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Introduction and Outline

The deepest knowledge of the nature behavior is today represented by Standard Model
(SM) of particle physics. This quantum field theory is briefly presented in Chapter 1,
where we discuss its foundations in terms of particles and gauge symmetries. In particular
we focus on the scalar and flavor sector, that are the main concern of this Thesis. We show
that the elegance of the theory seems to be completely lost when we consider the ultra-
high sensitivity to the short-distance effects in the scalar mass term (hierarchy problem)
or when we try to explain the peculiar patterns of masses and mixings that we observe in
quarks and leptons (flavor puzzle).

Anyway if the hierarchy problem seems to indicate that some unknown completion
of the SM should be at the TeV scale, the experimental data agree with high precision
with the SM. For this reason we know that if some New Physics (NP) is close it must be
highly non-generic, specially in its flavor sector (flavor problem). After quantifying this
considerations in Chapter 2, we present a possible solution to this problem (at least from
the flavor point of view), that is the Minimal Flavor Violation hypothesis.

In Section 2.3 we present one of the most prominent candidates for a theory beyond the
SM, that is the supersymmetry. We again discuss with particular attention the Higgs and
flavor sector of the Minimal Supersymmetry Standard Model. In particular we show that
within the minimal framework of this theory the recent LHC results are pushing higher
and higher the scale of the supersymmetric particles, stepping away from the naturalness
expectations.

Nevertheless, some new ideas able to explain what has been observed so far have
emerged. For example the squarks of the first two families can be significantly heavier
than the third generations (split-family SUSY), explaining the fact that we haven’t seen
any supersymmetric particle and keeping the theory natural at the same time. This
possibility is analyzed in Chapter 3, where we present a specific flavor model compatible
with such a scenario and based on a U(2)? flavor symmetry. We show that this symmetry
is not only able to give the desired suppression to Flavor Changing Neutral Currents, but
it can also provide some insight into the SM flavor puzzle. However the U(2)? model is
able to describe only the quark sector, while in a complete theory we need to enlarge
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the description also to leptons. This goal is achieved in [1] and presented in Section 3.2.
Starting from the maximal U(3)° symmetry we show how it is possible to obtain a two
steps breaking leading to O(3) in the neutral sector and to U(2)® in the charged sector,
to be able to provide a good description of the lepton sector and keeping the (s)quark
as in the original U(2)® model. We also calculate the Lepton Flavor Violation processes,
testing the goodness of the model in this respect.

The same model is analyzed also in Section 3.3, where we assume the U(2)? flavor
symmetry to be broken at a very high scale, instead of being directly applied at the
electroweak scale [2]. We present the Renormalization Group Equations effects on the
low-energy parameter space. For example we check under which conditions it is possible to
obtain a splitted squark spectrum and if the typical U(2)? mixing properties are preserved
by the running. We also study possible deviations from the minimal breaking patter of
the flavor symmetry and the effects of some usually neglected AF = 2 operators.

Beside supersymmetry, other New Physics theories have been proposed in order to
solve (at least in part) the problems of the SM. In the second part of this Thesis we take a
more general approach: we analyze in a model-independent way a few phenomenological
consequences of possible deviations from the SM Higgs sector. In fact almost all the SM
problematic aspects are in its scalar sector (hierarchy problem, flavor puzzle, vacuum
stability, neutrino masses and also cosmological constant problem) and for this reason a
motivated NP Higgs sector usually introduces several new features not present in the SM.

Thus, the recent LHC discovery of a new scalar neutral particle gives us the important
opportunity to probe the SM and its possible completions in one of their crucial aspects.
In Section 4.1 we present a general analysis where we i) analyze the indirect constraints
on possible flavour-violating couplings of the Higgs set by low-energy flavour-changing
transitions, ii) analyze the consequences of these constraints on possible flavour-violating
decays of the Higgs boson [3]. In particular we show which are the flavor-changing decays
that could be observed with the LHC sensitivity.

In Section 4.2 and 4.3 instead, we focus on a class of theories beyond the SM, that is
the 2 Higgs Doublets Model. In this framework we analyze the B-physics phenomenology
and in particular the decay B — 7v that seems to show a slight tension with the SM
expectation [4]. We present under which conditions it is possible to obtain an enhancement
in the decay rate assuming Minimal Flavor Violation and considering all the other flavor
processes relevant at large tan 5. We also show a preliminary study, where we compare
the discovery potential of the processes B — 7v and By — pupu, in view of the experimental
prospects of LCHb and a possible superB machine [5].

IV



Chapter 1

Standard Model and open questions

1.1 The Standard Model

The ultimate description of all the known natural phenomena can be given in terms of
fundamental particles and their interactions. The elementary particles are the constituent
elements of matter and radiation and their dynamic is governed by four different types of
interactions: electromagnetic, weak, strong and gravity. Between the latter, gravity plays
a special role because its quantum effects become important only for very high energy
densities, that are not in practice accessible to experiments in laboratories. Therefore our
deepest knowledge of the nature behavior is given today by the Standard Model, which
is a quantum field theory giving an accurate description of all the known particle physics
phenomenology at the current experimental energy scales.

Particles and gauge symmetries

The SM is a quantum field theory based on the invariance under the gauge symmetry

group
Gsu = SU(3). x SU(2), x U(1)y . (1.1)

The matter fields are spin 1/2 particles, that differ according to their transformation
properties under the symmetry group, as shown in Tab. 1.1; in particular quarks are
charged under SU(3). while leptons are not, left-handed fields are in SU(2), doublets
and there are no right-handed neutrinos.

SU(3), is the colour group of the strong interaction, described by a theory called QCD;
it has 8 generators corresponding to the spin zero force mediators, called gluons. The
non-Abelian structure of this gauge group gives the main properties of QCD: aymptotic
freedom and confinement. The effects of the gluon self interactions renders negative the 3
function of QCD and this causes that at low energies the quarks are bound in composite
structures called mesons and baryons, while at high energies the theory becomes weakly

1



2 CHAPTER 1. STANDARD MODEL AND OPEN QUESTIONS

Qr |dr | ug | Ly | er
T[4 [ [3]h]
SU@)L | 2 1] 1] 2|1
SUB). |3 |3 |3 |11

Table 1.1: Quantum numbers of the matter fermion fields of the SM.

coupled. A combination of SU(2); x U(1)y gives the electroweak interactions, described
by the QED. In particular SU(2), is the weak force group, it has 3 generators T; and
it acts only on the left-handed fermions. A combination of two of these generators gives
the charged W* gauge bosons, while the third one mixes with the U(1)y generator Y to
form the neutral Z boson and the photon +. The electric charge is therefore given by

Q=T;+Y/2
The gauge invariant Lagrangian is given by
. 1 A vA
['K = Z <szpwz - ZquuFrZ > ’ (12)
D,u = au'i_igmvmu) (13)
Fném/ = aﬂvn?u+alfvﬂ?u _gCABCVW?uVW€V7 (14)

where the sum is extended to all the fermions ; and all the interactions g,, with the
corresponding generators VW“L‘“.

Electroweak symmetry breaking

The SM Lagrangian can be written as
Lsy =Lk + Ly + Ly, (1.5)

where Lk contains the kinetic terms and the gauge interactions given in Eq. (1.2) (with
the addition of the ¢ kinetic term), Ly gives the Yukawa interactions and Ly is the scalar
potential. The whole Lgy; is Ggy invariant but the minimum in Ly is not and this
generates the spontaneous breaking of SU(2);, x U(1)y — U(1)g. To be more precise,
given the simplest form of Ly

Ly =—1¢'o — No'9)?, (1.6)

it gives a continuum of degenerate states of minimum energy, that all together are sym-
metric, though the single minimum states are not. The fact that the system is found
in one particular minimum generates the spontaneous breaking of the symmetry. This
means that the interactions are kept symmetric, while the mass spectrum violates the
symmetry. In particular in Eq. (1.6) the negative squared mass doublet ¢ in the unitary
gauge takes the vacuum expectation value (vev)

ol = (g ) = %



1.1 THE STANDARD MODEL 3

10 10t CIV\AS Pre;iminar; —=— Observed B
F ATLAS 2011-2012 [t I Vs—7TeV.L = 5.1 fb" 5 Expected (68%)|]

| Vvs=8TeV,L=53fb'  [----- Expected (95%) |

E Vs=7Tev:[Lat-46481" L[ Jt20
[ \s=8Tev:|Lat=58591" — Observed
/\ ----- Bkg. Expected

95% CL Limit on p

-1
o' CL, Limits I |
- 1 1 1 1 1 1 -
1o 180 200 300 400 5(8 v 110 115 120 125 130 135 140 145
m,, [GeV] Higgs boson mass (GeV)

Figure 1.1: Observation of a new particle in the search for the Standard Model Higgs
boson with the ATLAS (left) and CMS (right) detectors.

After a shift of the fields around the minimum, this gives three Goldstone bosons that
become the longitudinal components of the massive W+ and Z, and one additional scalar

neutral particle, called the Higgs boson, h.
Even if the mass of h is not determined by the theory, the Electro Weak Precision
Test and the non-observation of h at LEP2 suggest that in the SM [6]

114 GeV <my, <171 GeV  (95%c.l.). (1.8)

This uncertainty on my, is now disappeared after the 4 of July 2012, when ATLAS and
CMS announced the discovery of a neutral scalar particle compatible with the SM Higgs

boson, with mass

m, = 1253409  (CMS[7)), (1.9)
mn = 1260408  (ATLAS [8)), (1.10)

as shown in Fig. 2.1. May be it is still too early to assert that the SM Higgs mechanism
is at work, but certainly the agreement between the SM expectation in Eq. (1.8) and the
experimental values in Egs. (1.9) and (1.10) is promising.

The flavor sector

Quarks and leptons are present in three generations with equal quantum numbers but
with different masses. The origin of this triple replication of the SM fermion content is
one of the most mysterious aspects of the theory.

As far as the masses are concerned, the chiral nature of the SU(2); gauge symmetry
prevents a direct fermion mass term in the Lagrangian. Such term arises through the
Yukawa interactions with the Higgs field in

Ly = (Y)ijQriur;é + (Ya)i;Qridr ;o + (Yo)i;Lrier;o, (1.11)
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where ¢ = —i(¢'m)T and ij are generation indices. After the electroweak symmetry
breaking the neutral component of Higgs doublet can be written as ¢, = (v + h)/v/2,
where the term proportional to v gives the fermion masses

v
ﬁ )

while the piece with h gives the interactions between fermions and the physical Higgs

(M,);jupur; + (Mg)ijdpidg; + (M) jéLier;, M;=Y; (1.12)

boson.

In general the Yukawa matrices are non-diagonal in the interaction basis and therefore
it could be possible that the gauge or kinetic terms mix the mass eigenstates. Within
the SM this is the case only for the weak interaction, which is the only force that couples
up and down sectors. Note that in the Higgs sector the mixing between left and right
components could also generate non-diagonal interactions, but this does not happen in
the SM where there is only one Higgs doublet and then the masses and the couplings with
h correspond. In the quark sector, being U¥,Ud U%, U4 the unitary transformations
that diagonalize Y, and Yy, it results that in the mass basis the weak current becomes*

Jy = Ugy,dy — apUp USy,dy (1.13)

giving the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix

Vud Vus Vub
Ve =UpUE = | Vi Ve Vi | . (1.14)
Via Vis Vi

With a proper rephasing of the fields it possible to show that Vg s contains 4 independent
parameters, 3 angles and 1 phase. An important observation is that the phase, dcx s, is
the only source of CP violation in the SM.

1.2 Open questions

The SM has been tested in the past decades to a very good precision in both direct
and indirect searches at particle colliders. It showed a very good agreement with the data,
except for some small anomalies that are still under discussion. Nevertheless the SM can
not be the "ultimate” theory of nature, due to the following arguments:

e Only three of the four fundamental forces are considered in the theory. This is a
very robust approximation at the current experimental energies, but at very high
scales gravity effects become important.

e Almost 23% of the Universe is composed by non-ordinary baryonic matter, called
Dark Matter (DM). This means that new quantum excitations must enter into the
play at some energy scales.

*In this notation UV, U% = diag(yu, ye, i) and Ul 'YaUS = diag(ya, ys, vs)
t Another possible source of CPV is the 0gcp term that will be discussed in the next Section.
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e Charge quantization and anomaly cancellation appear in the SM as an accident and

a more fundamental explanation is missing. For example in Grand Unified Theories
(GUT) the down quark electric charge is 1/3 of the electron charge because of the
quarks are present in three different colors.

e Matter/Antimatter asymmetry in the universe can not be explained within the SM.

e Neutrinos are not massless and the smallness of their masses seem to point to a
very high scale in which the Lepton Number is violated, for example given by the
vr Majorana mass scale in the see-saw mechanism.

e The flavor structures of the SM span over several orders of magnitude without any
apparent reason (flavor puzzle).

e The Higgs potential is quadratically sensitive to the cut off of the theory in the
quantum corrections (hierarchy problem).

The last two points are the main motivations for this Thesis and so they deserve a separate
description.

1.2.1 Flavor puzzle

One of the more unclear aspects of the SM is the Yukawa sector. For example in the
charged sector the observed pattern of masses and mixings is strongly hierachical, with
some Yukawa couplings being very small without any apparent reason. It is therefore
plausible that a more fundamental theory could explain this hierarchy.

This can be easily achieved with the introduction of a flavor symmetry, that could
distinguish between the different generations. In the Froggatt-Nielsen mechanism [11],
for example, the basic idea is that the small mass terms are given by non renormalizable
operators involving, in addition to the regular Higgs field H, exotic matter states y and
new scalar fields 6 called flavons, as shown in Fig. 1.2. The number of flavon insertions
corresponds to the charge of the fermion ) with respect to a new flavor symmetry, U (1) py,
and the suppression of the mass is proportional to the dimension of the operator:

My ~ <J<\2>n;§ (1.15)

Otherwise another typical approach is given by models with Extra Dimension [12],
where the hierarchy of fermion masses is generated from the different distributions of the
particles in the bulk: the heaviest fermions correspond to the ones closest to the brane
where the Higgs is located. Anyway in this Thesis we will concentrate more on the first
possibility.

On the contrary in the neutrino sector the hierarchy of the masses is milder and some
mixing angles are large. In particular the neutrino mixings can be described with an
anarchic approach [13] or with a broken discrete flavor symmetry [14], in which large
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<H> <H> <0> <0> <H>

< >l — L1«
Y3 VY3 V. X X X X W

-
>

Figure 1.2: Schematic diagrams for Froggatt-Nielsen mechanism. Here a and b are the
family indices. (x,x) are the vector-like Froggatt-Nielsen fields. Left: the tree level
diagram generating the mass of the third family. Right: higher order diagram generating

the mass of the lighter matter fields of order ~ (%)” .

mixings are automatically generated. The mass spectrum can be quasi degenerate, or
with normal or inverted hierarchy, depending on the absolute neutrino mass scale which
has not been measured jet. Several future experiments based on (-decay [15], 0v33 [76]
and cosmology [77] are designed to measure this quantity.

1.2.2 Hierarchy problem

As already discussed the spontaneous breaking of SU(2);, x U(1)y generates the W=
and Z bosons masses. This implies that the physical p parameter in the Higgs potential
should be of the same order of magnitude of myy+ and my, ie

—pi? ~ (100 GeV)?. (1.16)

Unfortunately —p? is the mass square of a scalar field that receives quadratically divergent
quantum corrections. This very high sensitivity to the short-distance effects makes the
theory very unstable and unnatural. In practice this problem can be seen in the Higgs
mass. In fact its bare value is

e = — 24 (1.17)

and it gets dominant corrections from a top loop, that gives

My = M+ My Oy~ —5 A, (118)
where A is momentum cut-off introduced to regularize the loop integral. The problem is
that if the SM is assumed to be valid up to Mgyt for example, then A = Mgyr and a
huge cancellation is needed between the loop correction 5miltop and the bare mass mi‘bare
in order to reproduce mpphysical = 125 GeV. Otherwise, if we demand that the quantum
corrections do not exceed the physical Higgs mass, A must be close to the TeV scale and
within the reach of LHC.

Note that the same argument does not apply to the other particles of the theory
because they are protected by extra symmetries (chiral symmetry for fermions and gauge
symmetry for v and g), forcing the quantum corrections to be only logarithmic.



Chapter 2

The flavor problem and
supersymmetry

Among the open questions of the SM, the hierarchy problem seems nowadays the most
pressing. In fact, differently from the other issues, its solution requires that new degrees
of freedom, that we call New Physics, must be very close, at the TeV scale. For this
reason in the recent decades the physics community has focused on the development of
a low-energy extension of the SM and on the study of its phenomenology. It is fair to
mention, however, that other alternative approaches to the hierachy problem exist:

e The SM can be assumed to be the ultimate theory of nature or at most, if there
exist any other fundamental scale, it is totally decoupled from the SM (in spite of

the presence of gravity).

e Infinite realizations of the Universe exist and we live in one of the few in which the
high finetuning of the parameters allows our existence (for example with a higher
value of my, the atoms could not have existed). This is the anthropic solution.

These positions are certainly respectable and, for instance, the latter is usually consid-
ered a plausible solution for the cosmological constant problem. Anyway in the past
centuries every "unnatural” phenomenon has been understood in terms of a more funda-
mental theory. Therefore in this Thesis we will not consider these approaches, but we will
concentrate on the low-energy phenomenology of theories beyond the SM.

In this respect, if new degrees of freedom are relatively close we could measure them
in two different ways. First we could produce directly some new resonances at the high
energy colliders, such as the LHC, second we could measure their indirect effects in the
quantum corrections to the low energies observables. In this Section we concentrate on
the latter possibility, showing that the flavor physics gives an interesting testing ground
for the SM and for the new theories.* At the end of the Section we also comment on
one of the more motivated SM extensions, supersymmetry (SUSY), also in relation to the

*Interesting reviews on this subject can be found in [17-19].
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8 CHAPTER 2. THE FLAVOR PROBLEM AND SUPERSYMMETRY

flavor problem. T

2.1 Flavor and CP violation in the SM

The term flavor physics refers to the interactions that distinguish between the various
generations. In the last decades flavor physics has shown a great development in both
quark and lepton sectors. In fact, from the early years when the existence of the charm
quark was inferred from the smallness of the ratio I'(K, — uu)/T'(K*T — pv) and its
mass predicted from the size of the mass difference Amyg = mg, — mg,, passing through
the nineties when the top mass value was indicated by Amp and to the latest LHCb
results, flavor physics has been able to discover or probe New Physics before it could
be directly observed in experiments. Moreover in the lepton sector the observation of
neutrino oscillations has shown that neutrinos are not massless and has opened a window
on energies close to unification scale.

In this Section we comment the main features of the SM flavor physics. In particular we
show why the phenomena of Flavor Changing Neutral Currents (FCNC) and CP Violation
(CPV) are particularly indicated for testing the SM and how all these informations are
put together in the unitarity triangle fit.

2.1.1 FCNC

As already discussed in Sec. 1.1 within the SM the FCNC occur only at loop level and
therefore are highly suppressed. For this reason these processes can be very sensitive to
non-standard effects, which themselves usually contribute at loop level and are suppressed
by the NP scale.

Consider for example neutral meson mixing, in which each flavor quantum number
is changed by two units (AF = 2). As shown in Fig. 2.1(a) for the Kaon case, this
process is obtained from a box diagram and therefore presents the typical loop suppression
Qyear/4m. In addition, due to the unitarity of the CKM matrix, the total amplitude
results proportional to the fermion masses circulating in the loop,! giving in total the
overall factor

iS " Uq

> Ayeak Ty My
AK - K * — 2 2V* Via. 2.1
( — ) XX dr Vu V d m%/v VujSV]d ( )

This is a very strong suppression for all the light quarks in the loop due to the ratio
m2 /myy, (GIM suppression) and also for the top loop due to the small CKM mixings
with the third generation (V;:Viq)? (CKM suppression).

The same suppression is present also in all the neutral AF = 1 processes. An illus-
trative example is given by the b — sv transition given by the penguin diagram shown in
Fig. 2.1(b), contributing, for example, to the B — X,y and B, — putu~ decays. Also in

TFor a review see [20,21] or one of the various text books on the topic.
tEach u;-fermion line in the loop gives a contribution proportional to > Vs W\/uid, that in
u;

the limit of equal masses is zero, given that Vu*zd,- Vasdi = Ojk-
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(a) K — K mixing (b) b — sy

Figure 2.1: FCNC responsible for AF = 2 and AF = 1 transitions. In the SM they are
generated only at loop level.

the K sector, processes like K — wvv are extremely rare. Even more interesting are the
AF =1 transitions in the lepton sector, where processes like u — ey and 7 — py result
proportional to the neutrino masses and therefore they are completely negligible in the
SM.

2.1.2 CP Violation

Another important feature of the SM is that the only source of CPV is within the
CKM. This causes that flavor physics and CPV become strongly correlated, giving rise to
tight predictions that, if not confirmed experimentally, can establish the presence of New
Physics.

Considering the SM Lagrangian it is possible to show that Lx and Ly are real and
therefore CP invariant. On the contrary the Yukawas bring complex parameters that
violate CP. In fact if we make a CP transformation on one term in Ly it gives (for
example for the up quarks)

(Ya)ijQriurio — (Yo)ijir;o' Qri, (2.2)

that corresponds to its hermitian conjugate (Yu)fjﬂR ng;TQ i (that is already contained in
the Lagrangian) only if Y,, = Y,*. In particular it is possible to reabsorb all the phases
but one, that, in the canonical mass basis, is given by the CKM phase dcx -

CPV has been measured in decays, mixing and interference in K (eg, €'/e ...) and B
(Sy k., Spe -..) physics [22] and recently also in D (Aacp) meson decays [23]. On the
contrary no CPV has been yet observed in flavor diagonal processes, like in neutron and
electron Electric Dipole Moments (EDMs) [22], in agreement with the SM expectation.

Note that we are neglecting the strong CP problem,? that is the fact that the gauge
allowed term in the QCD Lg

QQCDEuupoF,uqug (23)

$For a review on the problem see [24] for example.
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can be an additional source of CPV in flavor diagonal observables, such as in the EDMs.
However from the experiments we know that it must be very small (6gcp < 1077) without
a natural explanation of it in the SM. In this work we simply assume that some unkown
mechanism forbids this term.

2.1.3 Unitarity fit

The processes described in the previous Sections, together with several other transi-
tions, give a unique chance to test the SM. In fact we have at disposal many observables
depending only on four CKM paramters, that therefore can probe the CKM picture of
flavor and CP violation or can estimate the room left for non-standard effects.

One way to do this is through the wnitarity triangle. In fact the unitarity of the
CKM matrix gives several constraints between the matrix elements that must hold. For
example, from (Va1 V)13 = 0 we obtain

VidVisy + VeaVi + ViV = 0, (2.4)

that can be geometrically represented as a triangle in a complex plane (there are three of
such triangles in total). Rescaling all the sides by |V,V |, the length of the two complex
sides become

1 Vub 1 ‘/td
R.=Vp*+n*=~ , Ri=v{1—-pl+n?=—|—1, 2.5
PP+ A’Vcb =V PP =i (2.5)
while the three angles denoted by «, § and ~ are
VidVi } [ V;dV*g] [ VudV*b}
o = arg | — , =arg |— < =arg |———2=| . 2.6
ah] e e 20

These quantities can be determined from several measurements, including

e R, from the rates on semileptonic inclusive and exclusive charmless B decays.

R; from the ratio between the mass splitting in the By and B, mixing, AM,/AM;.

B from the CP asymmetry in B — ¢ Kg (Syxy = sin203).

a from the rate of various B — nm, pm, pp decays.

~ from the rate and CPV in B — DK decays.

The CPV in K decays (¢') and mixing (ex) depends in a complicated way on p and
n.

The area of all the triangles is the same and it gives a basis independent measure of
the CPV of the system; it is given by |Joumk|/2, defined as

3
[m(ViijlVJVk*j) = Jokum Z €ikmCjin - (2.7)

m,n=1
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Figure 2.2: Standard Model unitarity fit performed by the UTfit (left) and CKMfitter
(right) collaborations. The consistency of the fit is given by the overlapping of the various
bars in the upper vertex of the triangle.

The consistency of the SM picture is tested extracting the CKM parameters from
many different processes, as shown above, and checking if Eq. (2.4) is verified. Fig. 2.2
shows two different types of this analysis [25,26] and, as can be seen, the consistency of
the various constraints is impressive.

However, looking more closely, there are a few cases in which the agreement is not so
good. Given the small statistical significance (1-2 o effects) of these anomalies, we can
not claim any discovery, but they can be treated as good starting points to investigate
NP scenarios. Between these measurements, that are summarized for example in [27], we
can report the tensions in sin 23, B — 7v (even if this tension has been recently reduced)
and the muon g — 2, that will be discussed in this Thesis.

2.2 Effective theory

Following the analogy of the Fermi theory of the weak interactions, in a low-energy
theory the heavy particles can be integrated out, ie they can be removed as physical
degrees of freedom. The SM Lagrangian becomes the renormalizable part of a more
general Lagrangian which includes an infinite series of non renormalizable terms

Ci
Lepr=Lsu+ Y N O (SM fields) . (2.8)
% NP

The operators with dimension d > 4 are suppressed by d — 4 powers of the cut-off, which
represents the heavy physics scale. This approach, called Operator Product Expansion
(OPE), is particularly useful for describing the low-energy flavor physics. In that case
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one of the main theoretical difficulties is related to the QCD corrections. In fact, due
to confinement, the real world is made of mesons and baryons instead of quarks and
gluons and the hadronization process is governed by the low-energy QCD, that is non-
perturbative. The virtue of the OPE is that it achieves a separation between the long-
distance QCD contributions and the short-distance physics, as can be seen from the
amplitude expression

Ali = 1™ = 3 S 51040 9l 29)

i NP

In the previous equation p is the low scale associated with the particular observable, it is
arbitrarily chosen as the separation scale between the low and high energy physics (eg my,
for B decays, 2 GeV for K physics ...). The ¢;(u) are the perturbative Wilson coefficients
containing all the short-distance effects. They are typically calculated at the cut-off scale
(matching) and then evolved through the Renormalization Group Equations (RGE) at the
energy p. In this way the potentially large terms ~ (as log(Anp/p))™ are safely resummed
at all orders. The (j]|O;(n)|i) parameters are the matrix elements which parametrize
the low-energy QCD effects.* They are calculated with non-perturbative methods, such
as Lattice QCD, or in Chiral Perturbation Theory, Heavy Quark Expansion and so on.
When these methods are particularly efficient the matrix elements result theoretically well
known, like for K — wvv or B, — ', and the relative processes become particularly
indicated for investigating the physics beyond the SM.

2.2.1 An explicit example

As already discussed no relevant deviations from the SM expectations have been yet
found. Accordingly it is possible to put bounds on the ratio ¢;/ AS{?;@ in Eq. (2.8). Con-
sider for example the AS = 2 (double variation of the strange quark number) processes
introduced in Sec. 2.1.1. Two important non-standard contributions to such process come
from (LL)? and (RL)(LR) four fermion operatorsf

c &
Legp = 32— (Frmds) + 15— (Spds) (Spdp) (2.11)
NP NP

In particular the real part of these contributions gives Ampg, while the imaginary part €.
Both these quantities are measured with high precision and the SM expectation is known
very well (it can be obtained extracting the CKM parameters from the tree level flavor
observables that are likely not affected by NP contributions). In particular from [30] we

*Consider the simplest case of pion decay constant f,, defined through
(Olaryudr|n(q)) = iV2frgy - (2.10)

It represents the mismatch between the facts that the fields uy, and dj, create and destroy free particles,
while the quarks are not free in the meson. It has been calculated in ChPT for example.
tA complete list of operators contributing to this process can be found in [29].
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Operator Bounds on A in TeV (¢;; = 1) Bounds on ¢;; (A =1 TeV) Observables

Re Im Re Im
(5py*dr)? 9.8 x 102 1.6 x 10* 9.0x 1077 34x107? Amp; €
(5rdr)(5rdR) | 1.8 x 10* 3.2 x 10° 6.9x107Y 2.6 x 10711 Amg; ex
(et ur)? 1.2 x 103 2.9 x 10° 56 x 1077 1.0x 107" | Amp; |q/p|,¢p
(érur)(cLugr) | 6.2 x 103 1.5 x 10* 5.7x 1078 1.1 x 1078 Amp; |q/pl, oD
(bpytdy,)? 5.1 x 102 9.3 x 10? 33x107%  1.0x107° Amp,; Sykg
(brdy)(brdg) | 1.9 x 103 3.6 x 103 56 x 1077 1.7x 1077 Amp,; Sykg
(bry*sr)? 1.1 x 10? 7.6 x 107° Amp,
(BR SL)((_)LSR) 3.7 X 102 1.3 x 1075 AmBs

Table 2.1: Bounds on representative dimension-six AF = 2 operators. Bounds on A are
quoted assuming the coefficients ¢;; = 1, or, alternatively, the bounds on the respective
c;; are obtained for A = 1 TeV. Observables related to CPV are separated from the CP
conserving ones with semicolons. In the B, system is shown the bound on the modulo of
the NP amplitude derived from Amgp,.

obtain: AnE?P cap
— 2k — ‘x
K K

leaving very small room for the non-standard effects in Eq. (2.11). In fact it results that,
if the NP physics scale is near, the Wilson coefficients must be very small [2§]

L (2.13)

Ayp=1TeV  — {Re(cl) <1x107° {Re<04) <7x107°

Im(cy) <3 x 1072 Im(cy) <3 x 1071

or, with generic flavor parameters, the cut-off must be very heavy

Ayp > 1x 103 (AmK) Ayp > 2 x 10* (AmK)
C1 — 1 — Cqy = 1 —
Ayp > 2 X 104(61() Ayp >3 % 10° (GK)
(2.14)
Note that, due to the left-handed nature of the weak interactions only the (LL)? operators
are generated in the SM, and that the bounds for the mixed chirality terms are usually
the strongest due to larger hadronic matrix elements.

2.2.2 The flavor problem

Results similar to the ones shown in the previous Section are obtained also from D, By
and B mixings and from various other flavor processes. The limits for various New Physics
operators have been calculated in [28] and reported in Tab. 4.1. It is clear that if new
degrees of freedom are in the energy range to solve the hierarchy problem (~ 1 TeV) their
flavor structure must be very specific. This is the so called flavor problem.
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Fortunately mechanisms exist keeping the flavor effects under control while saving the
naturalness of the theory. They can be model dependent but in general they refer to three
approaches

e Universality, the non-standard masses are flavor-blind and so proportional to the
identity. The FCNC become suppressed due to the analogue of the GIM mechanism
of the SM.

e Alignment, the new flavor sector has a non-trivial structure but it is arranged to
be aligned with the Yukawa matrices. In this ways the NP masses become diagonal
in the mass basis of the SM. For example this can be achieved if the same flavor
symmetry is responsible for generating the SM and NP masses.

e Irrelevancy, the states that can potentially generate too large flavor effects are heavy
and so their effects have not been seen yet. Note that if we want to preserve the
naturalness of the model it is necessary that at least some new particles must be
light. Therefore a non-trivial spreading of the NP spectrum is necessary.

2.2.3 Minimal Flavor Violation

Considering again the results in Tab. 4.1, it is possible to note that, for Ayp = 1 TeV,
the limits on the Wilson coefficients are of the same size of other tiny quantities of the
theory, that are the Yukawa couplings. It is therefore possible that a common mechanism
could relate the two sectors, as assumed in Minimal Flavor Violation (MFV).

Consider again the SM Lagrangian in the quark sector. In absence of the Yukawa
couplings it presents the global symmetry

U(3>QL X U(3)UR X U<3)dR7 (2'15>

that is broken to Baryon Number U(1)p when introducing Ly. Therefore the Yukawas
can be considered as non-dynamical spurion fields transforming as

Y.~ (3,3,1), Yi~(3,1,3), (2.16)

under the symmetries in Eq. (2.15). The idea of MFV [31] (see also [32-34]) is that Y,
and Yy are the only sources of U(3)? breaking also in the NP models. In this way the
effective operators in Eq. (2.8) must be formally invariant under U(3)? and so the flavor-
changing ones must be proportional to some combination of the Yukawas. For example,
expanding in the small parameters of the Yukawas, the flavor-changing bilinears that give
the non-standard operators in Eq. (2.11) becomes

@LV#QL - @LYUY;:[%LQLv (2.17)
DrQr — DgpYaVYiQp, (2.18)

that are very suppressed (in particular the corresponding ones in the up sector are negligi-
ble). The result is that the FCNC get the same suppression as in the SM and the bounds
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Operator ‘ Bound on A | Observables

HT (DrY YY" 5,,Q) (eFu) 6.1 TeV B — Xy, B— X0~
%(QLY“Y“WNQL)Q 5.9 TeV ex, Amp,, Amp,

a5 (DY Y “Y*e,,T°Qr) (9,G%,) 3.4 TeV B — Xy, B— X, (t(~
(QLY"Y"17,QL) (Ery.ER) 2.7 TeV B — Xt~ By — ptu~
i (QrY"Y",Q.) H)D, Hy 2.3 TeV B — X0, By — ptpu~
(QLY"Y"17,Qr) (LivuLy) 1.7 TeV B — X0, By — putp~
(QLY"Y"1,QL) (eD,F,) 1.5 TeV B — X 0t~

Table 2.2: Bounds on the scale of new physics (at 95% C.L.) for some representative
AF =1 [135] and AF = 2 [30] MFV operators (assuming effective coupling 4+1/A?), and
corresponding observables used to set the bounds.

on Ayp become close to the TeV scale, as shown in Tab. 2.2 [28]. Particularly interesting
is the case with more than one Higgs doublet, in which the ratio between the bottom
and top Yukawa couplings is not fixed and it can be also close to the unity. In that case
the MFV suppression is less efficient when considering insertions of the Yukawa couplings
proportional to the large (Yy(c))s3. This case will be considered in detail in Sec. 4.2 for
the 2 Higgs Doublet Model.

As far as CPV is concerned, the MFV hypothesis gives the desired suppression in
flavor-violating observables, but not in the flavor-conserving ones, such as the EDMs.
For this reason it is usually assumed the more general U(3)® x CP as the fundamental
symmetry to be broken only by the Yukawa couplings.*

The MFV assumption can be implemented in many NP models. In particular in
weakly coupled theories with one Higgs doublet it gives the additional property that only
the operators which play a significant role in the SM are the only relevant also in the NP
sector. This case is called Constrained MFV (CMFV) [37].

2.3 Supersymmetry

As already discussed the hierarchy problem of the SM is given by the extremely high
sensitivity to the cut-off scale in the scalar mass p term in the Higgs sector, and con-
sequently in my. On the other hand, the other particle masses are sensitive only log-
arithmically to the cut-off, because they are ”protected” by extra symmetries. For the
fermions this is the chiral symmetry, while for the neutral gauge bosons it is the gauge
symmetry. The supersymmetric solution to the hierarchy problem consists into the intro-
duction of a new symmetry, called supersymmetry, able to provide a similar protection
to the scalar Higgs mass. Supersymmetry is an extension of the usual 4-dimensional
space-time Poincaré group, in which new spin 1/2 generators are introduced, transform-
ing bosons into fermions (and viceversa). We consider the simplest case with only one

For alternative realizations in explicit models see [35,36].
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of such generators (N = 1). For each SM fermion (boson) a new boson (fermion) is
introduced, with the same mass and the same guage quantum numbers (due to the fact
that SUSY commutes with the Poincaré and gauge symmetries). However this symmetry
can not be exact because we have not observed any of these new particles so far. The
symmetry must be broken at some scale, in which the s-particles take a mass while the
SM particles remain massless. This assumption is compatible with the fact that the SM
fermion masses are forbidden by the gauge symmetries and therefore they are generated
only when SU(2),, x U(1)y is broken. The s-particle masses are instead related only to
the SUSY-breaking scale. If this scale is low enough the hierarchy problem can be solved
without requiring any particular fine-tuning between the parameters (at least compared
with the SM), as we are going to explain.

In presence of a top scalar partner, called stop (%), the corrections to the Higgs self-
energy in Eq. (1.18) become only logarithmically connected to the NP scale:

3Gr

5m2 ~ mg, Mi,
h|top+sto
[top-+stop Vor?

2
t

m; log (2.19)
The reason for this effect is that a scalar and a fermion contribute to the Higgs self-
energy with an opposite sign, giving an exact cancellation in case of equal masses of the
two particles or a logarithmic correction in case of a splitting between the two masses.
Note that the cancellation of quadratic divergences can be lost in case of generic SUSY-
breaking terms, while it is preserved choosing operators with dimension strictly less than
four (unless in the minimal extension of the SM), called soft-breaking terms. In this
latter case Eq. (2.19) holds and, as can be seen, if mg, , 1s not too heavy respect to my
the fine-tuning between the parameters of the model is substantially reduced.*

2.3.1 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is the SUSY extension of
the SM with the minimal particle content. In particular every chirality state of the SM
fermions is associated with a scalar partner (sfermion) and every SM gauge boson comes
together with a Majorana spin 1/2 fermion (gaugino). Due to anomaly cancellation and
the holomorphy of the supersymmetric potential, two Higgs doublets are needed: H,
giving mass to the up-quarks and Hy to the down-quarks. The SM vev is now given
by v = y/v2+ v3, where Uy(q) is the minimum of H,4 and their ratio is denoted as
tan 8 = vy/v,. Each component of the Higgs doublets is accompanied with a fermionic
partner (higgsino).

Given the field content of the theory, the MSSM gauge and kinetic Lagrangian is
fixed by the requirement of supersymmetric and gauge invariance (for example fermion-
sfermion-gaugino interactions are the supersymmetric counterpart of the usual SM gauge

*Note that even if my , ~ Mgyt the dependence on the cut-off is reduced respect to the SM, being
logarithmic instead of quadratic.
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terms). The generalization of the Yukawa terms is given by the MSSM superpotential
W = QL Yuu%Hu + QL Ydd%Hd + LL Yee%{Hd + ,uHqu, (220)

written in terms of chiral superfields. Two important considerations are in order. First,
note that additional terms can contribute to Eq. (2.20). These are baryon (B) and/or
lepton (L) number violating operators, which consequently must be very suppressed or
vanishing. For this reason an additional symmetry of the Lagrangian forbidding such
terms is usually assumed . It is called R-parity, defined as

Pg = (—1)»F-02 (2.21)

where s is the spin of the particle.! A natural consequence of this symmetry is that the
SUSY particles must be produced in couples and the lightest one, that is stable, is a good
candidate for dark matter.

Second, the p-term appears at the symmetric level and therefore we could expect it at
any high energy scale. On the contrary, as we will show in the following, its value must
be of the same order as the low-energy soft breaking terms (and ~ v), even if the two
sectors are completely unrelated (p-problem).*

When we consider the soft sector of the MSSM the situation is more involved and
a high number of parameters can enter into the play. Given the requirement of not
reintroducing quadratic divergences, the soft Lagrangian can be written as

1 . S o
Loopt = =5 (Mggg + MyWW + M,BB + c.c)

— (QL Au ﬂ%Hu — QL Ad Ci%Hd — E/L Ae é(RHd + C.C)

—Qz m% Qf — [N/z mi Z{ — ﬂg m2 G — Jg m?zcic — é‘g m2 &

—miyy, HiH, —m} HiHy — (bH, Hy + c.c) . (2.22)
The first line of the previous equation gives the gaugino masses. In this respect, it is
interesting to note that one main feature of supersymmetry is that it provides an excellent
coupling unification, better than in the SM (also the unification scale is heavier and this

can help with the proton-decay limits). For this reason it is plausible that also the gaugino
masses unify at Mgyr, accordingly to their couplings. This gives the additional relation

My My My My

% B g

= , (2.23)
gt

valid at any RG scale (note that a redefinition of one of the gauge couplings is understood).
The last three lines of Eq. (2.22) contribute to the flavor and Higgs sector of the MSSM,

that are analyzed separately in the following.

 Alternatively recent works [38,39] show that also the MFV assumption can be used to suppress B or
L violating processes.

fAlso in the SM the electroweak scale is not dynamically predicted, but in SUSY the contribution of
two unrelated sectors (SUSY-invariant and SUSY-breaking) to this scale makes the problem even more
intriguing.
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2.3.2 Higgs sector in the MISSM

Differently from the SM, in the MSSM Lagrangian the only allowed dimensionless
terms are the gauge and Yukawa couplings. This means that the quartic Higgs coupling
is not a free parameter, but it is just a fixed combination of the gauge couplings. Conse-
quently the requirement of a stable potential giving the spontaneous symmetry breaking
is not automatically satisfied, unless some of the soft terms in Eq. (2.22) are introduced
satisfying the conditions

2b < 2lul*+mi, +my, (2.24)
2 2 2 2 2
b> > (|lul” + my,)([ul” +mky,) - (2.25)

Interestingly the above equations can not be both realized if my, = mp, at the elec-
troweak scale. Nevertheless, this relation can be taken at some high scale, like Mgyr.
Then the running effects, dominated by the top Yukawa, can push my, to small or neg-
ative values at electroweak scale, giving the radiative electroweak symmetry breaking.

The size of some of the above Lagrangian parameters can be inferred if, minimizing
the scalar potential, we express them in terms of the measured masses. For example at
first order in tan § we obtain

my = —2(mjy, +|ul*), (2.26)

which, as already anticipated, shows that p and mpy, must be of the same order and
close to the electroweak scale (barring finetuned cancellations). Moreover, as shown for
example in [40], my, gets quantum corrections from stop contributions at one loop and
from gluinos at two loops

3 A
i =~ Ot AP g (g ) 2D

2 g A
5m?—1u\gluino = _Pytg <?) |M3‘210g2 (Té\/) . (228)

Therefore a "natural” Higgs sector requires light higgsino (directly related to p), stop
and gluino, with this order of importance. Note that the LHC bounds on these particles
and the measured value of the Higgs mass (see in the following) already demand some
cancellations between the supersymmetric parameters (little hierarchy problem). We will
come back to this issue in Sec. 3.

Assuming a CP conserving Higgs sector, the full Higgs spectrum consists of two neutral
scalars (h and H), one neutral pseudo-scalar (A) and two charged (H*) Higgs particles,
with masses

W = /sin(28) = AP + iy, + i, (229
1 .
Mio o = 5 (mZAo +my F \/(mio —m%)? + dmym?, sm2(2ﬁ)> , (2.30)

mie = M +my . (2.31)
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Figure 2.3: The maximal value of the Higgs boson mass as a function of X;/Mg in the
pMSSM (for the details on the SUSY parameter space see [42]) (left) and the contours
for 123 < my < 127 GeV in the Mg — X; plane for some selected range of tan § values
(right).

In the limit b > my the A, H and H* masses can be very large and only h remains light,
looking exactly like the SM Higgs boson. Anyway there is a difference between the SM
and the MSSM regarding the preferred value of my,. In fact in the SM the Higgs mass is
not directly predicted, instead in the MSSM, due to the absence of the A¢* term, we get
the tree level relation

mp, < mg|cos(20)] . (2.32)

Fortunately this relation gets sizable corrections from stop loops (as could have been
argued from the fact that we have introduced SUSY to stabilize my, through the stop con-
tributions) pushing the Higgs mass to higher values.® In Fig. 2.3 are shown the preferred
values of my, in function of X; = A; — pcot 3 and the squark scale Mg, as reported in [42].
It is clear that, with a universal squark spectrum, m, ~ 125 GeV can be obtained only
for large A-term and/or for large squark masses (this last option contributes to the little
hierarchy problem).

2.3.3 Flavor in the MSSM

Supersymmetric models provide new sources of flavor and CP violation in both the
quark and lepton sector. In fact the soft masses in Eq. (2.22) are in general not universal
and not aligned with the SM Yukawas. A useful basis to work with is the Super-CKM
basis, in which the whole super-multiplets are rotated in the mass basis of the SM fermions.
In this way the couplings to neutral gauginos are flavor diagonal and the supersymmetric
flavor-changing effects are exhibited in the non-diagonality of the sfermion mass matrices.

These effects can be described in terms of the mass insertion parameters
(M2)MN
(67 N = 7;%;] ) (2.33)

q

$For analytic calculation see for example [41].
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where Thg is a representative squark mass, ¢ are generation indices, and
2 \LL ., 2 2 \RR ., 2 2 \LR ., q
(Mu:d) ~mg, (Mu:d) My g (Mu:d) ~ AydVud - (2.35)

Consider for example the AK = 2 process analyzed in Sec. 2.2.1 . The Wilson coeffi-
cients can now be evaluated in terms of the supersymmetric parameters, and as a result
it is possible to obtain upper bounds on the mass insertions. For example if mg; = mg =1
TeV we get (using the mass insertion approximation [43]) [44]

(5f2)LL , (5?2)33 < 0.03, ((5?2)[13 < 2%, 1074 , (236)

showing that also in the MSSM the flavor structures must be far from generic. Similar
limits are obtained from other flavor processes, both in the quark [45] and in lepton
sector [117].

However if supersymmetry breaking is mediated by a flavor blind mechanism, such as
gravity or gauge interactions, the soft sector results highly simplified and the new flavor-
changing effects are automatically suppressed. In the mSUGRA inspired version of the
MSSM, called Constrained MSSM (CMSSM), the soft masses are

A A A
2 2 2 2 2 2 u d e
mg =mp =m, =myg=m, =mg [, Y, Y, Y. 0, ( )
in addition to the already mentioned relations
mi, :qud =m], My = My = M3 = M. (2.38)

These relations are usually valid at the cut-off scale of the theory, to be Mpyue for
gravity mediation (or the messengers scale M,,.ss in guage mediated models), and they
are modified by the RGEs running to the electroweak scale. Interestingly at low-energy
the corrections to the soft masses in Egs. (2.37) and (2.38) result proportional to some
combinations of the Yukawas and so respect the MFV assumption. Consequently the
supersymmetric effects in flavor observables become under control [28], at least if the
cut-off scale is not too heavy and for small tan 3.

The drawback of such constrained scenarios is that the LHC direct bounds on squarks
and gluinos are very strong, as shown in Fig. 2.4. In fact the squarks are expected almost
degenerate and therefore the strong limits on first two generations reflect also on the third
one, making the naturalness of the theory in trouble. In the next Section we will come
back to this point, showing a more natural realization of the theory in this regard.

Finally, similarly to the general case of MFV, if tan § is large new flavor effects can
be generated. In that case threshold corrections modify the Yukawa couplings and some

YEquivalently in the mass basis of both quarks and squarks the mass insertions can be written in terms
of the mixing matrix in the gaugino couplings. For example, being W7, the gluino mixing to gar — Gas,

we have
q
IMm = 3 g (Wipia( jaAm (2.35)
my «a
where ﬁlg is average squark mass-squared and Amqa = Th(QIO — ﬁzz
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Figure 2.4: Observed limits from several 2011 CMS SUSY searches plotted in the CMSSM
mgo — My, plane.

FCNC processes become relevant, as for example By — p*p~ and B — X,v. Moreover
if the heavy Higgs scale is not too far also the charged Higgs mediated transitions, as

B — Tv, can receive important contributions. In Sec. 4.2 we will analyze this situation
in detail.






Chapter 3

U(2) and Split-Family SUSY

At the end of the previous chapter we discussed the main aspects of a SUSY theory.
In particular we showed that

e A natural supersymmetric theory requires that at least the higgsino and the third
generation masses should be light, and that the gluino must not be too heavy [40,
47-49).

e Flavor physics requires that the flavor structure of a low-energy SUSY must be
universal or aligned with the SM [28], as for example in models satisfying the MFV
hypothesis.

e The LHC direct bounds on the first generation squarks masses already exceed 1
TeV, while the third generations can be significantly lighter [50]. This seems to
disfavor universal models with MFV, in which the three generations are expected
almost degenerate.

A long-standing realization of SUSY that is motivated by the previous arguments is the
MSSM with heavy superpartners of the first two generations, called split-family SUSY
[51-54]. In this scenario the third generations remain lights, stabilizing the Higgs sector
and, at the same time, satisfying the present LHC bounds. Moreover the tight constraints
from CP and flavor violating processes are loosened in presence of a squark mass hierarchy:.

In Sec. 3.1 we present a specific model compatible with the slit-family scenario, based
on the U(2)? flavor symmetry [56]. Then, in Sec 3.3, we analyze a possible extension of
this model to the lepton sector [1] and in Sec. 3.2 we study the behavior of the framework
under the RGE evolution [2].

3.1 U(2)? model

A hierarchical spectrum is not enough to suppress flavor violation to a level consistent
with experiments [55]. This is why split-family SUSY with a minimally broken U(2)? =
U(2),xU(2)4 x U(2), flavor symmetry, acting on the first two generations of quarks (and

23
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squarks), has been considered in Ref. [56]. This set-up has the following advantages: i)
it provides some insights about the structures of the Yukawa couplings (along the lines
of U(2) models proposed long ago [57-59]); ii) it ensures a sufficient protection of flavor-
changing neutral currents; iii) it leads to an improved CKM fit with tiny and correlated
non-standard contributions to AF = 2 observables. Possible signatures of this framework
in the AF = 1 sector have been discussed in Ref. [60,62] (see also Ref. [63-65], where
the same symmetry with additional dynamical assumption has been considered). More
general discussions about the U(2)? flavor symmetry beyond supersymmetry have recently
been presented in Ref. [61,66].

In the framework of Ref. [56] the transformation properties of the quark superfields
under the U(2)g x U(2), x U(2)4 group are:

Qr=(Qr1,Qr2) ~ (2,1,1), (3.1)
U?{ = (U%DU%Q)T ~ (17271) 3
di% = (d%hd%Q)T ~ (17172) 3

while g3, t¢, and b° (the third generation fields) are singlets. It is also assumed a U(1),
symmetry under which only 4¢ is charged. In this way, in the limit of unbroken symmetry,
only the top Yukawa coupling is allowed, while the small ratio m,/m, is generated only
when U(1), is broken, without the need of large tan 3. Subsequently three U(2)? breaking
spurion fields are introduced with the transformation properties

V~(2,1,1), AY, ~ (2,2,1), AYy~(2,1,2). (3.4)

3.1.1 Yukawa and soft masses

With the convention for the superpotential as in Eq. (2.20) then the Yukawas acquire
the structure:

where everything above the horizontal dashed line has two rows, and everything to the
left of the vertical dashed line has two columns. ¥, are the top and bottom Yuakwa
couplings, while x; ;, and ¢, j, are real O(1) parameters.

The flavor symmetries would allow us to parametrize each AY} spurion in terms of its
eigenvalues Ay, Ay, and a complex mixing parameter sy ¢/, and the spurion V' in terms
of only one component:

V= < 0 ) . AY,=ULAY!,  AY;=U} AY) (3.6)

€

where

¢y sy’ d A 0
Un = ) AY? = 3.7
< ( —speT' M ¢y > ’ ! < 0 Ap (3.7
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In such a basis, a fit to the CKM matrix yields:

\ Vil
Sy = = =—0.224+0.01,
[Ve| |[Vis|

s = |V = 0.0411 £ 0.0005 , cos(ay, — ag) = —0.13 £ 0.2 , (3.8)

= 0.095 £ 0.008 , Sd

where s oc €. Thus, the expansion parameter value is € ~ Ay
Similarly, the sfermion soft masses acquire their structure through the spurions. In
the unbroken limit all mass matrices have the following structure:

mfch 0 0
mi = 0 mj 0 , (3.9)
0 0 mfcl

and we assume m?cl << mfch. Once we introduce the spurions, following the convention

in Eq. (2.22), the structure of the squark masses becomes:

s _ [ I+ eV VT 4+ cquAYIAYT + cquAYGAY] age eVt L

meg = ibQy/T . 3 mq, (3.10)
Qe - mg,/mg,
I+ caq AY]LAYd | Tq e_id)dAYTV

mi: = |----%- ¢ e o) m? (3.11)

d xq € VIAY, 1+ mj /mg, n

t ! —igu AYT

mt = (H%Amn e ALY ) : (312)

where all ¢; and z; parameters are real, of O(1). The trilinear couplings follow a structure
similar to that of the Yukawas:

atAY, 1 adV adAY, 1 alV
Au: ( 142) ytA?; Ad: ( *1”*(147(2;6[ > ybAl?, (313)

where the a; are complex O(1) parameters.

By suitable unitary transformations one can go to the mass basis for quarks and
squarks with the consequent appearance of mixing matrices in the various interaction
terms; in particular the standard charged current interactions and the gaugino interactions
of the down quark-squarks become

(ﬂL’VMVCKMdL)Wu N (JL,RW[(,{R&L,R)@ . (314)
To a good approximation the matrices Vo as and W have the following correlated forms

1—A?/2 A 5,579
VCKM = -2 1-— )\2/2 CyS y (315)
—sgs €@t _ge, 1
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Cd Sde*i(5+¢) _SdSLei"/e*i(é‘i’(f’)
Wi = —s4e'0+9) Cq —cgspe , (3.16)
0 spe 1
where
|s/c| =€ (:L'be_i% -z SuCd — CuSqe” " = Ne? O =0q— Qy, (3.17)

sy, is a real parameter of order € and + is an independent CP-violating phase. At the same
time the off-diagonal entries of the matrix W§¢ are negligibly small. This is an essential
virtue of the model, not shared with the original U(2) papers [57-59]. In fact, with a
single U(2) not distinguishing between left and right, a mixing matrix W2 is also present
involving a new mixing angle (s;, — sg) and a new phase (7 — 7g). The simultaneous
presence of W¢ and W& would lead to a AS = 2 (LR) operator, which corrects by a too
large amount the CP-violating ex parameter due to its chirally enhanced matrix element.

3.1.2 Implications in flavor observables

| |
4t | | -
| |
| |
| |
3t I |
| |
| |
| |
2+ | |
| | -
| | -
| | B
| |
1 | |
| |
| |
L ‘ ‘ ] — 0 b= SN e
06 07 08 09 10 12 14 16 18 20 22 24
Syx, lex|x10°

Figure 3.1: Results of two global fits of the CKM matrix using tree-level and AF =
2 observables, excluding Sy, = sin(25) (left) or |ex| (right). The dotted bands in
correspond to 1o errors.

The dominant supersymmetric flavor effects come from the left-handed mixing matrix
W¢ defined in Eq. (3.16). In particular the gluino-sbottom box diagrams contributing to
the i — j FCNC (four fermions (LL)? operators) are governed by the combinations

a * 1 2 3
)‘E;é)] = (Wg)ia(wg)ja ’ )‘5]) + )‘Ey) + )‘z(]) =0 ) (318)
for which we find
)\5]2,) = gkt + O(s1K%) [ijoi2], +spre™ [yjmis), +caspe™  [ij—os), (3.19)
)\S) = S%H*Cd [ij:lz], —spKr*e” [ij:l?,], —cqspe’” [ij:23]~
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Figure 3.2: Correlations among the preferred values of = — Fyy (left) and Fy x —~y, (right).
The dashed contours correspond to the 68% and 90% C.L. regions in the fit without Sy,
the solid contours to the fit including the new LHCb data.

From these structures we obtain tiny correlated corrections to K, By and B, mixing am-
plitudes. In particular the modifications to By and B, physics are universal and introduce
a new complex parameter, while the contributions to K mixing result aligned with the
SM. With hierarchical squarks the mass differences and CPV violation parameters result
modified in the following way

e = ™ x (14 22Fy) + et (3.20)
Syrs = sin (26 + arg (1 + zFpe*)) (3.21)
Sye = sin (2|8 — arg (1 + zFpe™)) (3.22)
AMy=AMM x |1+ zFye®| (3.23)
AM;  AMM
A AN (3.24)

where = and Fj is a loop function defined in Ref. [56].*

This pattern of effects is particularly suitable for explaining the current tension in the
CKM description of CPV in ex, Sy, and AMy/AM,. This tension can be seen from
Fig. 3.1, where we show the fit preferred values of Sy, and ex [56]. Note that, due to
Eq. (3.22), a correlated deviation in Sy is also expected and it results in agreement with
the recent LHCb measurement [67,68]. The preferred values for z, v, and Fy are shown
in Fig. 3.2, as reported in [68].

*Note that the first two generations do not play any role (also in K physics) even if their masses are
not completely decoupled, since the 1 — 2 mixings have got a strong MFV suppression.
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3.2 Lepton sector

In this Section we want to extend the idea of the minimally broken U(2)* flavor
symmetry acting on the first two generations to the lepton sector. The extension is
straightforward in the case of charged leptons, enlarging the flavor symmetry from U(2)3
to U(2)° = U(2)3 x U(2); x U(2).. However, the situation is more involved in the neutrino
sector, whose mass matrix has a rather different flavor structure: no large hierarchies in
the eigenvalues, and large mixing angles [69]. A simple ansatz to circumvent this problem
is to a assume a two-step breaking in the neutrino sector: first, a leading breaking of
the maximal flavor symmetry, U(3); x U(3),, that includes the total Lepton Number
(LN), giving rise to a fully degenerate neutrino spectrum. This would be followed by
a sub-leading LN-conserving breaking with a hierarchical structure similar to the one
occurring in the charged-lepton sector. As we discuss in the following, this minimal
breaking structure gives rise to a phenomenologically viable neutrino mass matrix, with
a few interesting predictions concerning s;3 and the overall scale of neutrino masses. It
also predicts Lepton Flavor Violation (LFV) in charged leptons compatible with present
bounds and not far from the sensitivity of future experimental searches in the case of
@ — ey and T — pry.

3.2.1 General considerations on lepton masses

We define the charged lepton Yukawa coupling (Y.) and the effective neutrino Majo-
rana mass matrix (m,) from the following effective Lagrangian, written in terms of SM
fields:

L = Lo (Y )yer H + (my)y 78] + hec. (3.25)

mass

As usual, the neutrino mass term can be interpreted as the result of an appropriate
dimension-five gauge invariant operator after the spontaneous breaking of the electroweak
symmetry [70], with the Higgs vacuum expectation value absorbed in the effective coupling
my,.

By construction, M2 = m!m, and YV transform in the same way under flavor
rotations of the left-handed lepton doublets, while they are invariant under rotations
in the right-handed sector. The charged lepton sector exhibits a strongly hierarchical
structure: with a proper basis choice for the left-handed fields, and neglecting entries of
O(m,/m;), we have

VY = (v =y diag(0,0,1) (3.26)

where y, = vV2m, /v (v~ 246 GeV).
In the basis where Y, is diagonal, M? assumes the form

M? = Upnins (m2) 26Uy ns (3.27)

where Upyns is the so-called PMNS matrix. We adopt the PDG parameterization [22],
such that the mass eigenstates are ordered following a normal hierarchy (m,, < m,, <
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my,) or an inverted one (m,, < m,, < m,,). To distinguish between them, one defines
AmZ; =mp, — mﬁj, such that Am3, = £Am2, and Am3, = AmZ ), where Am2, . de-
note the (positive) squared mass differences deduced from atmospheric and solar neutrino
data. It is straightforward to deduce that the plus (minus) sign of Am3; corresponds to
the normal (inverted) hierarchy.

Experimental data on neutrino oscillations indicate the presence of (at least) two small

: 2
parameters in M7,

Am21 1/2
_ 50 P = (.174 4+ 0.007 3.28
C ‘Amgtm ’ C | ( )
513 = |(Usnns)ig| » 9P = 0.15+0.02 , (3.29)

where the value of s13 has been determined from the recent result of the DayaBay experi-
ment [71].* Expanding to lowest order in these two parameters (or in the limit ¢, s153 — 0)
we are left with the following structure

(M) =mi - T+ AmZy, - A (3.30)

atm

where I is the identity matrix, muign is the lightest neutrino mass, and

0 0 0 1 000

A[n.h.] = 0 333 S23C23 %5 011 , (331)
0 s93ca3  C34 011

Ain) = I —Apng - (3.32)

In order to define a starting point for the neutrino mass matrix in the limit of unbroken

2
atm?

flavor symmetry we need to specify the hierarchy between mﬁght and Am or among

the two terms in Eq. (3.30). We thus have three natural possibilities:

L (M2)O 1, if mﬁght > Am2,
IL (M2)© o Apyy, if mﬁght < Am?2,, and AmZ, > 1,

L (M2)© oc Apny, if mfy, < AmZ,, and Amj, < 1.

3.2.2 Flavor symmetries and symmetry breaking
U(2); x U(2)e

The U(2)* = U(2); x U(2). flavor symmetry, under which the lepton superfields of the
first two families transform as

Lp= (L, Lea) ~ (2,1), (3.33)
g = (¢q1,eha)” ~ (1,2), (3.34)

* After this analysis was completed the DayaBay results was confirmed also by RENO [72]. In this The-

sis we will refer only to DayaBay but the same conclusions hold also including the subsequent experiments
and fits.
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offers a natural framework to justify the hierarchal structure of the charged-lepton Yukawa
coupling, in close analogy to the U(2)® symmetry introduced in Ref. [56] for the quark
sector and discussed in Sec 3.1. In the limit of unbroken symmetry we recover the result
in Eq. (3.26). Assuming a symmetry-breaking pattern for Y, similar to the one adopted
for the quark Yukawa couplings, we get

Y, =y, ( AV ) , (3.35)

where we have absorbed O(1) couplings in the definition of the breaking terms V' ~ (2,1)
and AY, ~ (2,2).* Introducing the unitary matrices U,z and U,g, such that

UL YUl = diag(ye, Y, y-) (3.36)

and proceeding as in [56], we find that U.gr becomes the identity matrix in the limit
Me,/Mm, — 0, while U, assumes the following parametric form

Ce S Cp €M% —g, g eileeter)
U =~ | —sce Ce Cr —c, 8, €17 , (3.37)
0 s, e ior Cr

in the U(2); basis where VT o (0,1). Here . and ¢, are generic O(1) phases, while s, ,
are small mixing angles (¢?+s? = 1). If the analogy with the quark sector holds, we expect
se to be of the order of sy = |Viq|/|Vis| = 0.22 and s, of the order of € = |V| ~ 0.04.

From the point of view of the U(2)? symmetry, the neutrino mass matrix can be

mg;mQ
y= - 2402 3.38
e (2pim) .

where mg ~ (3,1), mg ~ (2,1), and m; ~ (1,1). This decomposition does not match

decomposed as

well with any of the potential starting points identified in Eqs. (3.30)—(3.32): they can be
obtained only assuming specific relations among terms with different U(2); transforma-
tion properties. This suggests that we need to consider a larger flavor symmetry, whose
breaking to U(2), (or some of its subgroups) could explain such relations. From this
point of view the degenerate case is the one that offers the most interesting prospects:
on the one hand it requires a special relation only among two of the terms appearing in
Eq. (3.38): m3 = diag(my,m;). On the other hand, it requires ms < 1, as expected
given that my transforms as the breaking spurion V' of O(e) appearing in the charged-
lepton Yukawa coupling. As we discuss in the following, the degenerate case can easily
be obtained embedding U(2), in U(3);.

*In this Section we denote by V' the analogue for the lepton sector of the left-handed vector introduced
in Eq. (3.4).
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U(3); x U(3)e

The group U(3); x U(3). is the largest flavor symmetry of the lepton sector allowed
by the SM gauge Lagrangian. The degenerate configuration for m,, is achieved assuming
that U(3); and the total lepton number,

U)in = U(L)se (3.39)

are broken by a spurion mt” transforming’ as a 6 of U(3); and leaving invariant a subgroup

of U(3); that we denote O(3);. By a proper basis choice in the U(3), flavor space we can

set ‘
10
O o [-24--] . 3.40
my, o<<01) ( )

We shall also require that U(3); x U(3). is broken by U(1)Lx invariant spurions to
the subgroup U(2); x U(2), relevant to the charged-lepton Yukawa coupling. However, it
is essential for our construction that this (sizable) breaking does not spoil the Majorana
sector, at least in first approximation. This can be achieved in a supersymmetric context
introducing a new spurion Y ~ (3, 3) that breaks U(3); x U(3). to U(2); x U(2), leaving
unbroken the O(2); subgroup of both of O(3); and U(2);. By means of Y® we can have
a non-vanishing Yukawa coupling for the third generation in the superpotential

LY ©et — yOLges . (3.41)

and, in first approximation, the Majorana mass matrix is unchanged. Note that super-
symmetry is a key ingredient for the the latter statement to hold. Indeed, if the mass
operator was not holomorphic, a Majorana term of the type LY YT m LT could also
be included and this would spoil the degenerate configuration.

Summarizing, introducing the two spurions m(yo) and Y we recover phenomeno-
logically viable first approximations to both the neutrino and the charged-lepton mass
matrices and we are left with an exact O(2); x U(2), symmetry that leaves invariant both
m, and Y,. Moreover, thanks to supersymmetry, the two sectors considered separately
are invariant under larger symmetries: O(3), for the neutrinos and U(2); x U(2). for the
charged leptons.

We can then proceed introducing the small O(2); x U(2). breaking terms responsible
for the subleading terms in Y, in Eq. (3.35). In order not to spoil the leading structure of
the neutrino mass matrix, the spurion V' in Eq. (3.35) should be regarded as a doublet of
O(2);, rather than a doublet of U(2);.5 We can also regard it as the O(2); component of
an appropriate 8 of U(3); with the following structure

X = ( & Z) | (3.42)

T We denote in bold U(3) vectors and representations.
¥ This has no practical implications if we consider the Yukawa sector alone, where there is no preferred
O(2) subgroup of U(2); in the limit V' — 0.
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This allows to write the additional Yukawa interaction L, X Y(© e¢ that, combined with

the leading term in (3.41) and with a proper redefinition of y, and V' implies

01V
1) _ v
Y =y, (Okl ) : (3.43)

All the components of X do appear in the Majorana sector, via the terms L X m? Lt
and Lym{” XTLY. These imply the following structure

ALV
I SoE T
+a<VTx>

where a is a O(1) complex coupling. Assuming that all the entries of X are at most of

0
m, = ml(,l)

: (3.44)

O(e) does not spoil the degenerate configuration of m,, in first approximation. In addition,
since Ay could enter linearly in the sfermion mass matrices and induce sizable FCNC,
we expect a small mis-alignement between A; and V' in the O(2), space. Pursuing the
analogy with the squark sector, we are forced to assume (Az);2 at most of O(e?) in the
basis where Vi = 0. In other words, we are lead to the following assignment for the various
components of X in the O(2); basis where V7 o (0, 1):

V=( o) %=(ow o ) =00 (343

In the same basis, redefining the unknown parameters, we arrive to the following para-
metric expression
—oe et 0
m, =m,, |[+e% | ~r —de re , (3.46)
0 re 0

where ¢,, 0, 0, v, and r are real parameters expected to be of O(1).

The final step for the construction of a realistic charged-lepton Yukawa coupling is the
introduction of the U(2); x U(2). bi-doublet AY,. The most economical way to achieve
this goal in the context of U(3); x U(3). is to introduce a bi-triplet with the following

form,
AK::(A%O>, (3.47)

which provides the desired correction to Y, and has no relevant impact on m,,.

Notice that the requirement of having Y(®) and X acting on O(3) and O(2) subspaces
can be naturally accomplished by demanding an exact CP symmetry acting on both
spurions. The CP symmetry would be broken only by the Afff spurions, which would
provide all CP violation phases.?

$For quarks, it was shown in [56] that the CKM phase is entirely defined by the phases in the AY}
spurions. Thus, the conclusions for the quark sector would remain unchanged.
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Our parametrical decomposition of the neutrino mass matrix is therefore the expression
in Eq. (3.46). As can be seen, the latter contains only a CP-violating phase, ¢,, which
does not contribute to the PMNS matrix. However, this does not imply that there are no
CP-violating phases in Upyns: a non-vanishing phase arises by the diagonalization of the
charged-lepton mass matrix. Indeed, to leading order in €, the parametric decomposition
of M? = mlm, in the basis where Y, is diagonal is

1—-20¢€
M =m; Ul 2ve2 1 — 260 o (3.48)
O(€®) 2re 1

where we have redefined o, d, v, and r, absorbing a cos(¢,) term and U,y is given in
Eq. (3.37). Despite the presence of four O(1) free parameters, the expression of M? in
Eq. (3.48) is quite constrained by the smallness of €. As we discuss in the next Section,
it provides a good fit to all the available neutrino data for a natural range of the free
parameters and leads to a few unambiguous predictions. We finally stress that we arrived
to this decomposition using essentially two main assumptions:

I. An approximate degenerate neutrino spectrum, that fits well with present data if
ml2ight > ATni‘cm'

II. A symmetry-breaking pattern with respect to a purely degenerate spectrum closely
related to the minimal U(2)° symmetry breaking pattern of quark and lepton Yukawa
couplings.

3.2.3 Predictions for neutrino masses and mixings

We are now ready to analyze the predictions of the M? parameterization in Eq. (3.48).
We first discuss a few simple analytic results, valid to leading order in €. Given that the
neutrino spectrum is almost degenerate, the ordering of the eigenvalues has no physical
implications. However, for the sake of simplicity, we present analytic results only in
the case of normal ordering (m,, > m,, > m,,). We then proceed with a systematic
numerical scan of the four O(1) free parameters to investigate the stability of the analytic
conclusions.

Mass eigenvalues

From the decomposition of M? in Eq. (3.48) we derive the following expressions for
the eigenvalues,

m, = m, (1—20€) , (3.49)
m2 = mo [L—de— (6% +4r)' ¢ | (3.50)
m2 = m2 [L—0e+ (8% +4r*) 2] | (3.51)
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up to O(€?) corrections. The normal ordering of the spectrum is obtained for o > (§2 +
4r%)1/2 and in this case we find

2
AMam [20 — 6+ (6% + 4rH)'/?] €, (3.52)

2
mul

20— 6 — (82 + 4r?)12]? 453
¢ = 20 — 0 + (62 + 4r2)1/2 ' (3.53)

As can be seen, € controls the overall scale of neutrino masses, whose natural scale is
O[(Am2,,) Y2 % = 0(0.3 eV), (3.54)

just below the existing bounds (see discussion at the end of this Section). Our parametric
decomposition of M? does not necessarily imply ¢ < 1. However, the experimental value
in Eq. (3.28) is easily obtained with a modest tuning of the free parameters, especially if §
is small. As we discuss next, the latter is a condition necessary to reproduce the maximal
2-3 mixing in the PMNS matrix.

623

In order to determine the 93 and 613 mixing angles of the PMNS matrix it is sufficient
to expand M2 up to O(e?, s%):

1—2e0
M2 =m,, | —2s.(c—0)e® 1—2¢6 + O(é?, 5%) . (3.55)
—2€ 5,1 e 2er 1

As can be seen, at this level v does not appear. Note also that for s, — 0 the 2-3 sector
decouples. In this limit we obtain the following simple expression for the 2-3 mixing:
S93 0=+ [52+47’2}1/2

thg = — = 3.56
23 Ca3 2r ’ ( )

where the sign in the numerator is chosen depending on the sign of 7, such that to3 remains
positive. As we have explicitly checked by means of the numerical scan, this result is stable
with respect to the inclusion of the subleading terms of O(s.€) and O(€?).

From Eq. (3.56) it is clear that ¢e3 is naturally expected to be O(1), and the experi-
mental evidence of maximal mixing, te3 = 1, is obtained for § — 0.

f13 and the PMNS phase

The value of 6,3 can be obtained via the following general relation

(M2)a1 513 isp
(M2)32 593 ’

(3.57)
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that can be derived expanding M? —in the basis where Y, is diagonal- up to the first
order in ¢ and s13 (here dp denotes the PMNS phase in the standard parameterization).
Applying this result to the approximate from in Eq. (3.55) leads to

$13€F = 595"t (3.58)

Assuming s, = sq = |Vi4|/|Vis|, and the experimental value of so3 (s35 = 0.52+0.06 [73]),
we predict
s13 = 0.16 £ 0.02 , (3.59)

in remarkable agreement with the recent DayaBay result in Eq. (3.29). This prediction is
affected by a theoretical error (not explicitly shown) due to possible deviations from the
relation s, = s4. On the other hand, as we have checked by means of the numerical scan,
it is quite stable with respect to subleading corrections in the expansion of M?2.

As anticipated, the PMNS phase is completely determined in terms of the CP-violating
phase from the rotation of the charged-lepton Yukawa coupling: ép = a.+m. However, we
are not able to determine this phase even assuming o, = oy, where oy is the corresponding
phase appearing in the diagonalization of Y;.* On general grounds, we expect dp to be a
generic O(1) phase.

912

Contrary to the case of #53 and 6,3, the determination of 815 involve subleading terms
in M? and thus is more unstable.
As an illustration, consider M? in the limit s, — 0. In this simplified case we obtain

the relation
27 Ca3

tan 2012 =
2
g — (5023 —2r 593C23

(3.60)

that seems to imply 612 ~ 0,7/2. However, once we impose the constraints from the
squared mass differences, we find a cancellation in the denominator leading to generic
O(1) values for 615. More explicitly, expressing ss3 and ce3 in terms of § and r by means
of Eq. (3.56) we find
dve €
3 =0(1) X = ,
20 — 6 — [0 + 4r2]12" % 1) (2

which is manifestly a generic O(1) number. This general conclusion remains valid when

tan 2012 =

subleasing terms of O(s.€) and O(€?) are taken into account, although the explicit ana-
lytical expression for 615 becomes more involved.
Parameter Scan

In order to check the stability of the above conclusions we have performed a numerical
scan allowing the four free real parameters in Eq. (3.48) to vary in the range [—2,2].

*The physical phase appearing in the CKM matrix can be determined in terms of ag — a, [56], but
we cannot disentangle ay and «, without extra theoretical assumptions.
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Figure 3.3: Correlation between the free parameters 0, o, and r, after imposing the
experimental constraints on the neutrino mass matrix in the case of normal hierarchy.
Blue points: squared mass constraints only. Brown points: squared mass and mixing
constraints imposed.

The results are summarized in Fig. 3.3-3.5. In all plots the blue points are the allowed
points after imposing the squared mass constraints only, while the points in brown are
those where both squared mass and mixing constraints, as resulting from the global fit in
Ref. [73], are satisfied.

The two plots in Fig. 3.3 illustrate the role of ¢, §, and r, in reproducing the mass
spectrum. For illustrative purposes, only the points giving rise to normal hierarchy are
shown: the inverted case give rise to identical distributions provided ¢ — —o and § — —9.
As can be seen from both plots, there is a wide range of values giving rise to the correct
mass spectrum and no serious tuning of the parameters is needed to explain the (modest)
hierarchy between |Amgem| and Amg,. The latter emerge naturally provided o is not too
small.

The results for 613 and A3 as a function of the corresponding most relevant free
parameters are illustrated in Figure 3.4 (again only the normal hierarchy case is explicitly
shown). On the top panel we show 3 as a function of §/r: the two bands are those
expected by the analytical expression in Eq. (3.56). As can be seen, we cannot claim
to predict ta3 &~ 1, but this is a value perfectly allowed by our parameterization without
particular fine tuning. On the contrary, very small or very large values of £53 are disfavored
after imposing the mass constraints. On the bottom panel we show s;5 as a function of ~.
As anticipated in the analytical discussion, sy is very difficult to be predicted (any value
is essentially allowed). The only clear pattern emerging is the need of a non-vanishing =y
in order to reproduce the experimental value of sqs.

In Figure 3.5 we show the correlation of s13 and ss3, which is the only clear prediction
of our decomposition, as far as the mixing angles are concerned. Also in this case we find

TAlthough the global fit of Ref. [73] does not include the recent Daya-Bay result [71], the resulting
value for 613 turns out to be in good agreement with the direct determination in Eq. (3.29). Similar
results for all the neutrino parameters but for 6,3 can be found also in Ref. [74].
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Figure 3.4: Top: t93 vs. §/r. Bottom: sj5 vs. 7. Notations as in Fig. 3.3.
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Figure 3.5: Correlation between s13 and so3 as expected in our framework. Notations as
in Fig. 3.3.

a clean confirmation of what expected by means of the approximate analytical result in
Eq. (3.56). The width of the band correspond to the uncertainty in the value of s., that
we have varied in the range [0.19, 0.25].

Finally, in Fig. 3.6 we illustrate our predictions for the absolute values of neutrino
masses. We find that typical values for the sum of neutrino masses lie around 0.2 — 1 eV,
in agreement with current bounds.* Interestingly, this means that neutrinoless double
beta decay should be observed in the upcoming experiments, with the parameter mggs
around 0.02 — 0.4 eV. Current bounds for the matrix element, as well as the sensitivity
of future experiments, are shown in Table 3.1.

#The WMAP bound of [75] for the sum of neutrino masses varies between 1.3 eV (WMAP-only) and
0.58 (WMAP + Baryon Acoustic Oscillations + Hubble constant measurements)
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Bounds Prospects
Experiment Bound (eV), C.L. Experiment Reach (eV) [76]
KamLAND-Zen (13¢Xe) <0.3-0.6,90% [78] || KamLAND-Zen (!3¢Xe) 0.062
CUORICINO (130Te) <0.19 - 0.68, 90%  [79] CUORE (13Te) 0.062
NEMO3 (1%°Mo) <0.7—2.8,90% [80] NEXT (136Xe) 0.071
Heidelberg-Moscow ("5Ge) 0.32£0.03, 68%  [81] EXO (136Xe) 0.072

Table 3.1: Current bounds and prospects on mgg. Intervals in bounds are due to uncer-
tainty in the nuclear matrix elements. The “reach” assume reference values for G isotope
masses and a 10-year data taking period.
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Figure 3.6: Correlation between the neutrino mass-matrix entry relevant to Ov (33 experi-
ments (mgg) and the lightest neutrino mass (mygn;). The gray area is the area accessible
from present oscillation experiments (at 30), the red points denote the prediction of our
framework. The solid lines indicate the current bounds [75]; the dashed lines provide an
indication of the (near) future prospects [76,77].

3.2.4 The slepton sector and LFV

Having identified the minimal set of spurions necessary to build the lepton Yukawa
coupling and the neutrino mass matrix, we can now turn to study the consequences of
this symmetry-breaking pattern in the slepton sector.

Let’s start from the LL soft slepton mass matrix, which transforms as 8 & 1 under
U(3); and is invariant under U(3),. The LN conserving spurions at our disposals are Y (©)
and AY,, both transforming as bi-triplets of U(3); x U(3)., and X, transforming as an
8 of U(3);. Given the smallness of neutrino masses, we can safely neglect LN-conserving

terms obtained by the contraction of two m,(,o) terms. Expanding to the first non-trivial
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order in these spurions, the LL soft mass matrix assume the following form

b = 1+ A} +C4AY:AYET )
)z = 1+cly > +esz, (3.61)

with all constants being real and O(1). Since X is at most of O(¢) and AY, is at most of

order (y,/y,), we can approximate the above expression to
1 € 0
=| e 1+ce e mi, (3.62)

0 e 1+ ely?

i
where we have distinguished c3, ¢4 and ¢4 due to the possibility of additional O(1) factors
from the spurions themselves. With this definition, ¢; and ¢} are complex. In principle,
these parameters are related to the parameters appearing in the neutrino mass matrix by
1 r 1
= c Re(dy) =
20—4 (c5) 20 —0

However, we have explicitly checked that these relations do not provide very stringent

Re(c;) = 3 . (3.63)

constraints. For this reason, in the numerical analysis we have treated cs3, ¢}, and ¢} as
independent free parameters.

In the sfermion sector, the main difference between the U(3)® set-up we are consid-
ering, and that based on a U(2)° symmetry, lies on the fact that in the latter case one
can naturally have sfermions of the first two families considerably heavier than those of
the third family [56], see Eq. (3.9). As discussed in the introduction, this possibility is
attractive due to the lack of experimental signals for supersymmetry at LHC and, at the
same time, the need of relatively light squarks of the third generation in order to stabilize
the Higgs sector (hierarchy problem). In the U(3)° set-up we can also have third-family
sfermions substantially lighter than those of the first two generations. However, this can
happen only at the price of some fine-tuning of the symmetry-breaking terms. In the case
of ﬁz%, this happens if 1 + co|y,|*> < 1. However, it is worth to stress that in the slepton
sector the requirement of a sizable mass splitting among the families is less motivated:
the sleptons play a minor role in the hierarchy problem and there are no stringent direct
experimental bounds on any of the slepton families. In Sec. 3.3.5 we will discuss the
possibility that such a splitting be related with the RGEs running if the flavor symmetry
is broken at Mqgyr.

The RR soft slepton mass matrix transforms as 8 @ 1 under U(3). and is invariant
under U(3);. Proceeding similarly to the LL case we find
_ ( (B AV VY > 2

m

™ N

mAm = I+ GAYTAYS + gAY ALAYY
é 4 e e e L e
(m2)ss = 1+ Jy-|*(ch + cr) - (3.64)
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Channel | Bound (90% C.L.) Prospects
B(u — ev) <24 x 10712 [82] 1071
B(r — ev) <33x107® [84] 107°
B(t — ) <44x10°8 [84] 107°

Table 3.2: Bounds and prospects for LE'V searches.

Here all off-diagonal terms are heavily suppressed by the first and second generation
Yukawa couplings and, to a good approximation, can be neglected.

Finally, let’s consider the trilinear soft-breaking term A., responsible for the LR entries
in the slepton mass matrices. The symmetry breaking structure of A, is identical to that
of the Yukawas, albeit with different O(1) factors:

A= < wAY, 1 a3V > A, . (3.65)
0 1 as

Here the a; are complex O(1) parameters. When diagonalizing the charged-lepton Yukawa
we find (see also Appendix A)

aily 0 (ay — az)s.ee
(A)Y =~ 0 a1ty (ag — az)cee yr Ao (3.66)
0 0 as

where 01 = (y./y,) and ¢, = (y,/y,). This implies a negligible LR contribution to the
1-2 sector, and suppressed contributions to the 1-2, 3 sectors.

Lepton Flavor Violation

Given the structure of the soft-breaking terms illustrated above, the leading contri-
butions to LF'V processes are induced by LL terms. Inspired by the symmetry-breaking
pattern of the squark sector analyzed in Ref. [56], and also to simplify the discussion, in
the following we assume the existence of an approximate cancellation in the (3, 3) element
of the LL slepton mass matrix. Under this assumption, the leading contributions to LE'V
processes are dominated by the exchange of third-family sleptons.

Before analyzing the predictions of LFV rates by means of a numerical scan of the
parameter space, we draw a few analytical considerations. In the limit where we assume
the dominance of chargino contributions (as expected because of the larger coupling com-
pared to neutralinos), we only need to analyze the LL mass matrix of Eq. (3.62). This is
diagonalized by the analogue of Eq. (3.16):

Ce Se€ ' —s.8%e e e
Wi =1 —sce Ce —Ce85€" , (3.67)
e ,—iy
0 sge 1
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where
s5 e = s, 4y = Ofe) . (3.68)

The relevant mixing terms are then

o= —s. s 0 (3.69)
by = —Cest e, (3.70)
5 o= 1. (3.71)

This allows us to make the approximate predictions:

* 7 i |2
(B(MHGV))X ~ (m/t>5FT 237V13
B(T - ,wY) mr Ly | RER;
~ 51stsS?, (3.72)
* v i |2
(B (r = ) )X N | RaRis) o (3.73)
B(t — p) 53R 53 .

which turn out to be good approximations to the full results.

In our numerical simulation, we include both chargino- and neutralino-mediated con-
tributions. We perform a complete diagonalization of the full 6 x 6 slepton mass matrix
and the 3 x 3 sneutrino mass matrix.* We take the (3,3) and (6, 6) elements in the range
(200 GeV)? — (1000 GeV)?, while we assume values between 5% and 100% times heavier
for the other mass eigenvalues. The Ay parameter is assumed to be proportional to the
heavy sfermion mass with a proportionality constant in the range [—3,3]. The chargino
soft mass is fixed to My = 500 GeV, and we use gaugino unification arguments to set
My = 0.5M5. We also fix tan 3 = 10, and p = 600 GeV.

The results of the numerical analysis are shown in Figure 3.7. On the upper panel
we show the correlation between B(r — pvy) and B(u — ev), while on the bottom panel
we show the correlation of the former with B(r — ev). We show the current bounds for
each branching ratio with solid brown lines, while the expected sensitivity of the relevant
experiment (MEG for p — ev, Belle II and SuperB for 7 — ¢v) is shown using dashed
brown lines (see Table 3.2). The contours on the left panel give an idea of the density
of points, where each outer contour represents a density value one order of magnitude
smaller than the respective inner contour.

The upper panel of Figure 3.7 shows that, although a small part of the parameter
space is ruled out already, there exist a significant number of points that can be probed
by 4 — ey, 7 — py and possibly also 1 — e conversion experiments in the near future. It
is interesting to note that current and future sensitivities of u — ey and 7 — u7vy are quite
comparable in constraining the model, even if the experimental sensitivity on 7 — py is
much weaker. The fact that 7 — py has such an important role can easily be understood

* In the diagonalization process we discard results with tachyonic sleptons or charged LSPs. We also
take into account the approximate LEP bounds on chargino, stau and sneutrino masses [83].
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Figure 3.7: Top: Correlation between B(1 — u7y) and B(p — ev). Bottom: Correlation
between B(7 — uy) and B(T — e7v). Case of hierarchical slepton mass spectrum, see text
for more details.

from Eq. (3.72), where it is clear that p — e receives an additional suppression due to s2.
Similar conclusions have recently been reached also in Ref. [61]. On the other hand, the
correlation between p — ey and 7 — pry in Figure 3.7 is quite different with respect what
expected in various models of Minimal LFV [85], where there is no connections between
quark and lepton flavor structures.

The lower panel of Figure 3.7 shows that 7 — e~y does not provide additional bounds
on the model, as most points that can be probed by this decay mode are already ruled out
by 7 — pry. Still, the Figure shows a very strong correlation, as expected from Eq. (3.73).
This correlation could provide a very significant test of the model if it could be verified
experimentally.

Finally, in order to test how these conclusions are modified if the slepton spectrum is
not hierarchical, we have performed a independent scan without assuming a cancellation
in the (3,3) and (6,6) entries of the slepton mass matrix. In particular, we vary all the
diagonal entries in the range (1000 GeV)? — (2000 GeV)?, while keeping all the other
parameters (gaugino and chargino masses) fixed as in the previous scan. The result of
this second numerical analysis are shown in Figure 3.8. As can be seen, in this case the
correlation between 1 — ey and 7 — py is quite different: the contribution of the sleptons
of the first two families is not negligible in 4 — e and, as a consequence, the approximate
relation Eq. (3.72) is no longer valid. In this framework, the recent MEG bound [82] on
i — ey provide a very severe constraint. In particular, it rules out the possibility of
visible effects in the 7 — pvy case. The correlation between 7 — py and 7 — e7 is not
modified with respect to Figure 3.8, but both modes are beyond the experimental reach
after imposing the ;1 — ey bound.
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Figure 3.8: Correlation between B(1 — py) and B(u — e7) in the case of almost degen-
erate slepton mass spectrum. See text for more details.

3.2.5 Concluding remarks

We have proposed an ansatz for the neutrino mass matrix and the charged lepton
Yukawa coupling based on a minimal breaking of the U(3)® flavor symmetry, consistent
with the U(2)? breaking pattern of the quark Yukawa couplings discussed in Ref [56]. The
key hypothesis that allows us to relate the non-hiearchical neutrino sector to the Yukawa
sector is the assumption of a two-step breaking structure in the neutrino case: a leading
breaking of the maximal flavor symmetry, U(3); x U(3)., giving rise to a fully degenerate
neutrino spectrum, followed by a sub-leading hierarchical breaking similar to the one
occurring in the Yukawa sector. According to this hypothesis, the large 2-3 mixing in the
neutrino sector arises as a small perturbation of an approximately degenerate spectrum.
On the other hand, the ratio between 613 and fy3 is predicted to be of the order of the
Cabibbo angle, similarly to the quark sector, in good agreement with the recent DayaBay
result.

As we have shown, our framework is able to reproduce all the neutrino oscillation
parameters without particular tuning of the free parameters. The neutrino masses are
predicted to be almost degenerate: the sum of all the eigenvalues is expected to be around
0.2 — 1 eV, close to the present cosmological bounds, and the Ov33 parameter mgg is
expected in the range 0.02 — 0.4 eV, observable in next generation of experiments.

Our framework can naturally be implemented in supersymmetric extensions of the
SM and, more explicitly, within the well-motivated set-up with heavy masses for the first
two generations of squarks. We have analyzed the consequences of this flavor-symmetry
breaking ansatz in the supersymmetric case, assuming a split family spectrum also in the
slepton sector. The model can satisfy the existing constraints on LE'V in charged leptons,
with the most significant bounds coming from y — ey and 7 — py. For third-generation
sleptons masses below 1 TeV both decay modes are expected to be within the reach of
future experimental searches.
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3.3 U(2)’ and running effects

In Sec. 2.3.3 we introduced the MSSM and its constrained form, the CMSSM: we
showed that, inspired by models of gravity mediated SUSY-breaking, the CMSSM has only
a few additional parameters, defined at a unification scale, Mgur. In a phenomenological
analysis the parameters of the model would then be evolved down to a SUSY-decoupling
scale, Mgsusy, through the use of renormalization group equations. One of the main
consequences of this approach is that the soft SUSY-breaking terms would acquire a flavor
structure compatible with the MFV ansatz [31]. However the current lack of SUSY signals
at LHC have forced the theoretical community to start stepping away from this simple
realization of SUSY, as for example considering models with a squark mass splitting like
in the U(2)3 case [56] discussed above.

Nevertheless, in most works studying the U(2)? framework [1,56,60-62], the flavor
symmetry was considered to be directly applied at the electroweak scale, while the typical
expectation is for this symmetry to be broken at a very high scale. First of all, it is
unclear if the running of the MSSM parameters would preserve the virtues following from
the assumption of a minimal breaking of the U(2)? symmetry, analyzed in the previous
literature. Moreover, the type of initial conditions required to achieve the split scenario
are not evident, especially after applying the LHC bounds on the gluino mass and trying
to mitigate the naturalness problem as well as possible. In this Section, we attempt to
answer these questions.

3.3.1 RGEs and masses

We are interested in the possibility that both supersymmetry and the flavor symmetries
are broken at a very high scale, which we take to be Mgyt ~ 10'® GeV. (S)fermion mass
matrices are therefore generated at Mgy and they must be evolved down to Msygsy,
according to the MSSM RGEs.

We follow a three step procedure. In the first step, we define what our initial conditions
shall be at Mgyr. The fermion Yukawa couplings are determined from their electroweak
values [86,87], running them to the unification scale. For the sfermions, we assume the
soft masses to follow the structures outlined in the Appendix, in particular, Egs. (A. 2)-
(A. 4). We choose a common mass for all the squarks in the first two generations, Mpequy.
and a common mass for the third generation, mygn. In general, we shall refer to the
SPUtting p = (M3eauy — Miight)/Mheany MStead of myign, such that p = 0 is the totally
degenerate case, while p = 1 corresponds to maximal splitting. The A-terms follow a
flavor structure similar to that of the Yukawas, but the different O(1)s lead to a non-
diagonal structure, shown in Eq. (A.5). We assume the A-terms to be connected with
the first two generations masses, so we take a universal Ay ~ Mpeqpy-

Regarding the other soft parameters, we use a common value for the Higgs soft masses

mm, = mp, = My, which can be different from both the light and heavy sfermion masses.

u

We also consider a unified gaugino mass M/, and, for definiteness, we fix tan 3 = 10.
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Thus, in our scan, the variable parameters shall be:
M1/27 Mhpeavy, P> Mo, A07 Liy Vi s (374)

where x; and 7; represent the O(1) parameters and phases shown in the Appendix. Notice
that Aj shall actually be the product of mpeqyy, and an O(1) parameter.

On the second step, we run all parameters down to a common decoupling scale
Msysy ~ 1 TeV, following 2-loop MSSM RGEs [88]. As we are interested entirely in
the RGE effects, we do not consider threshold corrections. At this scale, we calculate the
sfermion soft masses and mixings.

Once we are at the low scale, we proceed with the third step, which is to ask several
requirements to be satisfied. First, we ask the absence of color/charge-breaking min-
ima. In fact, the third generations masses can acquire tachyonic values due to negative
contributions from the running, proportional to mg at one loop and to Mpequy at two
loops [89]. On the contrary, M, induces a positive contributions to the running, pushing
the sfermion mass towards positive values, while the influence of the A-terms is weak.
Thus, a balance between all contributions shall be required, such that no sfermion masses
become tachyonic. As we shall see, the tachyon bound can forbid some scenarios with
large splitting, p ~ 1*.

We also ask for correct radiative electroweak symmetry breaking (EWSB), ie we de-
mand that at the low scale the p parameter has a value such that the tadpole terms of
the scalar potential vanish. For this to be satisfied, it is usually sufficient to have m%[u
acquiring a negative value due to the running. Thus, a large mg shall be disfavored, as it
will imply that the initial value of my, shall be too large in order to be driven negative
from the running. Moreover, a small M/, is also indirectly disfavored. This is due to
the negative influence of the stop masses on my,. Larger values of M/, shall give a
larger positive gluino contribution to the stop masses, which in turn shall provide a larger
negative contribution to m¥ .

In addition, we require LHC bounds to be satisfied. In particular, we demand the
light Higgs mass m;, to be compatible with the latest ATLAS and CMS measurements,
that is, we take m;"”” = 125.3 £ 0.6 GeV [7,8]. We calculate both my, and its theoretical
error using FeynHiggs [91-94], bounding the latter to be no larger than 3 GeV. We then
ask mj, to be within the 1o range, which in principle can allow masses as small as 123
GeV. We also check that all direct SUSY bounds are satisfied (in particular, mz > 1 TeV
is the most relevant limit).

Moreover, an interesting feature of the U(2)? model, in the flavor sector, is that it can
improve the CKM fit with tiny and correlated new contributions to ex and Sy [56,62],
as shown in Egs. (3.20) - (3.24). The size of these gluino-mediated effects depends on the

*Notice that, as we are taking a universal decoupling scale, the real edge of the tachyon bound is
probably less stringent than the one shown. As shown in [90], the early decoupling of the heavy first
generations can prevent some cases from becoming tachyonic.
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function Fjy, defined as:

2 (g ! m%,[, 1 m? m%
R =12 g —= .
0 3 ( g ) mQQg So(xt) fO mQQS + O(méh) Y (3 75)
11 + 8z — 1922 + 26z log(x) + 422 log(z
folz) = 31— 33)3( ) (@) : (3.76)

with Sy(z;) being the typical one-loop function of the SM to AF = 2 processes (for
example, see [95]). In the updated fit of [68], it was shown that, after the inclusion of
LHCb data, the U(2)? contributions could be of the correct size to solve the flavor tension
if 0.01 < F, < 0.14, and if the mixing was above a certain value’. As can be expected,
the requirement on Fj can be satisfied only if the § and by, are not too heavy. We will
mark this region with a special line in the following plots.

Given all these constraints, we will concentrate on the regions with a soft spectrum
at Msysy as natural as possible. In particular, as shown in the literature [40,47-49,52],
a natural supersymmetric theory requires that p and the third generation masses to be
light, and that the gluino must not be too heavy. Note that this represents a tension with
the value of the parameters required to obtain a Higgs mass heavier than 120 GeV. Thus,
we shall place ourselves in a middle ground, searching for values of ;4 < 1 TeV, and at
least one stop with mass m; <1 TeV.

We are also interested in understanding the type of splitting one obtains after the
running. We shall be presenting our results in terms of:

(m2,) — (m2;)

(mZy)

low

where <mtgb> is the average mass squared for the stops or sbottoms, and (m2) is the
average mass squared of the respective first two generations.

Spectrum

In our study we focus on two different scenarios. First, we shall take mpeqpy = 3 TeV,
very close to the experimental limit, such that it might be feasible to observe some signals
from the first two generation squarks in the near future. On the second scenario, we use
Mheavy = 8 TeV, and see what consequences this has on the spectrum.

For each value of mpeqyy, We need to evaluate the interplay between the values of M, /2
p, mo and Ay required to satisfy the bounds mentioned previously. We shall explain such
an interplay around the following two Benchmarks:

Benchmark 1: M, = 500 GeV, p = 0.5, Mpeawy = 3 TeV, mg = 2.8 TeV, Ay =

—Mheavy

Benchmark 2: M, = 1.1 TeV, p = 0.97, Mmpeqry = 8 TeV, my = 2.5 TeV, Ay =
*0-25mhezwy ’

TThis assumes |Vy3| = (3.97 & 0.45) x 1073,
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which, as we shall see, satisfy all our requirements. For each Benchmark, the value of Ay
has been chosen in order to maximize stop mixing without generating tachyons, such that
the appropriate Higgs mass is reproduced. The choice for the other parameters shall be

made clear when examining the surrounding parameter space.
low low
i b
lower rows, and show the interplay between p and M; 2, mo and mjequy on the left, center

In Figures 3.9 and 3.10 we show contours of i, p>" and p°¥ on the upper, center and
and right columns, respectively. The dark regions correspond to points where EWSB is
not achieved, and the orange regions have at least one tachyonic stop. We plot 1o bounds
on the Higgs mass as a dashed, green line, and show the region satisfying the Fjy constraint
with a solid, red line.

Let us focus on the parameter space around Benchmark 1, which is shown in Figure 3.9.
Here, we find a strong upper bound on p due to tachyons and EWSB. To avoid this bound,
one can either increase M/, decrease mg or increase Mmpeqy. However, as the Higgs and
the Fy bounds act in opposite directions, the possible variations are strongly limited.
Increasing either Mo Or Mpeqny shall improve the Higgs mass, but at the same time will
worsen the value of Fy. This situation is even further constrained by the naturalness
bound on g < 1 TeV, which fixes a lower bound on mg. Similarly, the Higgs and Fj
constraints do not favor lower values of p.

Such constraints lead to values of p around 500 GeV, and very specific splittings. In
the stop sector, we find p%ow ~ 0.85, which leads to an average stop mass of about 1.2 TeV.
Nevertheless, as the stop mixing is large, we find the mass of the lightest stop to be lower
than 500 GeV. On the other hand, in the sbottom sector, we have p%ow ~ 0.6, leading to
an average sbottom mass of 1.9 TeV. Notice that this setup involves a very mild splitting
at the GUT scale, but can lead to a larger splitting in the stop sector. This is actually
favored by the neutrino sector, which was studied in a U(2)® framework generated from
the breaking of U(3)° [1]. Nevertheless, the splitting in the sbottom (and stau) sectors
remains somewhat mild.

Let us turn now to Benchmark 2, shown in Figure 3.10. The motivation of this
Benchmark is to study a scenario with a much stronger splitting than in Benchmark 1.
However, the tachyon, Higgs and p bounds force the value of M/, to be too large to
satisfy the F, constraint, having values about one order of magnitude lower than what
is preferred from the fit in [68]. Still, we consider Benchmark 2 a useful comparison,
which might become of interest if a stop signal is observed in the upcoming data, with no
corresponding gluino nor squark signal.

From Figure 3.10, we find that the splitting in the stop sector remains somewhat
invariant. This means that the positive RGE contribution to m; from M;/, cancels the
large, negative RGE contribution from the y? Yukawa and the two-loop contribution from
Mheavy- However, in the sbottom sector, the yg contribution is not as large as that for the
stop sector, so the splitting is somewhat reduced. Still, we have and average stop mass of
about 1.4 TeV (albeit with large mixing), an average sbottom mass close to 2 TeV, and
=600 GeV.

One must admit that such a heavy spectrum is less natural than that in Benchmark
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Figure 3.9: Parameter space around Benchmark 1. We show contours for 4, p™ and pi*
on the top, center and bottom, respectively. The dark regions correspond to no EWSB,
while the orange regions have a tachyonic stop. The green, dashed lines delimitate the
regions within 1 sigma of the Higgs mass, and the red, solid curve indicates the regions
below which the flavor tension could be solved. The blue dot represents Benchmark 1,

which satisfies all constraints.
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Figure 3.10: Same as Figure 3.9, but for Benchmark 2. Notice that the evaluated param-
eter space never satisfies the Fy constraint. The blue dot represents Benchmark 2, which
satisfies all other constraints.
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1. Even though the p parameter and the lightest stop mass are light enough, the gluino
and the second stop are much heavier. Nevertheless, as this scenario reproduces the Higgs
mass much easily than Benchmark 1, we still find this scenario attractive.

3.3.2 Mixings

Having found points in the parameter space leading to a split squark spectrum, we
now turn to the question of what is the behavior of the mixing after the running. This is
crucial in order to understand if the results given in [56,60] are modified if we take the
flavor structures at Mgyt and then evolve them to the low scale.

When evaluating the method to track the RGE evolution of the mixing, one finds
several choices. First, it is possible to study the variation of the off-diagonals through
the mass-insertion approximation (MIA). However, as this framework provides a non-
degenerate spectrum, it is unclear if the MIA is appropriate. Second, one could track
the evolution of the O(1) constants shown in Eqs. (A. 2)-(A. 4), fitting the low-energy
matrices into a U(2)3-like structure. We find this procedure valid, but not particularly
transparent nor informative. The third option is to build objects directly related to the
physical observables, such that the evolution can be connected with the main results
in [56,60]. As one can relate these objects with the framework parameters, we choose this
approach.

As the communication between the first two and the third generations is due to a
U(2)q doublet, one would expect the main deviation from MFV to be found in mé This
means that, if we concentrate on AF = 2 processes, the main supersymmetric contribution
would come from (LL)? operators. Thus, we shall concentrate here on the evolution of the
mixing participating in the latter operators, leaving the rest to be considered separately
in Sec. 3.3.4.

From Eq. (3.18), we find that the gluino mediated contributions to (LL)? operators
depend on the combination:

N = (W)W, (3.78)
where W¢ is the diagonalization matrix of mQQ in the basis of diagonal down quarks. In
particular the supersymmetric contributions to K, By and By physics (in the limit of
p — 1) are given, respectively, by

A8 — g2 K cq , A3 — —spK et | A8 — —cqspent | 3.79
12 L 13 23

where s;, = xp€ and Kk & ¢4V;q/Vis, with the remaining parameters defined in the Ap-
pendix. We see that the only parameters not fixed by the CKM matrix are sy, and vy, so
the three objects are expected to be correlated. In Sec. 3.3.3 we shall analyze how these
correlations behave under the RGE evolution, so for now it suffices to consider only the
evolution of one of these objects. We shall choose A;‘?.

Our procedure consists of the study of the evolution of )\g‘? as a function of the renor-
malization scale for the two Benchmarks identified in the previous Section, similarly to [96]
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Figure 3.11: The running of |)\§§)| (left) and Arg()\é?) (right), in Benchmark 1. On the left,
we show 2 = 2, 1, 0.5 in blue, green and red. In every region the lighter color correspond
to v, fixed to /4. On the right we fix v, = (=1 + 0.4n)7, with n =0, 1, 2, 3, 4 in blue,
red, green, gray and magenta, respectively. The lighter regions correspond to xy = 1. In
the first two plots the dashed brown lines mark the region where the flavor tension can
be solved. On the left, the region is above the line, while on the right it is between the
two lines.

for MFV. In Figure 3.11 and 3.12 we plot separately the absolute value (on the left) and
the phase (on the right) of )\g‘? in Benchmark 1 and 2, respectively. For the absolute val-
ues, we fix the parameter x; that defines the mixing at Mgyt and we make a numerical
scan of the other mixing parameters of the framework. We show with different colors
three different values of x, as indicated in Figure 3.11. We also show with a lighter color
the case in which the phase v, is fixed equal to /4. On the contrary, in the plots of the
phases, each color represents a different initial value for v, varying all the other flavor
parameters. Here, the lighter color corresponds to xy, = 1.

The main results are that, in general, the modulus and phase of )\é? are relatively
stable during the running. This is more true in Benchmark 2 than in Benchmark 1, where
the running effects are stronger and the absolute values get a slight suppression. For the
phases, we see a very mild spread in Benchmark 1. Moreover, it is interesting to see that
it is possible to obtain a sizable phase even when starting from a real case at Mguyr. This
is due mainly to the influence of phases in the trilinear parameters.

In each Figure, we also mark with a brown, dashed line the region where the mixing
has got the appropriate size in order to solve the flavor tension. In the previous Section,
we have outlined the region of the parameter space where the function Fj is large enough
to solve the tension. In particular, we showed that Benchmark 1 is within this region,
while Benchmark 2 is not. Nevertheless, what really solves the flavor tension is the
combination x Fyy, where z is defined as © = s3¢3/|Vis|?, see Eq. (3.20 - 3.24). In principle,
it is possible to have a very small value of Fy, but a very large value of x, and achieve
the same results as with moderate values of both parameters. In contrast, it is possible
to have an appropriate value of Fy and end with a too small or too big x.
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Figure 3.12: The running of ]A;‘?| (left) and Arg()\;‘?) (right), in Benchmark 2. Notation
as in Fig. 3.11.

For the absolute value, we have # 2 3 in Benchmark 1, while # 2 10 in Benchmark 2.
The dashed lines on the respective Figures show this lower bound. For Benchmark 1, we
find that values of z;, of O(1) naturally reproduce the required mixing, as long as they
are greater than unity. On the other hand, for Benchmark 2, we require the initial value
of )\g‘? to be somewhat large in order to obtain the minimum amount of mixing. Still,
it is encouraging to note that the needed initial value is not many orders of magnitude
larger, such that it could be obtained at Mqgyr through an accidental enhancement.

The phase of )\%) also needs to acquire particular values. The correct values are
delimited by brown, dashed lines in the respective Figures. In both scenarios we see that,
since the phase variation is not too strong, it suffices to choose v (Mgur) ~ vo(Msusy)-

3.3.3 Structure

So far, we have found regions within our parameter space satisfying all our require-
ments, with the exception of Benchmark 2 satisfying the Fj constraint. We have also
demonstrated that the /\é‘? parameter is stable during the running and, for Benchmark
1, we have found that typical values are effectively within the ballpark that can solve the
flavor tension.

Nevertheless, we have not demonstrated that the U(2)? properties are maintained
after the running. In principle, even if the Fy constraint is satisfied and we have the )\§33)
parameter stable, it is not evident that the full set of parameters shall evolve in a way that
the correlations between their contributions to the K, By and B, sector are preserved.
In particular, we know that the relations in Eq. (3.79) that hold at Mgyt are one of the
main features of this framework. In order to check whether these relations are followed
throughout the running, we shall use the following ratios:

N _ K Ny e (3.80)
N AQE ‘
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Figure 3.13: The two ratios used in order to test U(2)3, evaluated at Msysy. We show
Benchmark 1 (Benchmark 2) on the left (right). The dashed lines correspond to our
estimated theoretical uncertainty. We show results for x; = 2, 1, 0.5 in brown, magenta
and blue, respectively.

which should remain valid for any value of the scale. The first ratio tests the correlations
between the B; and B, sectors, while the second ratio tests those between the K and
By sectors. Thus, if we find these ratios to hold within their theoretical errors, we shall
consider the U(2)? symmetry to be preserved by the running.

We need to derive an approximate theoretical error for each ratio. For the absolute
value of both ratios, we have found they are held within NLO corrections dependent on
the value of p, which can lead to an error of at most 4%. For the phase, we find a fixed
correction of the order of ¢, = arg(c,cq + sys5qe7"?) = 0.02. These considerations lead us
to the following requirements in order to keep the U(2)% symmetry:

>‘(3) th )\(3) Vi
14 0.04 ER o) 10,02 -
Ag‘? Vis ( ) arg N arg (Vts ) (3.81)
)‘g) V;,s )\(3) wd ZSO
|)\§:§)|2 Vi (1+0.04) , arg | (3)|2 = —arg (Vts ) +0.02 . (3.82)

We present our results in Figure 3.13. The left (right) column shows our results for
Benchmark 1 (Benchmark 2), and the top (bottom) row shows the modulus and the
phase of the /\ﬁf’;} / )\é‘? (/\@ / ])\%) |) ratio. We show in brown, magenta and blue the value

of each ratio at Mgsugy, fixing x; = 2, 1 and 0.5, respectively. The main conclusion
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from all plots is that the RGE variation keeps the ratios within our estimated theoretical
uncertainties, so we can expect the U(2) symmetry correlations to be preserved at all
scales. Furthermore, we expect the correlations to be better maintained the larger the
value of xp, which is compatible with the requirement of a large x; needed to solve the
flavor tension.

The distribution of points in Figure 3.13 deserves an explanation, in particular for
Benchmark 2, which shows a ring-like pattern. In this case, we find the pattern to be
due to fixed RGE contributions, coming from the irreducible MFV terms and off-diagonal
soft terms, which are of the same order. Here, the only significant variable is the effective
phase between the two contributions, which is identical in all sectors, and shapes the rings.
In contrast, in Benchmark 1, we have an additional contribution from the RGEs coming
from the A-Terms, which are larger than in Benchmark 2. This additional contribution
involves new varying O(1) parameters and new phases, which spoil the ring-like pattern.

3.3.4 Evaluation of operators leading to AF = 2 Processes

As mentioned previously, in U(2)? supersymmetric frameworks, the main deviations
from MFV happen within m% This suggests that the main contribution to AF = 2
processes should come from (LL)? operators, as other contributions would be strongly
suppressed, usually by the masses of the first or second generation quarks.

In this Section, we compare the value of the different operators contributing to AF = 2
processes after the RGE evolution, in order to make sure this is the case. We shall use

the following basis for the effective operators:

Hiy=> clf+> ¢faf, (3.83)
i=1..5 i=1..3
where F' = K, By, B, and:
QF = (@ d2)@"ay) | (3.84)
QY = (Tnd?)@nd?) . QF = (@ a))apd?) . (3.85)
QF = (G a2 )@ dy) QF = (qrd))(d@} qf) - (3.86)

Here, the quarks ¢, ¢’ depend on the meson F. The Qf coefficients are equal to those
without a tilde, with the exchange L <+ R.

The Wilson coefficients CF, éf have been calculated in many works, either exactly [43,
97] or in the MIA [29,98]. In the following, we shall calculate the coefficients from the
exact expressions, but shall use the MIA to discuss our results. The (LL)? contribution
corresponds to the Cf" coefficient. Similarly, the C3" and CI" coefficients correspond to
the (RL)? contributions, while the Cf and CI coefficients correspond to (LL)(RR) +
(LR)(RL) contributions. Again, these are related to CF by the exchange L < R.

Given the vanishing value of the lower off-diagonal elements of A4 at the GUT scale,
and the very small MFV contribution from the running, the (RL)? contributions are ex-
pected to be the smallest. Next in the line come the (LR)? contributions, which, although
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involving non-negligible upper off-diagonal elements of A,, also include an additional sup-
pression proportional to mg/m%mvy. This shall compete with the m?/mj suppression
commonly found in the (RR)? contribution, where m, can be either the first or second
generation quark mass, depending on sector involved. Finally, the (LL)(RR) contribution
should be the largest after the (LL)?, given the relatively small suppression of the (LL)
insertion. Thus, from the mixing point of view, we would expect:

chnolf <« CfF~CPF~CF <o ~of < CF (3.87)

The results are very similar to our expectations, and are shown in Figure 3.14. Here,
we show the CF /CF and CF /CF ratios, for all possible coefficients, in the K, By and B,
sectors. The coefficients are calculated at Msysy, and for transparency are not evolved
to the respective meson scale. We find the hierarchies between Benchmark 1 and 2 are
identical, with a smaller spread for C’f and C’f in Benchmark 2, due to the additional
suppression in Ay = 0.25 Mpequy-

In the Figure, the shadowed regions indicate values where the ratios exceed 10%,
meaning they should not be neglected.* Surprisingly enough, we find that in the B;
sector the Cy coefficient can be well within this region, and can actually become as much
as ten times larger than C, especially in Benchmark 2. This might spoil the correlation
between CP violation in the B, and B, sectors and, more importantly, break the invariance
of AMy/AM, with respect to the Standard Model values.

We have found this unexpected behavior to be due to the small value of the loop
functions for both Benchmarks, which can balance the suppression in the RR mixing. This
can be better understood by demanding the loop function in C] to include an additional
suppression of the O(m,/my,) with respect to the loop function for the dominant (LL)(RR)
contribution in Cy. This gives:

24 fo(w) + 66fo(x)| < (ms/m) [5042 fo(r) — T25(2) (3.88)

where z = m} /m%L, and the loop functions fs(z) and fs(z) can be found, for instance,
in [29]7. The region giving such a suppression is shown in Figure 3.15, where we can see
that Benchmark 2 lies within it, while Benchmark 1 lies very close.

One finds that this small value in the loop function is actually due to the stringent
bounds of the LHC on the gluino mass. In fact, in order to avoid the suppression, and
have C4 < 0.1 C, one needs:

my, > 3.2 my, (3.89)

apart from O(1) coefficients. Considering the LHC limit of m; 2 1 TeV, this bound is
incompatible with a split scenario in which the third generation is relatively light. In

*In the K-system even smaller ratios should be relevant due to possible chiral enhancements, but in
any case we never obtain such values.

In the mass-insertion approximation, one should actually use x = mg / (mfi), where (m%} is the average
down squark mass [100]. Nevertheless, in a split scenario this does not always give an accurate result.
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Figure 3.14: Ratios between C/, C’f and C{" coefficients. We show the ratios for the K,
B, and By sectors in the top, center and bottom panels, respectively. Benchmark 1 (2)
is shown on the left (right) column. The C}'/C{ ratios are shown in blue, red, green
and magenta, for ¢ = 2...5. The CN’ZF /CF ratios are shown in brown, yellow and gray for
i =1...3. The shadowed regions mark the areas where the ratios are larger than 10%.
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Figure 3.15: Region where loop functions provide an additional suppression of O(mg/my,)
on the (LL)?* operator. Typical values of Benchmark 1 (2) are shown with the blue (red)
dots.

Benchmark 2, the gluinos are heavier than in Benchmark 1, while the the sbottom are
always around 2 TeV. Thus, the enhancement in C,/C is usually stronger.

However, we have checked that the regions where the (LL)(RR) operators dominate
are those where the O(1)s of the (LL)? are small. In these cases, the contributions to flavor
shall always be negligible, meaning that, if this framework can solve the flavor problem,
the (LL)(RR) operators shall contribute at about 10% of the total SUSY contribution.

3.3.5 U(2)? as a broken subgroup of U(3)?

In Ref. [1] (see also Sec. 3.2) an extension of this framework for the lepton sector has
been presented. It was found that, in order to reproduce the neutrino oscillation data, it
was necessary to enlarge the symmetry to U(3)%, i.e. to restore MFV. A two-step breaking
would then be carried out. In the first step, we would have a breaking in two directions:
one preserving O(3)y, in the neutrino sector, and another one preserving U(2)® in the
Yukawa sector. This would be followed by a sub-leading hierarchical breaking of U(2)?,
leading to the Yukawa matrices studied in this paper. At the same time, this sub-leading
breaking would be connected to the neutrino sector, reproducing the observed neutrino
oscillation parameters.

In this case, to introduce the U(2);, doublet, the embedding in U(3)> would force the
use of a spurion transforming as an 8 of U(3),. In U(2)° language, this would have the
effect of having, in addition to the usual U(2); doublet, a new spurion Ay, transforming
with the adjoint of U(2),. Both spurions would be contained in the same representation
of U(3)L.

Following this breaking, we study the effects of the corresponding spurion Ag, trans-
forming as a 3 of U(2), in the quark sector. This modification does not alter the Yukawa
structure, and affects only the (1 — 2) block of m2Q In particular, Eq. (3.10) is modified
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Figure 3.16: The effects of the A spurion on K physics in Benchmark 1 (on the left) and
2 (on the right). We show the ratios (e )12/€5" as a function of the A elements, following
Eq. (3.91). We show in red (gray) the region where (ex)12 > 0.1€57 ((ex)12 > 0.01€%7).

to

(3.90)

Note that, even without considering the leptonic case, it is of general interest to study
if other non-minimal breakings of U(2)* can be compatible with low-energy data. In this
case, the addition of the new spurion affects only the soft sector, and would be a further
deviation from MFV with new physics effects in the K sector. This is particularly relevant
if the first two generations of squarks are not too heavy.

The most important constraints in K sector come from ex and A Mg, which can get
an additional contribution from gluino-mediated processes involving only the first two
generation squarks. This contribution is negligible in the minimal U(2)? breaking, since
the 1-2 mixing has got a strong MFV suppression. On the contrary it can be sizable with
the Ag spurion, for example in Benchmark 1, where mypeq0y >~ 3 TeV. In the following,
we shall refer to the SUSY contribution to ex coming exclusively from the Ag spurion as
(€x)12."

For simplicity we first assume that all the elements of Ag are of the same size

, 1 ez
AQ =c < e—i'yl2 1 ) (3.91)

neglecting the contributions of the other spurions to the (1 — 2) block.

*For a detailed analysis of the full contribution to ex in natural SUSY, see [99].
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Figure 3.17: The effects of the Ag spurion on K physics in Benchmark 1 (on the left) and
2 (on the right).We show the ratios ex/e%” in function of the Ay elements as explained

exp

in Eq. (3.92). In red the region where ex > 0.1€3".

In Figure 3.16 we show the contours for the ratio of (ex )12 on the experimental values,
as a function of ¢ and 7,2 in Benchmark 1 (on the left) and 2 (on the right). We show in
red the region where the new contribution is bigger than 10% of the experimental value.
This would mean that, given a similar error in the SM prediction [101], the new effect
cannot be neglected. The gray regions, on the other hand, provide a contribution larger
that 1%, and although not dangerous, could be important in the solution of the flavor
tension. We do not show the contributions to A My, which are always very small and
provide no constraint.

The main result is that, if we want the new contributions to be smaller than 1%, we
need € < € (barring fine-tuning of the phase). As expected in the Benchmark 2, where
the first two generations are heavier, Ag can take somewhat larger values.

Another interesting case to consider is the one with the elements of Ay being of
different sizes. For example, we take the case:

0 " einz
AQ = < & o—imz ¢ ) ) (392)

which is precisely the form of the spurion introduced in [1] (see Eq. (3.45)). For simplicity,
we fix the phase 715 = 7/4 and again show the ratio of (ex )2 over €” as a function of ¢
and €” in Figure 3.17. As expected, the ratio is very small when both € and €’ are small,
and increases accordingly with them. The impact of € on (€x)i2 is much smaller, as it
enters with an additional suppression proportional to s4. For Benchmark 1, ¢’ < €% and
¢’ < €/5 ensure that the contribution to ex shall be lower than ~ 1%, while for Benchmark
2 the bounds again are much milder. Notice, however, there exists a region where the €”
contribution cancels the € contribution. This interference depends on the values of 712
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and agy. Moreover, we note that the RGEs effects on 1-2 sector are very weak, and the
values of Ag do not change significantly during the running.

3.3.6 Concluding remarks

We have studied the running behavior of a split-family SUSY framework based on a
U(2)? family symmetry. As already mentioned, such a framework is motivated by the
current lack of experimental evidence for SUSY at the early runs of the LHC, and by the
existence of a small flavor tension between the K and B, sectors. Nevertheless, it was
not evident if the several low-scale analyses of this framework were valid if the symmetry
was actually broken at a large scale.

In this work, we studied the U(2)? framework through a CMSSM-like parameter space,
and understood the consequences on the low-energy spectrum. This was made clear
through the use of two benchmark scenarios, the first one having the heavy squarks slightly
beyond the current reach of the LHC, and the second one having them considerably
heavier.

Theoretical consistency, along with the requirement of reproducing the Higgs mass
and solving the flavor tension at the low scale, forced Benchmark 1 to have a very specific
spectrum, with a very light stop and somewhat heavier sbottoms. Here, we found that
the evolution of the mixing parameters was very mild, and required the relevant O(1)
constants to be slightly larger than unity in order to successfully solve the flavor tension.
The correlations between the (LL)? SUSY contributions to K, B; and B, physics were
found to be preserved, but it was found necessary to check explicitly the magnitude of
the (LL)(RR) contributions to By mixing, as it could easily become of the same order of
the (LL)%.

For heavier first generations masses, as in Benchmark 2, we found that in order to avoid
tachyons while keeping at least one stop light, it was necessary to use large gluino masses.
This spoils the solution of the flavor tension, unless considerably large O(1) parameters
were used in the mixing. Although this scenario preserved better the relations between the
(LL)? SUSY contributions to AF = 2 observables, we found the (LL)(RR) contribution
for By to be even larger than in the previous benchmark.

The main conclusion for U(2)? is that it does work as a flavor framework starting at
a high scale, preserving most of its virtues without any critical assumptions. From the
perspective of solving the flavor tension, this situation changes as the masses of the first
two generations are pushed beyond 3 TeV, as the tachyon bound requires heavier gluinos,
which in turn spoil the solution of the tension, and give the (LL)(RR) operators further
importance.

Finally, we also considered a deviation from minimal U(2)? breaking, motivated by
the need to reproduce neutrino oscillation data. This deviation could induce large contri-
butions to observables in the K sector, spoiling again the correlations. We found that, for
both Benchmarks, as long as the deviation was kept of order ~ €2, the new contributions
could be generally considered negligible.



Chapter 4

Non-minimal Higgs sector

As anticipated in the Introduction the LHC experiments have claimed the discovery of
a new particle compatible with the Higgs boson with mass of m;, ~ 125 GeV [7,8]. However
we are still far from being able to assert that it is exactly the SM Higgs. Indeed, many
alternative scenarios of electroweak symmetry breaking are themselves compatible with
the LHC signal at 125 GeV and a more accurate study of the Higgs properties is in order
for discriminating among the various models. Fortunately 125 GeV is a very favorable
mass region because it opens many decay channels (bb, 777, 4y, W*W~, ZZ and gg)
to be measured at LHC and to be compared with the SM Higgs expectations [102-104].

In this Chapter we concentrate on the study of the phenomenology of models with
a non-standard Higgs sector, on the flavor physics playground. In particular in Sec 4.1
we analyze possible Higgs mediated FCNC to be measured at LHC [3], while in Sec. 4.2
and 4.3 we concentrate on the study of the flavor phenomenology of the 2 Higgs Doublets
Model (2HDM) in a generic case with MFV [4] and in supersymmetry [5], respectively.

4.1 Flavor-changing decays of a 125 GeV Higgs-like
particle

The LHC phenomenology of a SM-like Higgs boson, with mass around 125 GeV, is
characterized in the first place by six effective couplings: the couplings of h to bb, 77,
vy, WHYW =, ZZ and gg. ATLAS and CMS are indeed searching for possible decays of any
new neutral particle in these flavor-conserving final states (except for gg, whose coupling to
h is accessible only through the production mechanism). Within the SM, flavor-changing
decays of h are expected to be strongly suppressed and well beyond the LHC reach.
However, there are alternatives to the SM Higgs interpretation of the 125 GeV hint,
and in some of these cases relatively large flavor-changing couplings become a significant
possibility. This is the case, for example, of the pseudo-dilaton Higgs boson look-alike
discussed in [105], which is quite compatible with the hint observed by ATLAS and CMS.
Flavor-changing decays of h are expected also in the case of a composite Higgs [106] in
models where the Yukawa couplings are functions of the Higgs field [107] and in several
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other extensions of the SM with more than one Higgs field (see, e.g., Ref. [108] and
references therein). It is therefore important to explore the possible existence and the
allowed magnitudes of flavor-changing couplings of a neutral 125 GeV scalar particle h,
looking for possible deviations from SM predictions.

In this analysis we adopt a phenomenological bottom-up approach, studying the flavor-
changing couplings of the hypothetical h particle allowed by low-energy data. Several pre-
vious studies of this type have been presented in the recent literature, see, e.g., [108-113].
However, a systematic analysis of both the quark and lepton sectors and their implica-
tions for the h decays was still missing. As we will show, the available experimental
constraints on FCNC interactions provide strong bounds on many possible quark- and
lepton-flavor-changing couplings. However, there are instances where relatively large
flavor-changing h couplings are still allowed by present data, cases in point being the
h7p and hTe couplings (as already noticed in [112,113]). Specifically, we find that current
experimental upper limits on lepton-flavor-violating processes allow the branching ratio
B(h — 7+ ar) = O(10%), and that this can be obtained without particular tuning of
the effective couplings. It is also possible that B(h — 7€ + er) = O(10%), though this
possibility could be realized only at the expense of some fine-tuning of the corresponding
couplings and, if realized, would forbid a large B(h — 7p + 7). The bound on the pe
modes are substantially stronger, implying B(h — jie + ep) = O(107?) in the absence of
fine-tuned cancellations.

We note that CMS currently reports a 68% CL range of 0.8713 for a possible h — 777~
signal relative to its SM value [114], and that in the SM B(h — 7777) ~ 6.5% for an
Higgs boson weighing 125 GeV. It therefore seems that dedicated searches in the LHC
experiments might already be able to explore flavor-changing leptonic beyond the limits
imposed by searches for lepton-flavor-violating processes.

On the other hand, the indirect upper bounds on possible quark-flavor-violating cou-
plings of a scalar with mass 125 GeV are much stronger, and the detection of hadronic
flavor-changing decays are much more challenging, so these offer poorer prospects for
direct detection at the LHC.

4.1.1 Effective Lagrangian

We employ here a strictly phenomenological approach, considering the following ef-
fective Lagrangian to describe the possible flavor-changing couplings of a possible neutral
scalar boson h to SM quarks and leptons:

ﬁeff = Z Cij JlLdﬁh-ﬁ- Z Cij TLZLUﬁh"‘ Z Cij le,gizh'i_hc (41)

i.j=d,s,b (i#]) ij=u,ct (i#5) hi=eu,T (i#])

The field h can be identified with the physical Higgs boson of the SM or, more generally,
with a mass eigenstate resulting from the mixing of other scalar fields present in the
underlying theory with the SM Higgs (if it exists). Therefore, the operators in (4.1) are
not necessarily SU(2); x U(1)y invariant. However, they may be regarded as resulting
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Figure 4.1: Left: Tree-level diagram contributing to AF = 2 amplitudes. Right: One-
loop diagram contributing to anomalous magnetic moments and electric dipole moments
of charged leptons (i = j), or radiative LFV decay modes (i # j).

from higher-order SU(2), x U(1)y-invariant operators after the spontaneous breaking of
SU(2)L x U(1)y.

By construction, the effective couplings described by (4.1) are momentum-independent.
In principle, higher-order operators with derivative couplings could also appear, leading
to momentum-dependent terms, or effective form factors for the flavor-changing vertices.
We assume here that any such effects are subleading, though it is clear that direct ob-
servation of h decays would, in general, provide much more stringent constraints on such
momentum dependence than could be provided by the indirect low-energy constraints
considered below.

4.1.2 Bounds in the quark sector

Operator Eff. couplings 95% C.L. Bound Observables
| et [T cerr) |

(5rdz)(51dR) Cod Chg 1.1x 10719 | 4.1 x 10713 Amy; ek
(5rdp)? (5pdr)? 2., 22x1071° ] 0.8 x 1072

(crur)(crug) Ceu Chie 0.9 x 1072 | 1.7 x 1071° | Amp; |q/pl|, ép
(ER UL)Q, (ELUR)Q Cic, Czu 1.4x 1072 [ 25 x 10710

(BR dL)(BLdR) Cbd C;b 0.9 x 1078 2.7 x 107 Ade; SBdﬂwK
(brdyp)?, (brdg)? oy €y 1.0x 1078 | 3.0 x 107°

(BR SL>(BLSR) Cphs C:b 2.0 x 1077 2.0 x 1077 A?’I’LBS
(brsp)?, (brsr)? 2, 2, 22x 1077 | 22x 1077

Table 4.1: Bounds on combinations of the flavor-changing h couplings defined in (4.1)
obtained from AF = 2 processes [28], assuming that m; = 125 GeV.

In the quark sector, strong bounds on all the effective couplings in (4.1) involving light
quarks (i.e., excluding the top) can be derived from the tree-level contributions to meson-
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Eff. couplings Bound Constraint
less?, eps]? | 2.9 x 1075 [*] | B(B; — ptp~) < 1.4 x 1078
’Cdb|27 |de‘2 1.3 x 107 [*} B(Bd — ,u*,u’) <3.2x107?

Table 4.2: Bounds on combinations of the flavor-changing h couplings defined in (4.1)
obtained from experimental constraints on rare B decays [115], assuming that my; =
125 GeV. (Here and in subsequent Tables, the [*] denotes bounds obtained under the
assumption that the flavor-diagonal couplings of h are the same as the corresponding SM
Yukawa couplings.)

antimeson mixing induced by diagrams of the type shown in the left panel of Fig. 4.1.
Using the bounds on dimension-six AF = 2 operators reported in [28], we derive the
indirect limits on different combinations of ¢;; couplings reported in Table 4.1. As we
discuss in Sec. 4.1.3, these bounds forbid any flavor-changing decay of the h into a pair
of quarks with a branching ratio exceeding 1073.

The AF = 1 bounds on the ¢;; also prevent sizable Higgs-mediated contributions
in AF = 1 amplitudes, if the flavor-diagonal couplings of the h are the same as the
SM Yukawa couplings. In Table 4.2 we report the bounds on the ¢;; couplings obtained
from Byq — ptp~ obtained under this assumption, namely setting ¢, = \/imu /v with
v~ 246 GeV *. As can be seen, these AF' = 1 bounds are weaker than those in Table 4.1.
This would not be true if the flavor-diagonal couplings of h were enhanced with respect to
the SM Yukawa couplings, or if there were some extra contribution cancelling h-exchange
in the AF = 2 amplitudes. The latter happens, for instance, in some two-Higgs dou-
blet models, because of the destructive interference of scalar and pseudo-scalar exchange
amplitudes: see, e.g., [108,116].

4.1.3 Bounds in the lepton sector

In the lepton sector we do not have an analogous of the AF' = 2 constraints, leaving
more room for sizeable non-standard contributions.

We start by analyzing the tree-level contributions of A to the lepton-flavor violating
decays of charged leptons and i — e conversion in nuclei. In most cases bounds on the
effective couplings in (4.1) can be derived only with an Ansatz about the flavor-diagonal
couplings. Here we assume again that the flavor-diagonal couplings are the SM Yukawas,

V2my

(Y

Coyp = Yp = (42)

This leads to the bounds reported in Table 4.3, where we have used the limits of the
corresponding dimension-six operators reported in [117], updating the results on various 7

* This assumption is not true in general. For example, in the pseudo-dilaton scenario of [105] the
flavor-diagonal h couplings are in general suppressed by a universal factor ¢ < 1, in which case the
bounds in Table 4.2 would be weakened by a factor 1/c¢ > 1.
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Operator Eff. couplings Bound Constraint
(frer)(qryr), (Brer)(drgr) |Cuel?s leeul® 3.0 x 1073 [*] | Bye(Ti) < 4.3 x 107"
(TR pp)(Brpr), (Trpr)(Erpr) | lerul®s leue? | 2.0 x 1070 [¥] | T(7 — pap) < 2.1 x 1078
(Trer)(Brpr), (Trer)(rpr) | lerel®s leer[* | 4.8 x 107" [¥] | D(1 — efip) < 2.7 x 107°
(Trern)(Brer), (Trer)(fier) | lcueCirls |cuecrel | 0.9x 1074 | (1 — fiee) < 1.5 x 1078
(Trer)(firer), (Trer)(firer) | |ciucérl, |céucrel
(Trupr)(€Lpr), (Topr)(@Lpr) | |cenc)rls |cepcrul | 1.0 X 107% | D(7 — eup) < 1.7 x 1078
(Trpr)(Erpr), (Topr)(ErRpL) | |CheChrls |CheCral

Table 4.3: Bounds on combinations of the flavor-changing h couplings defined in (4.1)
obtained from charged-lepton-flavor-violating decays, assuming that m;, = 125 GeV.

decay modes from Ref. [22]. As can be seen, all the bounds except that derived from p — e
conversion* are quite weak.! Note in particular that if we impose Cper Cep < Yy R 6 X 1074
we have essentially no bounds on the flavor-violating couplings involving the 7 lepton.
Note also that we cannot profit from the strong experimental bound on I'(;x — eée), since
the corresponding amplitude is strongly suppressed by the electron Yukawa coupling.

Next we proceed to analyze one-loop-induced amplitudes. At the one loop level the
flavor-violating couplings in (4.1) induce: (i) logarithmically-divergent corrections to the
lepton masses; (ii) finite contributions to the anomalous magnetic moments and the
electric-dipole moments of charged leptons; and (iii) finite contributions to radiative LEV
decays of the type l; — [y (see the right panel of Fig. 4.1).

As far as the mass corrections are concerned, in the leading-logarithmic approximation
we find?*

omy = (4 Z%Cﬂmﬁ log <A;> ) (4.3)

In absence of fine-tuning we expect |dm,| < m, for each of the two possible contributions
in the sum. The most significant bounds thus derived, setting A = 1 TeV, are reported
in Table 4.4. Note that in this case no assumption on the flavor-diagonal couplings is
needed.

More stringent (and more physical) bounds on the same combinations of couplings are
derived from the contributions to the anomalous magnetic moments, a, = (g, — 2)/2 and

* The bound from p — e conversion has been derived following the recent analysis of Ref. [118]: the
dominant constraint follows from B,_.(Ti) and, in order to derive a conservative bound, we have set
y = 2(N|5s|N)/(N|dd + @u|N) = 0.03.

T As commented previously, in the scenario of Ref. [105] the flavor-diagonal h couplings are in general
suppressed by a universal factor ¢ < 1, in which case the first three bounds in Table 4.3 would be weakened
by a factor 1/¢ > 1.

¥ The complex mass correction émy is defined by mell — £ [mg + Re(dmy) + iIm(dmy)ys) L.
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Eff. couplings Bound Constraint
CerCre|l  (JCeuCpel) 1.1x 1072 (1.8 x1071) |ome| < m.
Re(cercre Re(ce,ce 0.6 x 1072 (0.6 x 1072 dae| < 6 x 10712
1Cp
Im(cercre)|  (Im(cepcue)]) | 0.8 x 1078 (0.8 x 1077) | |de| < 1.6 x 10727 ecm
|CurCrul 2 [0my| < my,
|Re(curcry)] 2x 1073 |6a,| <4 x107°
IIm(crcrp)| 0.6 |d,| <1.2x 107" ecm
|CerCrul, |CreCur] 1.7 x 1077 B — ey) <24 x10712
lcurl?, |erul? 0.9 x 1072 [¥] B(t — py) < 4.4 x 1078
|Cer |2, |Crel? 0.6 x 1072 [¥] B(t —ey) <33x 1078

Table 4.4: Bounds on combinations of the flavor-changing h couplings defined in (4.1)
obtained from the naturalness requirement |dm,| < m, (assuming A = 1 TeV), from the
contributions to a, and dy (¢ = e, u), and from radiative LEV decays (in all cases we set
my, = 125 GeV.

the EDMs of the electron and the muon. The corresponding one-loop amplitudes are

4m? mi; 3
0as] = — (471- ZRe c@jcjg) (logm — 2) , (4.4)

T

3
iCje)— (log i 2> , (4.5)

T

|de| =

from which we derive the bounds reported in Table 4.4.5 We do not report the corre-
sponding bounds from a, and d, since they are much weaker. As can be seen, with the
exception of the bound from the electron EDM, which can easily be evaded assuming real
couplings, the bounds are still rather weak.

The radiative LF'V decay rates generated at one loop level can be written as

Ll = l7) = (!A 17+ 1451%) (4.6)

i 16
with coefficients

1 m mi: 3 1 m m 3
R _ T h L _ T h
|A,ue = 7(47_()2 |C€7-C7—H|m7i <10g W — 2) y |Ap,e = W’CTSCHT’E <10g ﬁ — 2)47)

1 m m2 4 1 m m: 4
ARZ; 7'7‘77 1 —h - AL T YT o5 - 1 —L 4.8
48] = el g (tog = 3) 1A% = pprle 5 (1o 78— 3) 49
and corresponding bounds reported in Table 4.4. Here it should be noted the strong and
model-independent bound from g — ey [120] which prevents the hA7u (hur) and h7e
(het) couplings to be both large at the same time.

§ As usual, we define a; and dy in terms of the couplings of the corresponding dipole operators as
follows: (eag/4mg)l70ul,€F“”, i(dg/Q)@UW%EF‘“’. The error on da, reported in Table 4.4 is the theoretical
error in predicting (g — 2). using independent determinations of cem [119].
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Eff. couplings Bound Constraint
lceul®s lcuel® | 1x 1071 [¥] | B(p — ey) < 2.4 x 10712
el enul? | 5x 1074 [ | B(r — py) < 4.4 x 1078
lcer|?, erel? | 3x 1074 [*] | B(r — ey) <3.3x 10°°

Table 4.5: Bounds from two-loop Barr-Zee diagrams [121] contributing to LFV decays.

Finally we consider the bounds coming from two loop diagrams of Barr-Zee type [121],
with a top-quark loop, whose relevance in constraining Higgs LFV couplings has been
stressed recently in [112,113]. Despite being suppressed by an extra 1/(1672) factor,
these amplitudes are proportional to a single lepton Yukawa coupling and cannot be
neglected. The resulting bounds, shown in Table 4.5, are obtained under the assumption
that the coupling of h to the top quark is the same as in the SM (c,, = y: = V2m;/v).
These bounds are consistent with those reported in Ref. [113].

4.1.4 Higgs decays

Normalizing the flavor-violating h decays to the h — 77 mode, which we assume to
be SM-like, we can write

B(h — fify)
B(h — 77)

|eis|? 4 lejil
242

T

~ Nf X = 0.48 x 104 X Nf (’Ci]‘|2 + |Cji|2) R (49)
where N, = 3 and N, = 1, and we have neglected tiny my, ;/my, corrections. Assuming
B(h — 77) ~ 6.5%, as expected for a SM Higgs boson with m;, = 125 GeV, we get

B(h — fif;) = 3.1 x10* x Ny (|eij|* + |ejil?) (4.10)

In the quark sector, in the most favourable case we get B(h — b5, sb) < 4 x 1074,
which is beyond the reach of the LHC, also in view of the difficult experimental signature.
However, the situation is much more favourable in the lepton sector. From the compilation
of bounds in the previous Section we derive the following conclusions:

e B(h — 7i+ pr) = O(10%) does not contradict any experimental bound and
does not require off-diagonal couplings larger than the corresponding diagonal ones
(leurls [erul S yr). It can be obtained even assuming O(1) CP-violating phases for
the ¢,r(ry) couplings, provided |cer(re)/Cur(rpy| < 1072 in order to satisfy the p — ey
bound.

e B(h — Té+er) can also reach O(10%) values, but only at the price of some tuning of
the corresponding effective couplings. In particular, negligible CP-violating phases
are needed in order to satisfy the tight constraint provided by the electron EDM
shown in Tab. 4.4. Moreover, |¢,r(ru)/Cer(rey| < 1072 in order to satisfy the p — ey
bound.
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e The 1 — ey bound implies that only one of B(h — 7 + iur) or B(h — Té + er)
could be O(10%).

e The bounds from 4 — e conversion in nuclei and from y — e forbid large branching
ratios for the clean pe modes. Specifically, we find B(h — jie + ej1) < 3 x 1072,
several orders of magnitude below the flavor-conserving B(h — pji) ~ 2.3 x 1074
expected for a 125 GeV SM Higgs. However, we recall that this strong bound holds
under the hypothesis of SM-like flavor-diagonal couplings for h.

4.1.5 Concluding remarks

The possible observation of a new particle h with mass around 125 GeV raises the
important question of its possible nature: is it a SM-like Higgs boson, or not? Key answers
to this question will be provided by measurements of the h couplings, and ATLAS and
CMS have already provided valuable information [7,8] on its flavor-diagonal couplings.
Further information could be provided by searches for (and measurements of) its flavor-
changing couplings. In this study we have analyzed the indirect upper bounds on these
couplings that are provided by constraints on flavor-changing and other interactions in
both the quark and lepton sectors.

We have found that in the quark sector the indirect constraints are so strong, and the
experimental possibilities at the LHC so challenging, that quark flavor-changing decays
of the h are unlikely to be observable.

However, the situation is very different in the lepton sector. Here the indirect con-
straints are typically much weaker, and the experimental possibilities much less challeng-
ing. Specifically, we find that either B(h — 7 + p7) or B(h — 7€ + er) of order 10%
is a possibility allowed by the available LF'V constraints. These large partial decay rates
are the combined result not only of relatively weak bounds on Higgs-mediated LFV am-
plitudes involving the 7 lepton, but also of the smallness of the total h decay width for
my ~ 125 GeV. Interestingly, these potentially large LFV rates are comparable to the

*77 in the SM, which is already close to the sensi-

expected branching ratio for h — 7
tivity of the CMS experiment [114]. Therefore the LHC experiments may soon be able
to provide complementary information on the LFV couplings of the h particle with mass
125 GeV. The decays h — [ie, éu are constrained to have very small branching ratios, but
their experimental signatures are so clean that here also the LHC may soon be able to

provide interesting information.

We therefore urge our experimental colleagues to make dedicated searches for these
interesting flavor-violating decays of the possible h particle with mass 125 GeV.
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4.2 B — 7v in Two Higgs doublet models with MFV

The 2HDM is one of the simplest extensions of the SM, in which two Higgs doublets
are introduced instead of one*. It was first considered by Lee [123] with the aim of
achieving spontaneous CP violation in the SM when only two families of fermions were
known. The 2HDM is realized in many NP models, among which the most popular is
the MSSM, where, due to the holomorphy of the superpotential, different Higgs doublets
couple separately to up and down fermions. After the electroweak symmetry breaking five
physical Higgs bosons are generated, dubbed as h, A, H and H* (see Sec 2.3.2). Even if
it is usually assumed that only one of them becomes light (mimicking the SM Higgs) and
the others remain heavy, the flavor phenomenology can be very rich and different from
the SM. In fact in general:

e Each fermion-type can couple to both the Higgs doublets (see Eq. (4.14) later on)
with different interaction matrices, that therefore can not be simultaneously diago-
nalized in the mass basis. This generates large tree level FCNC that, as discussed in
the previous Section, are not allowed by the data. A common solution to this prob-
lem is given by the natural flavor conservation hypothesis [125], in which only one
Higgs doublet can couple to a given fermion species, for example due to an additional
U(1)pg symmetry. Alternatively it is possible to consider the MFV assumption, as
discussed in the following.

e If the ratio between the vevs of two Higgs doublets is large, the b and 7 Yukawa
couplings can be O(1) similarly to the ¢ one. In this case additional down-type
Yukawa combinations can become important in the MFV expansion. Moreover the
effects of the heavy Higgs particles can be enhanced, making possible to observe
deviations in some rare processes, as shown in the following for H* in B — 7v. In
addiction the Yukawas can get sizable threshold corrections.

e New sources of CPV can be present in the Higgs sector that must be taken into
account [126].

In this analysis we concentrate on the study of the 2HDM with MFV. As recently
discussed in [35,127], the MFV hypothesis applied to two-Higgs doublet models not only
provides a sufficient protection of FCNC, it can also provide an explanation of the existing
tensions in AF = 2 observables. More explicitly, it has been show that 2HDM respecting
the MFV hypothesis with the inclusion of flavor-blind CP-violating (CPV) phases (dubbed
2HDMjymy framework), can accommodate a large CPV phase in B, mixing softening in
a correlated manner the observed anomaly in the relation between ex and Sy, [127]. In
this analysis we study the 2HDMygy framework respect to the latest experimental data
on the decay B — 7v.f

*For a recent review see [124].
T Recent analyses of B — 7v in different models with an extended Higss sector can be found in
Ref. [128-130].



70 CHAPTER 4. NON-MINIMAL HIGGS SECTOR

In fact the processes B — fv are particularly interesting probes of the Higgs sector and,
particularly, of the Yukawa interaction. On the one hand they are theoretically very clean:
all hadronic uncertainties are confined to the B meson decay constant (fz), which can be
computed reliably using Lattice QCD. On the other hand, the strong helicity suppression
makes them particularly sensitive probes of possible deviations from the Standard Model
Yukawa interaction. The 7 channel is the only decay mode of this type observed so far.
The experimental world average [131]}

B(B — tv)®P = (1.64 4+ 0.34) x 107* , (4.11)

has to be compared with the SM prediction

su _ Gpmpm? m2 ’ 2 2

B(B — tv)™ = ——— |1 - — | [Vl 7B, (4.12)
87 myg

whose uncertainty is mainly due to the determination of |V,,| and fp. Using the best fit

values of |V,| from global CKM fits, the UTfit [25,132] and CKMfitter [26] collaborations

quote

B(B — )™ = (0.7940.07) x 10~ [UTft] ,
B(B — )™ = (0.76 * J03) x 107* [CKMfit] .

These low values correspond to a 2.5(2.8) ¢ deviation from the experimental result in
Eq. (4.11).8

In models with two Higgs doublets coupled separately to up- and down-type quarks
(2HDM-II models), ie taking the natural flavor conservation assumption introduced be-
fore, the B — 7v amplitude receives an additional tree-level contribution from the heavy
charged-Higgs exchange, leading to [134]

BQHDMfH(B — TV) _ [1 B m%mn%] ’ (4.13)

BSM(B — Tv) m?

where tan 5 = vy /v; is the ratio of the two Higgs vacuum expectation values and my is the
charged-Higgs boson mass. For large tan 3 values the ratio in (4.13) can be substantially
different from one. However, within this simple framework the interference sign of SM
and non-standard amplitudes is fixed. Taking into account the constraints on mpyg from
other processes, this sign implies a suppression of B(B — 7v) in the 2HDM-II compared
to the SM, worsening the comparison with the experimental result in Eq. (4.11). Anyway,
in the 2HDMjy the relation in Eq. (4.13) can be sizably modified and an enhancement
in the B — 7v rate becomes possible, as we will show in the following.

After this analysis was completed the Belle collaboration measured a smaller value for B(B — Tv)
(see Sec 4.3), lowering the tension with the SM. However a slight enhancement is still preferred by the
data, as studied in this analysis.

$This deviation decreases to about 20 if |V,,| is calculated directly from semileptonic B decays (see
e.g. Ref. [133]) and is not extracted from global CKM fits.
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4.2.1 The 2HDMjmy framework

We consider a model with two Higgs fields, H; s, with opposite hypercharge (Y =
+1/2). The generic form of the Yukawa interaction for such a Higgs sector is

—L¥" = QuXaDrHy + QLXuUrH;
+ QuXpDrHS + QX 2UrH;y +hec. (4.14)

where Hf,) = —iTaH{,. The two real vacuum expectation values (vevs) are defined as
<H1T(2)H1(2)) = v}y /2, with v* = v} +-0] = (246 GeV)?, and, as anticipated, tan § = vy /v1.

The X; are 3 x 3 matrices in flavor space. The general structure implied by the MFV
hypothesis for these matrices is a polynomial expansion in terms of the two (left-handed)
spurions Y, Y, and Y,Y [31,127]:

Xa = Yy,

Xgp = eYa+eaYaV]Yot+ eV, ViVi+. ..,

X = Y,

Xy = Yy +eY Y)Y+ eV, VIV, +... (4.15)

) "

where the egl are complex parameters. We work under the assumption ¢’ < 1, as
expected by an approximate U(1)pq symmetry that forbids non-vanishing X, 4 at the
tree level, and we assume tan 3 = tg = sg/cg > 1. For simplicity, we also restrict the
attention to terms with at most three Yukawa couplings in this expansion (namely we
consider only the terms explicitly shown above) and we assume real 61(/) since we are
interested only in CP-conserving observables. Finally, we assume negligible violations of
the U(1)pq symmetry in the lepton Yukawa couplings.

After diagonalizing quark mass terms and rotating the Higgs fields such that only one
doublet has a non-vanishing vev, the interaction of down-type quarks with the neutral
Higgs fields assumes the form

Ll = —\deMddmbg - SiciLZdAdngb(}ﬁh.c. : (4.16)
B
where ¢, (¢5) is the linear combination of H; » with non-vanishing (vanishing) vev (¢?) =
v/V2 ((¢%) = 0). The flavor structure of the Z¢ couplings is
2 = adij + [agVINLV + alVIN VA + a, AVIN V]
where V' is the physical CKM matrix, A = diag(0,0,1), A\, 4 are the diagonal Yukawa
couplings in the limit of unbroken U(1)pq symmetry, and the a; are flavor-blind coefficients
(see [31,127] for notations). Similarly, the interaction of the quarks with the physical
charged Higgs is described by the following flavor-changing effective Lagrangian [31]

_ 1 -
L+ = |ULCH N\Dg + t—UR)\uOf”DL H*+he., (4.17)
B
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+ .
where the flavor structure of CH, is

CH" = (byV + VA +byAV +bsA) | (4.18)
CH" = BV + U, VA +BAV +b,A) | (4.19)

and the bl(/) are flavor-blind coefficients. As explicitly given in [31,127], the a; and bgl)
O]

7 )

depend on the €;’, on tan 3, and on the overall normalization of the Yukawa couplings.
Even if el(»/) < 1, the a; and b; can reach values of O(1) at large tan § and can be complex,

since we allow flavor-blind phases in the model.

B(B — tv) and other observables

We present here the theoretical expressions of B(B — 7v) and a series of other flavor-
violating observables, necessary to set bounds on the parameter space, in the 2HD My
framework.

In order to simplify the notations, we absorb terms proportional to the top and bottom
Yukawa coupling into the definition of 65/)2 More explicitly, we redefine egl)g as follows:

e(ll)yf — egl) , eg)yf — eg) . (4.20)

With such a notation, the by — uy and sg — wuy, interactions with the physical charged

Higgs are
my tan 3 1 _
Eb,s—m — V;L b H+
v b1+<60+61)tan,8UL f
st 1
m anﬁ ﬂLSRHJr—Fh.C. (421)

v “1+4 e tan s

This allows us to derive the following expression for the modification of B(B — 7v),
relative to the SM, within this framework:

B(B — tv)
BSM(B — Tv)
_ [omE tan® 3 2 (4.22)
mi 14 (eg+¢e)tanf| '

RBTZ/ =

A closely related observable which provides a significant constraint on the parameter space
is B(K — pv). In this case from (4.21) we find

B(K — pv)
BM(K — pv)
[1_ m3  tan® 3 ]2

m% 1+ ¢ tan 3

RK/.LV
(4.23)

Beside semileptonic charged currents, stringent constraints on the 2HD My param-
eter space are provided also by the flavor-changing neutral-current (FCNC) transitions
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B — X, v and B, — ptp~. In principle, also the By~ B, mixing amplitude could be used
to constrain the parameter space of the model; however, as we will discuss below, it turns
out that B, B, constraints are automatically satisfied after imposing the bounds from
By — ptp~. In order to implement these bounds, we introduce the FCNC Hamiltonian

GFOé
Lo =———" v,y C,0, + he., 4.24
2v/27 sin? Oy Wt ; < ( )
where
€ _
Q; = ?mbsaw(1+’y5)bFW, (4.25)
Qs = 5(1+y)bap(l—7)p, (4.26)

and the complete list of effective operators can be found in [135]. Following Ref. [135],
the experimental constraints on B — X,y and By — putp~ can effectively be encoded
into constraints on C7; and C%. More precisely, we can translate the experimental data
into bounds on 6C; = Cr(MZ,) — CSM(MZ,) and 6C% = CH(MZ,) — CEM(M32).

Working under the hypothesis that the only relevant non-standard contributions are
those associated to the heavy Higgs fields, the dominant contributions to §C'; are the
one-loop contributions from both charged and neutral Higgs exchange. Adopting to our
notations the results of Ref. [31] we have

€o€y tan? 3

1
0C; = 1+ (e, +e))tan 3 — Fo(a?
7 D012 ( 0 2) ﬁ D(]1 7( tH)
B e tan’® S agy (4.27)
D812D01 36 .
where . = my/mpy,

Dy = 1+ (eg+€ +e)tanf,
D01 = 1+ (60 + 61) tanﬁ y (428)

and F7(z) is defined as in [31].
The effective coupling of QY receives contributions from the FCNC component of
(4.16) already at the tree-level:

mymy, 2m sin? Oy €5 tan® 3

5O = (4.29)

3 .
my Qlem Do1Dy1o

4.2.2 Phenomenological analysis

We are now ready to analyse the parameter space of the model, searching for regions
where B(B — 7v) is enhanced over its SM prediction and the other low-energy constraints
are satisfied. Since the main observables used in CKM fits receive tiny corrections from
the extended Higgs sector, we assume that the standard CKM determination remains
valid.
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The low-energy phenomenological constraints used in our analysis are

Ri, € (0.98,1.02)
5C- € (—0.14,0.06) ,
5C% € (—0.03,0.005) . (4.30)

The first input follows from the analysis of semileptonic K decays in [136] (see also [137]),
while the range of 0C7 and 0C% follows from the analysis of B — Xy and By — ptu™ per-
formed in [135], updated with the latest LHCDb results. Moreover, since we are interested
in substantial enhancements of B(B — 7v), we impose

Rpr, > 1.2 (4.31)
)

On the other hand, given the condition ¢;” < 1 expected from an approximate U(1)pq
symmetry, we will restrict the free parameters of the model to vary in the following

interval:

tan3 € (40,60) ,
my[GeV] € (150,1000) ,
Mtan B € (-2,2). (4.32)

Analytical considerations

In principle the model has enough parameters that allow us to to satisfy the three
conditions in Eqgs. (4.30) and, at the same time, get the desired enhancement in B — 7v,
provided we properly tunes the values of el(-l) x tan . However, we are not interested
iI(l)ﬁne—tuned solutions. In particular, while it is natural setting to zero some of the

I

€;’, which are symmetry breaking terms, we consider not natural fine-tuned solutions
corresponding to large values of egl) tan 8. In this perspective, taking into account the

theoretical expressions for the observables presented in the previous Section, we find that:

i. Since 6C% €, the bound from By — ppu~ can easily be satisfied assuming ey = 0.
This “natural” tuning (according to the discussion above) allow us to decouple
charged-Higgs and neutral-Higgs flavor-changing amplitudes. Incidentally, this is
why we do not get additional significant constraints from B, B, mixing.

ii. Contrary to By — utp~, we cannot get rid of the B — X,y bound without some
amount of fine tuning. In particular, setting es ~ 0, the charged-Higgs contribution
to B — X,y vanishes completely only under the fine-tuned condition

(€5 + €5) tan B = —1 . (4.33)

Before analysing how far from the fine-tuned condition in Eq. (4.33) we can move,
it is worth discussing the correlation between B — 7v and K — uv ignoring all other
constraints.
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In the case of K — uv, the Higgs-mediated amplitude is always much smaller that
the SM one. Imposing Rk, € [0.98,1.02] implies

leptan 5+ 1] > 0.9 x r (4.34)

where r = m% tan? 3/m?. For the chosen range of tan 3 and mg we have 0.04 < r < 4.3.
For small values of r the above condition is very natural: we only exlude a narrow region
around the (unnatural) point €y tan 3 = —1. On the other hand, for growing values of r
we are pushed toward a fine tuned configuration. We thus conclude that the K — uv
bound points toward small values of r.

Two solutions are possible to generate an enhancement of B(B — 7v): a destructive
interference of SM and charged-Higgs amplitudes, if the latter is more than twice the SM
one in size; a constructive interference of SM and charged-Higgs amplitudes, independently
from the size of the charged-Higgs amplitude. Requiring Rp,, > 1.2 implies

—(14+etanf) < etanf < —(1+ e tan ) + 0.5 X r (4.35)
for the case of destructive interference, and
(1+etanf) < —etanf < (1 4+ ¢ tan ) + 10 x r (4.36)

for the case of constructive interference. It is clear from the above equations that the
constructive case allow a larger region of the parameter space. This is particularly true
for small values of r, as suggested by the K — uv bound. As we will discuss in the
following, this conclusion remains true and is even reinforced once we take into account
also the B — X,y bound. Finally, a destructive interference of scalar and SM amplitudes
in b — crv, able to increase B(B — 7Tv), is strongly disfavored by B — D7v data [138]
and the lower bounds on my from direct searches at the LHC (see discussion below).

We finally comment on previous analyses about the possiblity to enhance B(B —
Tv) in 2HDMs. A general analysis in the context of the Higgs sector of the minimal
supersymmetric extension of the SM (MSSM) has been presented in Ref. [130]. In that
framework the ¢; are not free parameters. As a result, their analysis is less general
than the one presented here, at least as Higgs-mediated amplitudes are concerned. In
particular, the constructive interference solution, occurring for 1+ (ey + €1) tan 5 < 0 has
not been considered in Ref. [130]. The importance of the latter has been pointed out first
in Ref. [139]. However, in the latter work the correlation with the other observables we
are considering has not been analyzed.

Numerical analysis

In order to analyze all the constraints at the same time, trying to avoid fine-tuned
0]

configurations, we have randomly generated values for the relevant €, tan § using (un-
correlated) Gaussian distributions centered in zero —corresponding to the limit of exact
U(1)pq symmetry— and with o = 0.5. The values of my and tan 3 are extracted with

uniform distributions in the ranges specified in Eq. (4.32).
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Figure 4.2: Allowed regions in the tan §—mpy plane. The grey points correspond to regions
of the parameter space that can be reached only in the fine-tuned configuration where
€2 = 0 and ¢, are fixed to satisfy the condition (4.33). The black contours mark equally-
populated areas resulting from the the global sampling (without fine-tuned conditions):
the three most inner contours include 50% of the points.

The results of this numerical analysis are shown in Fig. 4.2-4.5. In Fig. 4.2 and Fig. 4.3
we show the points satisfying all constraints in Eqs. (4.30)-(4.31). To better quantify the
role of the B — X,y and By, — p*pu~ bounds, we have plotted with a different color
(grey point) the region of parameter space that can be reached only in the fine-tuned
configuration where €, = 0 and ¢, and €, are fixed to satisfy the condition (4.33). As
can be seen from Fig. 4.2, in general there is no significant constraint on mgy and tan (;
however, low values of my can be obtained only in the in the fine-tuned configuration.

At this point it is worth to comment on the bounds in the my—tan 3 plane by direct
searches for heavy Higgs bosons at the LHC [114]. A direct implementation of these
constraints in our frameworks is not possible, given the former are obtained in the limit
limit 51(',) = 0. Still, it is worth to note that in this limit direct searches set the approximate
bound my 2 420 GeV + 6 x (tan 3 — 40) [114], which does not represent a problem for
most of the points in Fig. 4.2. Only the fine-tuned (gray) points are potentially affected
by this constraint, which thus provide a further argument against the tuned configuration

with low my.

In Fig. 4.3 we show the points satisfying all constraints in the ey—¢; plane. We also
show the line 1 + (ey + €1) tan § = 0, separating the region of destructive interference
(above the line) and constructive interference (below the line) in B — 7v. As can be
seen, the region of destructive interference is reached essentially only in the fine-tuned
configuration where €; and €, are fixed to eliminate any non-standard contribution to
B — X,y and B, — ptp~. Indeed in this region we need large values of my, that
would get in conflict with B — Xy and By — p*pu~ for generic values of € and €,
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tang €

Figure 4.3: Allowed regions in the eg—¢; plane. Notations as in Fig. 4.2.

On the other hand, the region of constructive interference is densely populated even in
absence of a fine-tuning on €; and €y,. As anticipated in the analytical discussion, the
absence of points for ¢y tan G close to -1 is a consequence of the K — pr bound. Last but
not least, we stress the absence of points near the U(1)pq symmetric point ¢y = €1 = 0.
This is a simple consequence of combining the K — ur and B — uv constraints in
Eqs. (4.34)—(4.36).

In Fig. 4.4 and 4.5 we show the correlation of Rp,, with the two most significant
constraints, namely B(K — uv) and 0C7 (or B — X¢v) (in these two figures we do not plot
with different colors the fine-tuned points). As can be seen from Fig. 4.5, the interference
between SM and charged-Higgs amplitudes is necessarily destructive in B — Xy (we
recall that C5™ < 0). On the other hand, both positive and negative interferences in
K — puv are possible, depending on the sign of 1 4+ ¢ytan 5. As illustrated in Fig. 4.4,
if the maximal deviation from the SM in B(K — puv) could be reduced to 1%, the
parameter space leading to an enhancement of B(B — 7v) would be strongly reduced.
This also implies that if the precision on B(K — pv) will improve, there are realistic
chances to see a deviation from the SM in this mode within this framework. On the
contrary, we have checked that for Rp,, < 2 the deviations from the SM predictions
in B(B — D7v) do not exceed the 20% level, well within the present theoretical and
experimental uncertainties [138].

As a final check of the stability of our findings, we have performed scan of the parameter
space allowing arbitrary complex phases for the 51(',)~ As expected, no significant deviations
in Fig. 4.2, 4.4 ) and 4.5 has been observed. Fig. 4.3 is unaffected provided we interpret
it as the Re(ey)—Re(er) plane.
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Figure 4.5: Allowed regions in the Rp,,—0C7 plane.

4.2.3 Recent results on B — D® 7y

After this analysis was completed, the Babar collaboration has reported improved
measurements of the B — D™ 7y rates, normalized to the corresponding decays with a
light charged lepton (¢ = e, u) [142]. In both cases an excess around ~ 30% over the
SM predictions is observed, with a significance of about 2¢ in the D mode and 2.7¢ in
the D* mode (see Ref. [143] for an updated discussion). The excess in the B — D7y
rate cannot be explained in terms of scalar amplitudes, at least in the context of MFV
models [143,144]. On the other hand, an excess in B — D7v can be generated by the
b — ¢ component of Eq. (4.17),

e _ T tanﬁv 1

crbrH ' +h.c.
v b1+(eo+61)tanﬂcLR tac,
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that leads to a B — Drv scalar amplitude with the same parametric dependence of the
charged-Higgs contribution to B — 7v. As pointed out in [143], the central value of the
B — Drv rate points toward the same central value of the scalar amplitude necessary
to reproduce the B — 7v rate under the hypothesis of constructive interference between
scalar and SM amplitudes. The recent B — D7 result in [142] therefore proved further
support for the scenario analyzed in this work.

4.2.4 Concluding remarks

Our analysis shows that is possible to accommodate sizable enhancements of B(B —
7v) in the 2HDMymy framework, despite the tight constraints of other low-energy observ-
ables. This is clearly illustrated by the plots discussed in the previous Section. However,
it must be stressed that this enhancement occurs under a few specific circumstances:

i. At least some of the ¢; tan 8 must of order one, i.e. sizable deviations from the exact
2HDM-II limit, or from the limit of unbroken U(1)pq symmetry in the Yukawa
sector, are necessary. As shown in Fig. 4.3, almost no solution survive for |¢; tan 5| <
0.5. This conclusion holds independenlty of the simplifying assumptions on the ¢;
adopted in the present analysis.

ii. If we assume ¢; < 1, as realised in several explicit models where the U(1)pq symmetry
in the Yukawa sector is broken only by radiative corrections, the need for large
€; tan 0 necessarily imply large tan 3 values.

iii. In addition of being sizable, the U(1)pq breaking terms €y and €; should conspire to
suppress the combination 1 + (e + €;) tan  appearing in the denominator of the
B — 7v amplitude. The more my is large, the more fine tuning on 1+ (€g+€;) tan 3
is needed in order to keep the charged-Higgs amplitude at the level of the SM one.

iv. The most likely possibility to enhance B — 7v, especially if my is above 200 GeV,
occurs in the case of constructive interference between SM and charged Higgs am-
plitudes in B — 7v. This requires values of the ¢; which cannot be obtained in
simplified MSSM scenarios, such as the one considered in Ref. [130], but can be ob-
tained in less standard supersymmetric frameworks, such as the ”up-lifted” scenario
considered in Ref. [140].

If the above conditions are satisfied, a large enhancement of B(B — 7v) is compatible
with the existing constraints. In absence of fine tuning, this implies non-negligible and
potentially visible deviations from the SM in B — X v and K — pv. The most interesting
effects are expected in B(K — uv), as illustrated in Fig. 4.4. To this purpose, we stress
that B(K — uv) is presently measured with a 0.27% relative error [141]. If future lattice
determinations of the kaon form factors could allow us to reduce the theoretical error on
B(K — pv) at the same level, the B(B — 7v)-B(K — uv) correlation would provide a
useful tool to test this framework.
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4.3 MSSM at large tan S and future prospects

Very recently the LCHb collaboration has presented the first evidence for the rare
decay Bs; — pp [145]
B(By — pp)™? = (3.2713) x 1077 | (4.37)

that results compatible with the SM expectation [146]
B(B, — )™ = (3.23 £0.27) x 107° . (4.38)

Even if this measurement is still dominated by large errors, it is a very important test
for several NP models. For instance it is very sensible to non-standard effects from heavy
Higgs exchanges in the 2HDM with large tan G, putting strong constraints on its parameter
space.

On the other hand the decay B — 7v is also sensitive to heavy (charged) Higgs
contributions that can be sizable for large tan 3 (see Sec. 4.2). This process can be
hardly measured at LCHb, due to the high missing energy produced, but is one of the
golden channels for a superB machine [150,151]. The current experimental and theoretical
situation is*

B(B — )™ = (1.164+0.22) x 10~* (4.39)
B(B — )™ = (0.97+0.22) x 107* (4.40)

In this analysis we study the interplays between these two processes in relation to fu-
ture experimental sensitivities and to the other flavor observables.! We will consider the
two cases of 2HDM-II (i.e. the 2HDM with the natural flavor conservation assumption)
and the MSSM with MFV, dubbed as MSSMy. In particular usually the tan /3 en-
hancement is stronger in Bs; — pp, while the corrections to B — 7v arise already at tree
level. For this reason a quantitative estimate of the discovery potential of the LCHb and
the superB measurements is very important. In particular we explore the hypothetical
case in which, with the estimated luminosity of 5 fb™! (reached before the possible up-
grade in 2017), LHCb would have measured By — pp at the SM value with the estimated
error [152]

0B(Bs — pp)
B(B, — pp)
In this situation we check which is the parameter space that can be probed with a superB

~ 20%, (4.41)

measurement of B — 7v at level [150,151]

IB(B — Tv)

B(B — Tv) ~ 5%, (4.42)

estimated with the luminosity of 50-75 ab™! (after few years of running).

*We have updated the values in Eqs. (4.11) and (4.13) with the inclusion of recent Belle results [147]
and we have chosen the more conservative value for the SM prediction given in [148].
fSee also [149] for a similar analysis.
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4.3.1 B, — pup and B — 7r in comparison

In the 2HDM-II the FCNC can be forbidden by an exact U(1)pg symmetry [125]. In
this case B — Tv receives tree level corrections from the charged Higgs exchange, while
Bs — ppu is corrected at one-loop order, giving [134, 153]

BHOMAL (B 7)) m% tan® 3 2

2HDM-1I  _ = 1=~ 4.4

Rg., BM(B — 1v) [ -l ) (4.43)
BZHDM—II(B N M,U) Am?

2HDM-TI  __ _ 2 . B 52
RBW = BB = ) =(1+ds)" + (1 w2 ) 0%, (4.44)

where 2 oo (A7 /2

65': mp Og( H/mt) tanQﬁ (445)

8 MG, (Mg /mi — 1)
As already discussed in the previous Section, in this case only a suppression in the B — 7v
rate is possible and both the effects are of order o< tan* 3.

The 2HDM with MFV as been already presented in Sec 4.2. Here we want to focus on
its supersymmetric version, the MSSMyy. In this case the U(1)pg breaking parameters
¢) defined in Eq. (4.15) become fixed functions of the supersymmetric spectrum. In fact,
the U(1) pg symmetry must be explicitly broken in the scalar potential in order avoid the
presence of undesired goldstone bosons and, in the MSSM, this breaking is given by the
u-term in the superpotential and by the b-soft-term. This generates at one-loop level the
non-holomorphic interactions with the ”wrong-type” Higgs (see Eq. (4.15)), where the e)
are calculated for example in [31]. In particular following the notation in [4] we obtain

2 2
2 ay mes m5 A 2 m?2
€ = — ILLHQ g, g y 62:—%1{2 %,72 y 6126326420
3mmg mg mg 167 mQ mQ mQ
(4.46)

where Hy is defined in [31]. Similar relations hold also for the ¢’ parameters. At leading
order in tan § and neglecting the other supersymmetric effects, that within MFV and

large tan 3 are subdominant, the decay rates result modified as [31,139]

2 2 2
MSSMyme myp  tan® [

R MFV _ b R 4.47
Brv [ m%l%—eotanﬂ] ' (4.47)

___ 4m?
Ry MV — (14 56)° + <1 - m;) 52 (4.48)

B

where now y )

. M ,

ds T80 "W rs €2 tan® 3 (4.49)

- aM? (1 + € tan 3)?

Note that we are neglecting any possible U(1)pq breaking effect in the lepton sector and
we are assuming a common mass for all the heavy Higgs particles. From the previous
equations it is clear that, given the O(tan® 3) enhancement in B, — pu, a SM measure-
ment of this process with an error of 20% would severely constrain the allowed parameter
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space. However the loop nature of this transition in the MSSMym causes that it would
vanish in the limit of e — 0, that is obtained for small p and A-term, and for large
squark masses. All these three cases are possible but are limited by other requirements:
the chargino mass limit requires that p should be non-zero; the light Higgs mass value
prefers a large A-term; in a natural theory the squark can not be too heavy. The interplay
between all these requirements are quantitatively analyzed in the next Section.

Similarly other two flavor transitions that are relevant in the 2HDM for large tan 3
are K — pv and B — Xv. For the first one we find

2
MSSMyrg [ m2  tan®p3 }

A mi _ tan’f 450
Kuw m2 1+ e tan 3 (4.50)

The second one receives corrections from the heavy Higgs penguin diagrams contributing
to the chromomagnetic operator. Following the notation in [4] we obtain [31]

MSSMyrrv 1 €€} tan? 3 m?
sC MEV = l+etanff— ———— | Fr | —
’ 14 (e + €2) tan 8 [  tan 1+etang] " \m?

€ tan® m}

(1 + (eo + €2) tan 3)2(1 4 ¢, tan 3) 36 m?%, (4.51)

where dC% is the deviation from the SM Wilson coefficient of the chromomagnetic operator.
The respective contributions in the 2HDM-II are identical to Eqs. (4.50) and (4.51) with
all the €) =0

4.3.2 Numerical analysis

tang
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Figure 4.6: 2HDM-II case. Left: allowed my — tan § parameter space given the current
experimental bounds (red), after measuring B; — pp with a 20% error (blue) and after
measuring B — 7v at 5% level. No deviations from the SM are always assumed. Right:
correlation between the non-standard effects in B — 7v and B, — ppu.

As already anticipated we are interested in the present and future (in case of no
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Figure 4.7: MSSM with MFV case. Notation as in Fig. 4.6.

deviations from the SM) sensitivity on By — pu, that at 1o gives

& € [-1.2,—-0.61] ®[-0.39,0.20]  (LHCb today [145)) (4.52)
6L € [-1.1,-0.88] @ [-0.12,0.099]  (LHCb 5 fb~" [152]) (4.53)

Given the theoretical discrepancy in the value of V,; obtained from exclusive or inclusive
semileptonic B decays and the not very clear experimental situation, we take for B — v
the 2 o range [148]

RET € 10.48,1.9] (4.54)
After a superB measurement the previous quantity will be measured at 5% level [150].
We consider also the bounds from K — uv [136] and B — Xy [135]

R € [0.98,1.02] (4.55)
5C: € [—0.14,0.06]. (4.56)

With the previous four processes it is already possible to investigate the 2HDM-II
case. In Fig. 4.6 we show the region allowed by current data (red) and the region allowed
considering the future LCHb prospects in Eq. (4.41) (blue). In black we show also the
points the will remain unconstrained also after a future measurements of B — 7v in a
superB. We vary tan 5 and the mass of the heavy Higgs in the range: tan 5 € [10,60] and
my € [200,1000]. The main result is that in this scenario only a suppression in B — v
is possible and, after the hypothetical future LHCb confirmation of the SM, the deviation
in B — 7v can be still of order < 30%.

As far as the MSSMyy is concerned other requirements are in order. First we ask
that the light Higgs mass must be compatible at 1 o with the experimental data m;™ =
125.3 £ 0.6 GeV [7,8], including the theoretical error. Then we consider the direct search
bounds, that we take conservatively from [154]

mg > 800GeV

mg > 600GeV
Mgt > 92GeV
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Figure 4.8: Allowed parameter space for A, p and mg in the MSSM with MFV as function
of Rp,,. Notation as in Fig. 4.6.

where mg is a common squark mass, m; is the gluino mass and My is the lightest
charghino. We chose 3 TeV as the upper bound for all the soft terms but A that we vary
uniformly between -5 and 5 TeV. We consider the case in which all the squarks have the
same mass msg.

In Fig. 4.7 we show the allowed regions in the tan 3 — mpy plane in the various ex-
perimental situations, where we follow the same color notation as in the 2HDM-II case.
In the same figure we show also the direct comparison between B — 7v and By, — upu.
Note that, unlike the general 2HDMypry studied in [4], in the supersymmetric version
only a suppression in B — 7v is possible. This possibility seems to be disfavored by the
B-factories data, showing a possible enahncement in the B — 7v decay rate compared
to the SM. However the experimental situation is not very clear and after the recent
Belle data [147] this anomaly is reduced. The supersymmetric parameter space is given
in Fig. 4.8. As you can see in this simple realization of the MSSM the light Higgs mass
bound strongly disfavor low A-term values, that would suppress the B, — ppu decay. On
the other hand the chargino mass limit is quite weak and the low p region can only be
constrained after a B — 7v measurement. Similarly also for the large squark region.

Finally, as already discussed in the first chapters, we consider the very precise muon
g — 2 measurement, which presents a 3.5 ¢ discrepancy with the SM expectation (see for
example the recent analysis in [155]). In the MSSMypry this effect can be easily explained
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Figure 4.9: MSSM with MFV case adding the g — 2 constraint to be satisfied at 2o.
Notation as in Fig. 4.6.
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Figure 4.10: Allowed parameter space for mg and p as function of Rp,, in the MSSM
with MFV considering also g — 2. Notation as in Fig. 4.6.

for large tan 3. With our approximations the leading Wino contributions are [156]

= 1 <

H 4 M mi 27,2

___ M, t M2 2
Ay SNy _ 02,2 1772 FAR7 anﬂj;l( 2 “) (4.61)
mg Mg

where f; is given in [156]. We consider the conservative 2 ¢ bound
Aas™ € 10.95,4,15] x 1077

In this case, barring the finetuned solution with dg ~ —1 (the blue band at large tan /3
and low my in Fig. 4.9 on the left), the measurement of By — uu at 20% would highly
constrain the parameter space, as show in Fig. 4.9, and the deviations in B — 7v can
hardly reach the 20% level. However for p < 400 GeV, mg < 1.4 TeV and m; < 1.1 TeV
we find viable solutions that can be probed with B — 7v, as shown in Fig. 4.10.
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4.3.3 Preliminary conclusions

In this preliminary analysis we compare the B — 7v and By — pp processes in
respect of their NP discovery potential. We analyze the case in which B, — uu would be
measured with a 20% error and compatible with the SM prediction, as can be expected
before the LHCb upgrade with 5 fb~! collected. In this case we study the remaining
allowed parameter space that could be probed by a 5% measurement of B — 7v by a
superB machine. These regions will be tested also at LHC. The main results are that in
the 2HDM-II a B, — pu measurement would forbid part of the tan 5 — myg plane, but
B — 7v turns out to be more efficient, mostly in the large mg region. Moreover in the
2HDMy the tan 3 dependence in By — ppu is stronger then in B — 7v, but there are
specific regions of the parameter space in which By — pu can be highly suppressed due
to its loop nature.

This analysis has already been presented at the 4 superB general meeting [5], but
several improvement are in progress. First recently an excess from the SM prediction has
been measured in the decays B — D™ 7y [142]. This data can not be explained in the
2HDM assuming MFV [143,144] and so different models need to be studied. Second the
subleading correction in tan 3 can become sizable in the region where a cancellation in
the leading tan 8 term appears in order to suppress the contribution to B, — up, that
we already know to be small. In this case pure supersymmetric effects, for example from
squark non-degeneracy or non-alignement, must be considered. Third we showed that
only a suppression in B — 7v is possible in the models that we considered. Currently the
experiments still prefer an enhancement compared to the SM value and we plan to study
more models in which this is possible. Finally we also need to consider the present and
future constraints from the Higgs decay in 77 from ATLAS and CMS.



Chapter 5

Final Remarks

The aim of this Thesis is to investigate the physics beyond the SM through flavor-
changing processes of quarks and leptons.

In the first part we focused on supersymmetry and in particular on scenarios in which
the first two squark generations are heavier than the third one, so as to explain in a
natural way the absence of any SUSY signal at LHC. For what concern the flavor sec-
tor, interesting results can be achieved introducing U(2)® flavor symmetry acting on the
first two generations. We analyze the lepton sector in this framework, showing that
neutrino masses and lepton flavor violation in charged leptons can be described with a
minimal ansatz about the breaking of the U(2)® flavor symmetry, consistent with the
U(2)? breaking pattern of quark Yukawa couplings [1]. Neutrino masses are expected to
be almost degenerate, close to present bounds from cosmology and OvBG3 experiments.
We also predict s13 & s23|Via|/|Vis| = 0.16, in perfect agreement with the recent oscilla-
tion result. For slepton masses below 1 TeV, barring accidental cancellations, we expect
B — ey) > 1071 and B(t — pvy) > 107% within the reach of future experimental
searches.

We consider also the case in which this flavor symmetry is broken at a very high scale
and we study the consequences at low energies through its RGE evolution [2]. Initial
conditions compatible with a split scenario are found, and the preservation of correlations
from minimal U(2)? breaking are checked. The various chiral operators in AF = 2
processes are analyzed, and we show that, due to LHC gluino bounds, the (LL)(RR)
operators can not always be neglected. Finally, we also study a possible extension of the
U(2)? model compatible with the lepton sector.

In the second part of the Thesis we focused on the phenomenology of non-minimal
Higgs sectors. Given the ATLAS and CMS observation of a signal compatible with the
SM Higgs boson we study the possibility of constraining and measuring its couplings in
order to better understand the real nature of this particle [3]. We analyze the indirect
constraints on flavor-changing Higgs decays that are provided by limits on low-energy
flavor-changing interactions. We find that indirect limits in the quark sector impose
such strong constraints that flavor-changing Higgs decays to quark-antiquark pairs are
unlikely to be observable at the LHC. On the other hand, the upper limits on lepton-

87



88 CHAPTER 5. FINAL REMARKS

flavor-changing decays are weaker, and the experimental signatures less challenging. In
particular, we find that either B(h — 7ji+ iit) or B(h — 1€ + eT) could be O(10)%, i.e.,
comparable to B(h — 7777) and potentially observable at the LHC.

We also consider the Two Higgs Doublets Model framework. In particular we analyze
the B — 7v decay in a generic case satisfying the ME'V hypothesis [4]. We show under
which conditions B(B — 7v) can be substantially enhanced over its SM value, taking into
account the constraints of K — uv, B — X,v, and B, — u"p~. We find that for large
tan @ values and Peccei-Quinn symmetry breaking terms of O(1/ tan [3) a sizable (~ 50%)
enhancement of B(B — 7v) is possible, even for my ~ 1 TeV. We also study in detail
the discovery potential of the B — 7v and B; — puu processes, in respect of the future
experimental prospects [5].



Appendix A

Soft masses in SCKM basis

In the U(3)? framework of [56], both the Yukawa matrices and the soft masses are
constructed through the addition of three spurions AY,, AY; and V, transforming ade-
quately under the flavor symmetries. In the basis in which the Yukawas assume the form
as in Eq (3.5), the squark mass and the trilinear couplings are given by Eqs (3.10 - 3.13).
When the Yukawas are diagonalized, the soft matrices are rotated. We are interested in
these matrices in the basis where Y; is diagonal. Such change of basis involves a rotation
in the (2 —3) block, followed by a further rotation in the (1 —2) block. For transparency,
we shall write the structure of the soft masses after the first rotation, to leading order in
€

2 0 0 0
( 2Q ) = J-10 Lo €2 —x een , (A. 1)
N Ro3 0 —xpee P — Ty3€>
2 0 0 0
( N ) =I1-10 0 —xpAg, e | (A.2)
M, Ros 0 —xpAg,€e7P 0d
2 0 0 0
(m; > =1-10 0 —xy Ay, €70 | (A.3)
h 7 Rag 0 —xp Ay, €€ Pu

where p; = (m3, —m73)/m3, , x; are real parameters of O(1) and ); are the ratios between

the first two and the third Yukawa eigenvalues, defined in Eq (3.7). These shall be the
2

parameters relevant for phenomenology. Notice that the off-diagonals in m3

and m? are
suppressed by the second generation quark masses.

Finally, we can apply the rotation in the (1—2) sector, including any further rephasings:

m2 cge i0—on) g, emildtaa—au) () m2 cged—ou)  _g el

( 2Q ) = —5q €% cd 0 |- <2Q> | sget0taa—ou) cd 0
"an /)y, 0 0 1) \"n/ Ry 0 0 1
(A. 4)

2

with a negligible modification of mZ and m 3
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The trilinear couplings follow a structure similar to that of the Yukawas. Their leading
structure in the SCKM basis is:

airg, 0 (ay —aY)s,e e
Ay = Vi - 0 afl,  (ay —a¥)cue y AY (A.5)
0 0 at
aldhg, 0 (a—ad)sqeide
Ay = 0 afxg, (ad —ad)cge WAy . (A.6)
0 0 ay

Similarly in the charged lepton sector, we obtain m3? ~ m%, mZ ~m?%and A, ~ Ay,

in the Y, diagonal basis.
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