the level of 2 ¢ was shown to be achievable for

g = 2.

The direct use of the interaction basis turned out to be the main reason for the greater
success of the comprehensive scan. For phenomenological purposes, it was found that

the effective parameter bi3 is preferred to be slightly smaller than expected from the
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construction of the model. Thus, in an improved attempt of model building, one should
intend to further suppress the LQ coupling 313 by A or A2. In several decay processes,
contributions beyond the ones from photon penguins can play an important role, that is, in
particular render 7 — 3u and 7 — pee accessible at Belle II. For the primary observables
with neutrinos in the final state, i.e. R(D), R(D*), R%. and the lifetime of the B, meson,

LFV contributions are found to be definitely non-negligible in some instances.

The study laid out in this chapter can be extended in several directions. On the phe-
nomenological side, it seems promising to study the observables R(.J/) and R(A.) which
are closely related to the b — ¢ transitions analysed so far, as well as the angular distribu-
tions of the processes B — D*e;v |133] and the longitudinal polarisation of the tau lepton
in B — D*rv |131]. For some of these, the measured value (slightly) disagrees with the
SM expectation, e.g. for R(J/+) [130]. It may also be interesting to address other flavour
anomalies like those observed in b — s transitions, that is, in R(K), R(K*) and in the
process Bs — ppu; see e.g. ref. [421] for a recent concise overview. For this purpose, an
additional L(Q must be added to the model, for instance the one transforming as (3, 3, —%)
under the SM gauge group; see e.g. refs. [362,/366,371,422]. Along the way, this may
allow for incorporating a mechanism of neutrino-mass generation, for instance a seesaw
mechanism via adding RH neutrinos [196], or a radiative mechanism; see ref. [50] for an ex-
tensive review. For simplicity, in the model under consideration it has been assumed that
possible diquark couplings of ¢ are forbidden by a baryon-number symmetry. However, it
could also be insightful to scrutinise the efficacy of Gy to suppress these couplings beyond
the strong existing bounds from searches for proton decay [29]; see e.g. refs. [84}423] for

similar studies.

With non-vanishing neutrino masses, lepton mixing becomes physical and its appropriate
description, i.e. two large mixing angles and one small one [38], may require a change in
the assignment of the LH lepton doublets to representations of G’y or even the extension or
modification of Gy itself. The observed lepton mixing angles are often interpreted as a hint
towards the unification of the three generations of LH lepton doublets in an irreducible

three-dimensional representation of the flavour symmetry; for reviews see refs. [175-178§].

202



5.6. APPENDIX: GROUP THEORY OF Dy

Prime candidates for such a flavour symmetry are members of the group series A(6n?) with
n > 2 integer [424] which were shown to allow for an adequate description of lepton mixing
as well as quark mixing, see e.g. refs. [425-429], and of the charged fermion mass hierarchies
if accompanied by an appropriate external symmetry; see e.g. the supersymmetric model in
ref. [430]. A similarly profound change in the construction of the model might be necessary
for an accommodation of Jop ~ A% in terms of operators which respect (a modified version
of) the flavour symmetry G¢. Lastly, one may consider extending G by a CP symmetry,
given the constraining power regarding the two Majorana phases in the lepton sector [431]

(see also refs. [321}432-438]) and the extent of CP violation in the LQ couplings.

5.6 Appendix: Group Theory of D;;

In this appendix, the main features of the non-abelian discrete group D;7 [374] are sum-
marised. D7 is a member of the series of dihedral groups D,, which are non-abelian for
n > 3. D7 features 34 distinct elements and ten real irreducible representations: the triv-
ial singlet 17, a non-trivial singlet 12 as well as eight doublets, called 2; withi=1,...,8.
All these eight doublets are faithful. Like the other dihedral groups, D17 can be described

in terms of two generators a and b which satisfy
al"=e, ¥¥=e¢, aba="> (5.112)

where e denotes the neutral element of the group. Their representation matrices read

a(l1) =b(11) =1 and a(lz) =1, b(1l2) = -1 (5.113)
as well as
wiy 0 0 1
a(2;) = . and b(2;) = , (5.114)
0 wiit 10

where w17 = exp (21’;i) is the 17th root of unity. In this model, only the doublets 21, 22,
23 and 24 are used. Below, the most relevant Kronecker products and Clebsch-Gordan

coefficients are presented which have a particularly simple form in the chosen basis. If a
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and b are singlets and (¢; ¢2)7, (d1 d2)T are doublets, one has [374]

11><11Z

11 X 15

1o X 19

]_1><21:

12X2i1

21)(21

21)(221

22)(22

21)(23:

22><23Z

23X23

21 X24:

29 X 24

23 X 24 :

24 X 24

ab~11,

Saleg,

:ab~11,

—acy

ic1dy +cody ~ 17

cc1dy +cody ~ 17

cady 0

~ &2,
c1da
cady 5

~ &1,
c1da

cc1dy +cody ~ 17

cady 5

~ &3,
c1dy
co dy

~ 22 )
C1 dg
()] d1

~ 21 )
C1 d2

cc1dy +cody ~ 17

(5.115a)
(5.115b)
(5.115c¢)
(5.115d)
(5.115e)
c1dy
; crdy —cady ~ 1g, ~ 23, (5.115¢f)
()] d2
cd
H ~ 23, (5.115g)
(&) dg
C1 d1
; crdy —cady ~ 1, ~ 24, (5.115h)
co dy
c1d
] 2, (5.115i)
ca da
c1d
] ~2s, (5.115j)
co dsy
C1 d1
; Ccrdy —cady ~ 1, ~ 26, (5.115k)
Co dQ
cad
H ~ 25, (5.1151)
co da
C1 d1
(&) dg
c1 dy
~ 27 ) (511511)
(&) dQ
c1 dy
, C1 dg — C2 d1 ~ 12 y ~ 28 . (5.1150)
C2 d2

204



5.7. APPENDIX: LAGRANGIANS

In addition, it should be pointed out that the Clebsch-Gordan coefficients for combinations
involving conjugated fields have a slightly different form, since a complex matrix is chosen
for the generator a in the two-dimensional (real) representations 2;. For a being a singlet

and (c; )7, (di d2)T being doublets, the combinations involving ci o read e.g.

csa
21 X 11 . ~ 2i s (5116&)
cia
cya
2; X 15 : ~ 2 s (5116b)
—cia
y ¢y dy
21x21:cfd1+c§d2~11, Cldl—cgdgwlz, ~ 29, (5.116(3)
CT dg
crd cyd
21 X 29 1o ~ 21 s 2™ ~ 23 . (5.116d)
C; dQ CT dg

The general form of the Kronecker products and Clebsch-Gordan coefficients can be found

in ref. [374].

5.7 Appendix: Lagrangians

In this section, I list the operators contributing to the charged fermion mass matrices M,,
My and M, and to the LQ couplings X and ¥ as defined in eq. . I include operators
that contribute up to and including order A'? in the symmetry-breaking parameter, and
assume the VEVs of the spurions S, T, U and W as given in eq. . Each operator is
accompanied by a complex order-one coefficient. When the operators are listed, they are
usually ordered according to the number of spurion insertions. Furthermore, note that
the spurions are treated as dimensionless flavour-symmetry breaking fields; thus, no cutoff

scale is needed to establish the correct mass dimension of the operators.

Note that for any given operator in the lists below there might be more than one combi-
nation of the contained fields which yields an invariant of the flavour symmetry G, and

thus more than one independent contribution to the charged fermion mass matrices M,,
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My and M. or the LQ couplings X and § from one operator. These instances are signaled
via the usage of primed operator efficients, e.g. agl, (ag)’ — see eq. . Generally, 1
omit all operators which carry insertions of S ST, TTt, U Ut and W W, and products or
powers thereof. Typically, these solely duplicate the contribution from the corresponding
operators without the respective insertions, but are further suppressed by at least A2, \*

and < A%, depending on the spurion involved. There are two exceptions to this rule:

o The up-type quark mass matrix elements (M,)12 and (M, )22 feature the same LO
contribution arising from the second operator in eq. (5.117]), but the subleading
contributions appearing at the relative order A\? are not identical due to the first

operator in eq. (5.118) which involves the combination S ST. This can be seen
explicitly in eq. (5.140)).

« The combination W WT contains a covariant in 24 with a non-vanishing VEV, thus
some operators with this insertion may yield non-redundant contributions. Nonethe-
less, they are always suppressed by at least A\® compared to the contribution from

the respective operator without the insertion.

5.7.1 Up-Quark Sector
In the up-quark sector, I identify four LO operators that generate the up-type quark
masses and the three quark mixing angles:

YukLo = &1 Q3 Hyups + a3 Qr Hy uga W

+ O‘g@Hu UR3 (ST)Q + O‘Z@Hu UR1 T2 U.

(5.117)

206



5.7.1 Up-Quark Sector

At subleading order, the up-type quark mass matrix receives contributions up to and

including A'? from the following operators

Léeso = a8 Qr Hyups S STW + ol Qr Hyugs (SHAT

+ 0¥ Qrs Hyupe (S T+ of Qrs Hy upe (WT)?

+ay Qp Hyupo WWT + oy Qp Hyupy TU?

+ oty Qus Huupa S°W + oy Qr Hyupa T U W

+ ¥y Qr Hyupa TUTW + ¥, Qr Hyups TT (WT)?

+ a5 Qp Hyups (ST TUT + ol Qr Hyups S2TTW

+ 0l Qr Hyups SPUTW + ol Qp Hyupe ST W (5.118)

+ ¥ Qr Hyupy S2UTWT + ¥ Qr Hy ugs (ST)? (WT)?

+a¥ Qp Hyups (ST WW' + a4, Qrs Hyup S* T U?

+ 033 Qrs Hy upy (S (U + a4y Qus Huups S*T'W

+ s Qrs Hyups (SH* TWT + b5 Qrs Hyugs S*TT W1

+ % Qr Hyups (S T2 U + ol Qp Hyups S* (TT)* W1

+ a8y Qr Hyupe SO (T1)? + 0y QL Hyugs (S TWT
Among these, the first two operators contribute at the relative order A\ to the elements
(My)12 and (My)22 and are thus the most important ones. The operators with the co-
efficients o and o are examples of operators which are automatically allowed once the
field content of the LO operators is determined. I note that several of the subleading
operators yield two independent contributions to the up-type quark mass matrix M,. The
operator with the coefficient a¥ induces contributions of order A to the element (M, )22
and of order \” to the element (M, )12, but with a different relative sign; the one with o,
gives contributions of order A1 and A!!; the one with ¥ yields contributions of order A8
and \?; the one with afg leads to contributions of order A% and \?; finally, the operator

with the coefficient ad, gives rise to two independent contributions of order A0 and AU,

respectively.
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5.7.2 Down-Quark Sector

There are three operators which induce the respective dominant contributions to the down-

type quark masses:
Léero =0t Qrs Hadps + a3 Qp Hydp T + af Q Hydp U . (5.119)
At subleading order, I find

LYesto =04 Qr Hydps (S1)? + 02 Qrs Hydr S*°T
+ 0ol QL Hydp T U? + a4 Qp Hydpg T*UT
+afQr Hydps TN (W2 + o Qp Hydp TW W1
+afyQr Hydprs (SN2 TU + of, Qp Hydprs S TTW
+afyQr Hydprs SPUTW + ofs Qp Hydg S* (WT)?
+a, Qr Hydps (S WWH + oy Qs Hydr S2T' U2 (5.120)
+ 0l Qr Hydr S* W + ot Qrs Hydg (SH2 T2 W
+afsQrs Hadrs S*T'W + afy Qs Hadgs (ST)* T W1
+ 0l Qs Hydr SSW + od, Qp Hydg (SHAT? W1
+ a4y Qr Hydrs S* (TTV2 W' + ady Qp Hydps (SHS T WT
+0ad,Qr Hydr SSTTWT + o4 Qr Hydgr (ST (T1)?% .
The existence of the first operator herein is an immediate consequence of the corresponding
operator in the up-quark sector being invariant. Similarly, the second operator with the

coefficient ag is automatically induced once the LO operators which generate the charged

fermion mass matrices and the LQ couplings X and ¥ are included.

There are several operators which yield more than one independent contraction: the op-
erator with the coefficient ad leads to two independent contributions of order A!® and A!!
to the down-type quark mass matrix; the one with ag yields two contributions, both of
order A!!; the operator with af; gives two contributions of order A* and \%; the one with
oz‘ilg leads to three contributions of order A9, ! and A'2; finally, the operator with the

coefficient g implies two contributions of order A\® and \°.
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5.7.3 Charged Lepton Sector

5.7.3 Charged Lepton Sector

In complete analogy to the down-type quark sector, I identify the corresponding LO op-

erators in the charged lepton sector
E%’uk,LO = oﬁ ng Hd €R3 + 045 TLHd (2 T + Ozg fLHd ER U . (5.121)
Still, the subleading operators are generally not equivalent:

Leso =05 Ly Hoeps ST+ af LpsHyer ST

+aS Ly Hyer TW W' +aSLps Hyeg ST(TT?> W1

+al L3 Hyer STTTUTWT + a§ Ly Hyer S? (WT)?

+afo Ly Haers STT(WT)? + af; Ly Hyer 5* (TT)?

+a$y Ly Hyep S’TT (UN? + a§3 Ly Hyep S*W

+a$, Ly Hyeps SSTYW + a5 Lrs Hyer (ST TTW 19

+ o Trs Haern (S UNW + o, T Hyer (SN2 (T2 W o122

+afsLrs Haer S (W12 + afg Ly Hyer S° (T1)?

+aSLrs Hyer S W + o Lrs Hyeps STTTW

+asy L Hyer (S TTW + ass L Hyer (ST UTW

+ a4y LrsHyeps (S TWT + as; Trs Hyer (ST T2 W1

+aSeLp Hyeps (S TWT 4+ o, Ly Hyeg (SHAT2WT .
The appearance of the first operator herein has already been commented on in section[5.3.2]
The second one with the coefficient af also turns out to be an operator that is automatically
induced upon fixing the field content of the LO operators which are responsible for the
dominant contributions to the charged fermion mass matrices and the LQ couplings X
and §. I note that only the operator with the coefficient a§ gives rise to two independent

contributions to the charged lepton mass matrix M,: one of order A'' and another one of

order A2, see also eq. ((5.142).
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5.7.4 Leptoquark Couplings in Interaction Basis

For the LQ couplings, I begin with the LO operators which are responsible for the structure
of the (23)-block in the LQ coupling X:

Do =Bl T5,6' Qus+ By L5 6" QuaS+ By L5450 QL S® + BI LS ¢ QL S® . (5.123)
At subleading order, I find several additional operators
L0 =B L5, QLT W + B LG ¢' QL STTWT

+ A LG o' QL STUWT + BY LT, 6T Qr S* TTU

+ 85 L5 6" Qr ST (TN W+ B, LS o' QL STTT UT W

+ B0 LG 6T Qu STW? + B, LT 67 Qrs STTW?

+ 8155 L5 ¢ Qu (S TWT + B LT 56" Qu (ST UWT

+ B L5, 0t QLS*WW 4+ BLIT 0T QL S* TTU (5.124)

+ B Lg ¢ Qus (S TWT + B L7 o' Qu 5 (T7)° W

+ 810 L5 6T Qu S* W W + 5 15 67 Q1 (ST U

+ B3 L30T Qu (ST T*W + B3 L35 6 Qus S*TTW

+ 35 LT3 01 Qua (S TWT + 5 LT 6T Qu (ST T2 W

+ B LS ' Qrs SSTIW + B L5, 0" QLSS TTW .
All couplings 3% are complex order-one coefficients. As was the case in the charged fermion
sector, I note that several of these operators induce two respective independent contribu-
tions to the LQ coupling X. The operator with the coefficient 65L leads to contributions of
order A\'” and A!'; the one with B} gives contributions of order A7 and A®; the operator
with B{JO induces two contributions of order A!* and A'?; the one with 3{; yields contribu-
tions of order A'! and A'?; the one with ﬁ1L3 gives rise to two contributions of order A% and

\Y; finally, the operator with the coefficient 34 leads to two independent contributions of

order M1 and M2,

Lastly, I also list the operators which contribute to the LQ coupling ¥ up to and includ-

ing order A'2. As expected from the construction of the model, I identify only two LO
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5.7.4 Leptoquark Couplings in Interaction Basis

operators
2o = Bl Gy o ura + B €5 6T upg 5. (5.125)

Additional operators are found at the subleading level

L3%0 = 05 ¢f ¢l upe ST + B ey ' ups S T

+ B €y &' uns W2 + 5§ o 6T upr ST(UT)?

+ BieG ¢ upt SUW + B e, ¢ ups (1) W1

+ B8 eq ¢ ups STTWT + o €5 ¢ ups ST(TT2 W

+ AR €5 ¢ ups STTTUTW + B €5 ¢T ups ST W2

+ Bk e 0" ure STTT2 W 4 gl ey o upn STTTUT WY

+ 815 e ¢ ur (S1P T U + i ey 0T upn (ST 1T (UT)? (5.126)

+ Bl e 6w (SN TTW + B 5 ot upe (SHPUT W |

+ AR €5 ¢ ups S (T W + B3 e ¢ upe S3 (WT)?

+ Byt €5 0T upe S (TT)? + Bh €%y ¢ upy S* U?

+ B €% ¢l ups (SN UT + Bi G ¢ ugs S W

+ B35 €5y 8T ups (SN TW + B35 e, &' ups (ST T2 W

+ B €% ¢ upey STTTW + B €5y ' up (ST T WT

+ B8R eq ¢t ups (STHE T2 W,
with all coefficients 37 being complex order-one numbers. The presence of the first and the
second operator is automatic upon fixing the transformation properties of the fields which
are relevant for the LO terms of the charged fermion mass matrices M,,, My, M, and the
LQ couplings % and . I note that all listed operators give rise to a single (independent)

contribution to §.
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5.8 Appendix: Mass Matrices and Leptoquark Couplings in

Scenario A

For the sake of contrast with section[5.3] where scenario B was focussed on, herein I present
the form of the up-type quark mass matrix M,,, the unitary matrices L, and R,, and the
form of the LQ couplings x, y and z as defined in eq. in scenario A. As there is
no difference between the respective down-quark and charged lepton mass matrices in the

two scenarios, they are not explicitly referred to in this section.

5.8.1 Up-Quark Sector

In the absence of an enhancement of the element (M,)3 as is present in scenario B, the
effective parametrisation of the up-type quark mass matrix up to and including order \'?

reads in scenario A

fi1 A% f1a N> fi3 A8
My=| fu A0 foo Xt fog 22 | (HE) (5.127)
fai A2 faa Xt fas

where f;; are generally independent, complex order-one numbers, apart from fi2 and fao,
see section [5.3.1.1] Regarding the up-type quark masses, the only difference between
scenario A and scenario B is related to subleading corrections to the top-quark mass m;

which appear at order A% in scenario A, but at order A% in scenario B.

The matrices L, and R, transforming LH and RH up-type quarks from the interaction to

the mass basis read, up to and including order A'2,

2
L= X 00 f2A+ oY )8 4 O(X)
2
2
eyt LO0)  —EXR1O0Y) 1o
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5.8.2  Quark Mixing

and
1+0(\9) % A5+ O(X9) % A2 4 (A12)
R, = _f1;22f212 Ao+ O()\G) 14+ O()\S) % 2 (’)()\6) . (5.129)
fufiafsr A9 4 (’)(/\10) _f2 4 (9()\6) 1+ (’)()\8)
f222f33 f33

5.8.2 Quark Mixing

From the matrices L, and Ly shown in eq. (5.128) and eq. (5.18)), respectively, I obtain

the following CKM mixing matrix in scenario A

2
L= A+ 0)  —f2A+ 00 B2 X3+ O(X)
2
V=LL= Latond)  1-ENront)  —wmaz+on
Va1 A%+ O(\?) Vaa A2+ 0N 1— L(Va)2 M+ 0O(X5)
(5.130)
with
fos  da3
Vag = =5 — — 5.131
%2 f33  ds3 ( )
and
fis diz di2
Vo= — — — — Va9 . 5.132
N7 fas dsz dyy ( )

Obviously, the element Viq ~ A8 is predicted to be further suppressed than the experi-
mentally measured value V4| = 0.0085470 0001 ~ A% [29]. Furthermore, assuming that
the effective parameters d;; and f;; are complex, one can estimate the size of the Jarlskog
invariant as in Jop ~ A, see eq. (2.29), which is in conflict with the measured value,

Jop = (3.004045) x 1075 ~ 28 [29).

In addition, I note that the predicted relation between Vs, Vi and Vi, is too tight to
accommodate all three CKM-matrix elements in accordance with experimental data [29].

One has

d
Vius| & Si2l 3 ) and V| ~ S da) o e (5.133)
fa2 faz  das
as well as
fi2 [ fa3  dos
Mol 7 (= )| = el ¥l (5.130)
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so that |V,s| = 0.22650 and |V,| = 0.04053 [29] imply |Vis| ~ 0.0092. Compared to the
experimental best-fit value |Vyp| = 0.003617090008 [29], this is by a factor of about 2.5

wrong and clearly outside the range preferred at the level of 3 ¢.

These findings are confirmed with a chi-squared fit — while the charged fermion masses
are fitted well at the scale p = 1TeV [378|, quark mixing cannot be brought into full

agreement with experimental data [29].

5.8.3 Leptoquark Couplings
5.8.3.1 Interaction Basis

From the contributions of the operators in eqs. (5.123)) and (5.124)), I obtain the form of
the LQ coupling % up to and including order A'? as in
dll )\9 dlg )\12 0()\12)

o1 A Gpa A3 Gz A (5.135)

">
Il

~ 8 A 2 ~
az1 A°  agz A ass
with the effective parameters a;; being, in general, complex order-one numbers. Their

definitions in terms of the coefficients BZL can be found in eq. (5.143]). I note that the

element #13 is only generated at an order higher than \!2.

Before adopting the charged fermion mass basis, one may already compare this form of
the LQ coupling with the texture laid out in eq. (5.7). The elements in the first column
and /or row are well protected by the residual symmetry Zf;ag, while each element in the

(23)-block has the anticipated order of magnitude in \.

Similarly, from the contributions of the operators in egs. (5.125)) and (5.126), I obtain the
form of the LQ coupling ¥ up to and including order A2 as in

bii A2 bip XY i3\

bor A0 Bag A3 Dbos A3 | - (5.136)
byt "2 bsy by M

<>
I
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5.8.3 Leptoquark Couplings

A~

The parameters b;; are, in general, complex order-one numbers and are related to the

coefficients ,Bl-R as shown in eq. (5.144)).

Comparing this result to the texture in eq. , one sees that the elements ¢35 ~ 1 and
{23 ~ A3 are indeed induced at the anticipated order of magnitude, whereas the elements
2o ~ A% and {33 ~ A\* are also rather large. The latter arise from the operators with the
coefficients 5:? and BJ in eq. which have been identified as being automatically
induced upon fixing the LO operators, contributing to the-charged fermion mass matrices
and LQ couplings X and ¥, and their particle content. Notably, none of the elements of
the first row and/or column of the LQ coupling ¥ is larger than A\?, reflecting the efficacy
of the residual symmetry Zf;ag. Couplings to RH electrons and/or up quarks are thus

very small.

5.8.3.2 Charged Fermion Mass Basis in Scenario A

In scenario A, i.e. in the absence of an enhancement of the up-quark mass matrix element

(M,)13, one obtains the following form for the LQ coupling z from the unitary matrices

L, and L., see eqgs. (5.128)) and ((5.26)), and the LQ coupling X in eq. ([5.135)):
cir A e A ez \?
z=L"RL,=| co M* 903 a3\ | - (5.137)
et AP e\ ess

The effective parameters c;; are related to a;;, e;; and f;; which enter eqgs. ((5.135)), (5.24])
and (5.127)). Again, the explicit form of these relations can be found in eq. ([5.146]).

In comparison with eq. (5.35)), the strong correlation between the LQ couplings x and z

can be evidenced in scenario A as in

AN2
(a11 — % N+ efy )N ciy AT aiz A’
A
z=| (=22 (ag + a3 é) + 0‘241 MM (a2 + a3 é+ 0‘242 M)A (ag3 + c§43 A A

ail

A
(—% (az2 +asz ) + 5 N A3 (az2 +aszé+cih A2) A2 agz +ciy M

(5.138)
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where a;; are the same parameters as in x in eq. (5.29)). In a manner analogous to scenario

B, apart from

i d
A a11f12 +O(\) and ¢= B fas (5.139)

C12 =
fo2 dss  faz’

one may take the new effective parameters Cf} and ¢ to be complex order-one numbers

which account for rather involved expressions in the other coefficients.

Lastly, regarding the LQ coupling y, both its form as given in eq. (5.32) and the definition
of the effective parameters b;;, given in eq. ((5.147)), are identical in scenario A and scenario

B.

5.9 Appendix: Relations between Lagrangian and Effective

Parameters

In the following, I collect the relations between the Lagrangian parameters and the effective
ones which appear in the charge fermion mass matrices and LQ couplings. Note that
the effective couplings are formally taken to be real herein, whereas complex phases are
taken into account for the diagonalisation of the charged fermion mass matrices in the

comprehensive scan.

The effective parameters f;; which appear in the up-type quark mass matrix in eq. (5.127)
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PARAMETERS

are related as follows to the Lagrangian parameters o'
fi1=ay,
fiz = ol +a¥ X+ (af) A2+ als A + alg A2+ alfg A + oy A° + algr AT+ gy A

f13 = Oéqlﬂl )\2 + Oéqu + OéqfﬁA"_ Oéqf7 AQ + agl )\3 + 0538 )\4 y

fa1 =gy,
far = a8 +af X = (aF) A 4+ af A + af A + afy AT + (afs) X+ (afy)' AT, (5.140)

fas = af + (ay) N + (af) A° + afy A1
fa1 = agy +ags,
fao=a¥+a¥ N +ay N4 ai \,
f33 =¥ + oy, M0+ ad A0
For the effective parameters d;; appearing in the down-type quark mass matrix in eq. ,

d

I find the following relations to the Lagrangian parameters o
dip = ad +ad \T+ ady N8,

diz = of + (a§) A + (afy) X + afg A+ 0y X + ags X

diz =ad X +ady+adi A+ N2+ N3 +ady Nt

da1 = o

dp2 = af + (af3)" N + (afe) \° + ag; A1, (5.141)
doz = af + (ag) A + (af;) A° + ags AT,

d31 = af5 ,

daa = ag + a‘f7 PREE ago A6

das = o/lj + 04‘118 MO adg N0

Similarly, I find the following relations between the effective parameters e;; in the charged
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lepton mass matrix in eq. and the Lagrangian parameters a5
e11 = af +a A"+ a5 8
e12 = s ,
eo1 = afy + afs A2+ aSy A3 + agz At
egn = a5+ (a§)' X + a3 A 4 as, MO (5.142)
a3 = af + aSo M4 a$, AB +ag A0 .
e31 = b+ ag N3+ oS A+ afg A2+ afy
ez = o + afg 2N+ as P ass A8
e33 = af + a5 MO+ ag, MO
I continue with the relations between the effective parameters a;; which appear in the LQ

coupling X, see eq. , and the coefficients BZ-L
11 = BY A+ Bio A + Bz A + B3
a2 = (B1y)’
dg1 = B§ + BF A+ BI AT + Bl A+ Blo A + B A
Gzp = A1+ (BF) A+ (B1) A + (B3) X
Ggs = By + Bia A+ Blr A® + B A1
az1 = B5 N+ 5§ + Bis A+ Bl N+ Bls A+ By AT
aza = B3 + (B5)' A+ (Bfs) A° + B A1,

as3 = BT + By A0 + Bz A1

(5.143)

For the LQ coupling ¥ given in eq. (5.136]), one can define the effective parameters Bij in
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PARAMETERS
terms of the coefficients 57 as in
b1 = B + B
bia = Bls + BN + BIE X+ BIE A2 + BET
bis = By A+ B X+ BlH A + B,
821 = 6(? )
boa = B + B A% + Bay AC + BI5 A%, (5.144)

bog = AR+ BN + BN + BR A
83125%—'_16%7
3322554'52}!})\104’/8%)‘10’

bsz = Bi + BEN® + BEAZ 4+ BT

The effective parameters a;; in the LQ coupling x in eq. (5.29)) read in terms of the effective

parameters a@;;, d;; and e;; as follows

ayn = a1 +o(A\3)

Gooer1€21  Gzdazeriear  Gzzeiieaieas  aszdazerne1ens
a2 = — P} 3 D) - P + O()\) 5
€22 dssesy €32€33 dszesqes3
dgze1rez1  (33€11€21€23 9
ajz = — 3 3 + O(A ) N
€22 €22€33
as = a1 + O(N)
do3 a33€23 a32€23
” ~ 2
a2 — a9 — —— | A23 — - + O()\ ) y (5.145)
ds3 €33 €33
. a3ze23 2
a23:a23—7+0()\ ),
€33
. azadi2  azzdiz | azzdiadas O
a3l = as1 — ~ 4 dond +0O(N),
doo 33 22033
N a3sdo3 9
aszy = gy — ——— + O(\*) ,
ds3

ass = as3 + O(N\?) .

Similarly, one can express the effective parameters ¢;; in the LQ coupling z in eq. (5.137))

219



CHAPTER 5. FLAVOUR ANOMALIES MEET FLAVOUR SYMMETRY

in terms of a;;, e;; and f;; and find for scenario A

c11 = ay + O\,

a
1y — 11.f12 oM,
f22
Ggzei1e21 | (33e11€21€23 9
€13 = — +O(A )
6%2 e%2633 (X)
12 . . . .
co1 = __fiz (G33€93f23 — G23€33 fa3 — G32€03 f33 + Aazessfaz) + O(N?)
e33 f22 f33
. a32€23 . asze23 f23 2
Cog =Qgg — —— — | Ga3 — —— | =—— + O(N\7), 5.146
e €33 ( 23 €33 > f33 (A% ( )
. a33e23
C93 = dog — Tems +0(N),
f12(a33 faz — @32 f33) 9
C31 = +O(A )
f22f33 )
. a33 f23
C32 = a32 — f:j; + O(A2) )

C33 — &33 + O()\2) .
The effective parameters b;; in the LQ coupling y given in eq. (5.32)) read for scenario A
in terms of Bij, €ij and fij
b1 = 611 + 0()\3) ,

A 522621 532631 1332621632
2
bia = b12 — - + +0(\),
€22 €33 €22€33

. b
b1z = b1z — 2281 O(\?),

€22
byt — _522f11f12 bssexseasfiifiz  bazesafiifiz oM
f222 €§3f222 e33f222 7
. b
by — by — 32(@22625; e32€33) + 00, (5.147)
33
bas = baz + O(\Y) |
b
by = — 32f121f12 Lo,
I3
by = by + O(N%) |
. b
bss = b3z + 3;3'};32 +0O(\?) .
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5.10 Appendix: Formulae for R(D) and R(D*)

I define
RD) _ Gy R(DY) _ _ GY (5.148)
R(D)sm G? + GlD’ R(D*)sm GQD* + G{D*
with
5 1, a=1
N 2
D ( 0500, a=2 ¢ |VaGroas — Clelilsas(us)|
5=1
0.500, a=3
0.596 0.272
2 2

+9 0593 ¢ |CERE sasum)| +4 0272 ¢ |CIAE s02(nm)|

1.120 0.662
(5.149)

0.000

-9 0.079 ¢ Re ((VchF(saﬁ - Cyegﬁ,ﬁa:aQ(ﬂB)) 056135750432(“3))
1.563
0.000

— 9 0.084 ¢ Re ((‘N/chF‘;aﬁ - Cz‘//;gz%,BaSQ(MB)) Cﬂ@ﬁza?ﬂ(/@)) )
0.959
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and
. [ 0s01, a=1
G2 Y (1 0499, a=2 ¢ |VaGroas — CYEE pusalin)|
T 10000 a=3
0.039 6.372
40039 { |CSBE susa ()| +1 6364 1 |CEAR pusa ()|
0.053 15.347
(5.150)
0.000
— 4 0012 { Re ((VaGroas — Cluii pasa(np)) Cotiithasn (1s))
—0.139
~0.001
—4¢ —0.261 ;Re ((‘N/;:bGF(;aB - Cl‘//eﬁﬁ,ﬁaw(MB)) Cﬁ@ﬁ%m(#B))) .
—~5.620

Here, Vy, = (146)-2v/2V,y, and « (B) denotes the flavour of the charged lepton (neutrino)
in the final state. The numbers in the first (second) [third] entry of the vectors in curly
brackets encode the hadronic form factors employed by flavio [11H13] since v2.0, and
the integrated-out phase space for « = 1 (2) [3]. These numbers can be compared to the
ones that are found in ref. [439]. The correction 6 = 0.007 accounts for QED running
of the SM contribution to CVLL from the Z-boson mass scale down to the hadronic
scale p = up = 4.8 GeV. I employ the PDG value V,;, = 0.0405 [29]. Using the values
R(D)sm = 0.29740.008 and R(D*)sym = 0.24540.008 output by flavio, v2.3, I find that

the results obtained from the expressions above deviate from those obtained from flavio

only by up to 0.5% in the ranges of R(D(*)) displayed in the plots in section

5.11 Appendix: Matching Results for Leptonic Lagrangian

The one-loop contributions to the WCs in the effective leptonic Lagrangian can be grouped

according to the type of diagrams. Firstly, the results for short-distance contributions from
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5.12. APPENDIX: EFFECTIVE COUPLING CONSTANTS FOR p— FE
CONVERSION

Z-penguin diagrams read@

CVLLZ 3v2Gr(1 — 2s3y)
ee,ijkl 647’(2

CVRRZ 3V2Grsy,
ee,ijkl 3972

CVLRZ _3\@GF
eeijkl 1672

t(1 4+ Inty) (0uzgzzj3 + dijzp3 a3 + 023253 + djk23213)
te(1+Inty) (Saviayss + 0ijUiavis + Onyisyss + Onyisys) ,  (5:151)

tt(l + In tt) ((1 — 2512,V)5,-jy23y13 + 2812/{/(5]4[2;32]'3) ,
with the Fermi constant G and the sine of the weak mixing angle signified by sy .

Secondly, the results for short-distance contributions from photon-penguin diagrams read

VLL, «Q * * * *

ceijhl = 96;21% > (54 4nty,,) (6uzemzim + Okizimzim + 0ij ZemZim + Ok 2im2im)
m

VRR, «Q * * * *

ee,ijk? = 967':;1135 2(5 +4Inty,,) (CaYem¥Yim + Ok¥imYim + 0ijYim¥im + OikYimYim)
m

VLR, « % *

Coeijhl = 247:;;35 > (5+4Inty,,) (OijYemim + Okizimzim) (5.152)

m

with the fine-structure constant aey,. Thirdly, the results for short-distance contributions

from box diagrams read

VLL,bOX _ 3 * * *k *
eeijkl 2567T2m?¢ Z Zjm=Zin (Zinzkm + Zz’mzkn) )
m,n

VRR,bOX o 3 i * F'S * *
ee,ijkl - 25671-2”7’;22) ;y]myln (yinyk‘m + yimykzn) ) (5153)
VLRbox _ 93 . %
eeyijkl 647T277’L¢ Z YimZjmYrn“im -

m,n

Lastly, the short-distance contributions from Higgs-penguin diagrams are neglected due

to the small Yukawa couplings to the charged leptons.

5.12 Appendix: Effective Coupling Constants for ;1 —e Con-

version

The effective coupling constants for y — e conversion in nuclei used herein read

YNote that the masses of the external leptons are set to zero here, thus the contributions
are proportional to the square of the internal quark mass, that is, there are two mass
insertions on the internal line. The contribution with an internal top quark is by far the
dominant one.
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qi, N SRR SRL
-gLS - Z G ( eq,12i4 + Ceq,12ii>

~(N i) SRR« | SRL
gg%S) = Z Gq (Ceq 2143 Ceq,21ii)
i
(Lp\)/ = (CZLLlen +Cy 1211) + (CZingn + Xingll) (5.154)

gl(é)) ( 9 (CVRR

COVER VLR
eu1211 T Cue 1112) )

Ced1211 T Cae 1112

VRR VLR

~(n) _ VLL VLR OV LL VLR
grv = (Cewizn + Cenion Cediz11 + Ced 1211
( ed,1211 T Cae 1112)

~(n) _ VRR COVLR
rv = (Cex 211 + Cue itz

with N =p,n
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Chapter 6

Conclusion and Future Directions

In this thesis, I have demonstrated that it is indeed possible to investigate the origin behind
the observed flavour structure of nature in several ways. Specifically, a class of models in
which neutrino masses are radiatively generated is studied in chapter 3, which represents
an intermediate avenue between model-based and model-independent analyses. While
chapter [4] demonstrates the fruitfulness of the latter approach, a thorough investigation of

a concrete new-physics model is detailed in chapter

After having reviewed some technical aspects of flavour physics in and beyond the SM in
chapter |2 T continued with the above-mentioned study of a simplified model containing a
singly-charged scalar singlet h ~ (1,1, 1) under the assumption that this particle generates
the main contribution to Majorana neutrino masses. Since the antisymmetric coupling yp
of h to two LH lepton doublets is the only renormalisable interaction with SM fermions,
this extension of the SM can be very predictive. In particular, the minimal scenario of
adding one copy of h to the SM particle content yields only two possible structures for
the neutrino mass matrix, and it allows for the straightforward derivation of a necessary

condition for the elements of y;f in terms of experimental neutrino data.

Indeed, in this case it is not necessary to specify the mechanism of how the breaking of

lepton-number conservation is achieved, which may involve further new particles, effec-
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tive interactions, strongly coupled dynamics or other features. Several well-known mod-
els of radiative neutrino mass generation, that is, the Zee model [60H62], the Zee-Babu
model [63-65] and the KNT model [66] are different realisations of this minimal scenario.
In the regime where NP effects at low energy are only induced by h to an appreciable
extent, the results of the study of the simplified model can be expected to agree with the

predictions obtained from complete models to a good degree.

With the prospect of more data on leptonic CP violation becoming available, e.g. at Hyper-
Kamiokande [116] or DUNE [117], as well as further insights into the mass ordering in the
neutrino sector for instance at JUNO [118], the constraints on the couplings yzj are set to
become more stringent in the near future. Overall, the feasibility to quantitatively study
a specific class of neutrino mass models lays the ground to repeat this exercise for other

BSM particles.

Following a somewhat different approach, in chapter [] I formalise the extraction of in-
formation about NP via a careful investigation of experimental data on decay processes
mediated by the transition b — svv. It is studied how current bounds on and future
sensitivities to the observables BR(B — Kvv), BR(B — K*vv) and BR(B — Xvv) as
well as F1(B — K*vv) can be used to constrain different effective operators, under the
conservative assumption that Belle IT will not detect a deviation from the respective SM

expectations.

Since I make use of the most general set of dimension-6 operators in LEFT which con-
tribute to b — svv [192,298] including massive sterile neutrinos, except for the dimension-5
neutrino dipole operators, the results can be applied to any concrete model which intro-
duces NP at or above the electroweak scale and contributes to at least one of the considered
operators. The results show that one can expect the currently established bounds on the
WCs associated with the different operators to be considerably strengthened, and that
the constraining power of the considered observables is (partly) complimentary. There-
fore, a case can be made for model-independent studies of other rare processes, or for a
further refinement of the one laid out in this thesis, for instance with regard to subleading

contributions to the inclusive decay mode B — X vv.
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Lastly, in chapter [5] I demonstrated that one can successfully explain the charged fermion
masses in the SM as well as quark mixing together with currently observed anomalies
in R(D) and R(D*) and of the AMM of the muon via a model which makes use of the
discrete flavour symmetry Gy = D17 x Zy17. The presence of two Higgs doublets H,
and Hy (in the decoupling limit) and the enlargement of the SM particle content by a
scalar LQ ¢ ~ (3,1, —%) is assumed. The flavour symmetry is intact at high energies,
but gets broken by the non-zero VEVs of several spurion fields. It was found that the
most stringent constraints on the viable parameter space of the model currently arise
from the non-observation of the radiative cLFV decays 7 — uvy and u — ey. A successful
accommodation of the anomalies in R(D) and R(D*) and of the AMM of the muon
proved to be very challenging in an unbiased scan with only the most relevant observables

included.

Therefore, biases were extracted in order to target preferred regions in parameter space
in a more comprehensive scan. This allowed for an explanation of R(D), R(D*) and the
AMM of the muon at a CL of 3¢ for the LQ masses 14 = 2 and 4, and even at 20 in the
case of 1y = 2, while all considered experimental bounds were respected and a successful
fit to the charged fermion masses and quark mixing was achieved. Signals in several cLF'V
it — e transitions were found to be a typical signature of explaining the AMM of the

muon.

Key avenues to further improve the model are the incorporation of lepton mixing and
non-zero neutrino masses as well as predicting Jop ~ A% in terms of operators respecting
the flavour symmetry Gy, which might in fact necessitate a modification or enlargement
of Gy, and/or a change of the transformation properties of the particles contained in
the model. Other refinements could consist in forbidding operators which violate the
conservation of baryon number in terms of the flavour symmetry, and suppressing the
coupling between ¢, a RH electron and a RH top quark by a further factor of A or A2. The
latter has proven crucial for a simultaneous amelioration of the anomalies in R(D), R(D*)
and Aa,. On the phenomenological side, an incorporation of further observables related

to the underlying b — ¢ transitions would be desirable, for instance R(J/) [130], R(A¢),
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angular distributions in B — D*e;v [133] and the longitudinal tau-lepton polarisation
in B — D*rv [131]. For an extended version of the model, one might also attempt an
explanation of the observed anomalies in b — s transitions, that is, R(K), R(K™*) and

Bs — up.

The quest to shed light on the inner workings of the flavour structure of nature is pursued
on many frontiers, both theoretically and experimentally, and the prospects for major
breakthroughs in the next decades are good. The approach of simplified models will
prove useful for navigating further efforts to decipher the origin of neutrino masses, which
may be seen as the most pressing open question in the field of flavour physics. On the
experimental side, precise measurements of rare processes as well as a further investigation
and clarification of the situation regarding currently observed anomalies will be absolutely
crucial. Together with efforts in model building as well as EFT-based studies performed
in the theory community, with examples laid out in this thesis, we can expect to at least

catch a further glimpse of what constitutes the fundamental structures of our universe.
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