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Abstract

Searching for Beyond Standard Model physics at Low and High Energy

experiments
by
Douglas Tuckler

The Standard Model (SM) of particles physics is an extremely successful theory
of particles and their interactions. However, it has become clear that the SM is
an incomplete description of our Universe and that new physics beyond the SM
(BSM) is needed to answer many of its open questions. In this talk we will discuss
two open questions.

In the first part, we will present a model that can address the SM flavor puzzle.
The hierarchical pattern in quark masses and mixings can be explained by assum-
ing that the SM Higgs only generates mass for the 3rd generation fermions, while
an additional source of electroweak symmetry breaking generates mass for the 1st
and 2nd generations. Such a scenario can be realized in a “flavorful” two Higgs
doublet model (2HDM). The characteristic Higgs collider signatures of this setup
differ significantly from well-studied 2HDMs with natural flavor conservation. The
presence of large SM Higgs flavor violating couplings can lead to enhanced rare top
quark decays. We will also discuss some possible UV completions of this scenario.

In the second part, we will discuss a vector leptoquark scenario that can ad-
dress the lepton flavor universality anomalies observed by the LHCb collabora-
tion in B meson decays. We will show that a vector leptoquark solution of the
B-anomalies can also alleviate discrepancies between the SM predictions and the
experimental values of the electron and muon anomalous magnetic moments. In
addition, leptoquark models generically yield new sources of CP violation that in-

duce electric and magnetic dipole moments of elementary particles. We will show

xiil



that present and future electron and neutron EDM experiments set interesting

constraints on the CP violating phases of the leptoquark couplings.
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Chapter 1

Introduction

We are currently in a very exciting time in particle physics. The discovery
of the Higgs boson in 2012 at the Large Hadron Collider (LHC) [6,7] has con-
firmed a nearly 60 year old theory of electroweak symmetry breaking [8—10] and
extolled years of experimental effort. This discovery has proven that the Stan-
dard Model of particle physics is an extremely successful theory of fundamental
particles and their interactions. Other correct predictions of the SM include the
existence of fundamental particles, such as the electroweak gauge bosons, the top
and charm quark, gluons, and the tau neutrino, particles that were subsequently
discovered by experimental collaborations [11-22]; and a very precise prediction
of the anomalous magnetic moment of the electron that agrees with experiment
to less than one part per billion [23-25].

Despite its success, various experimental observations indicate the existence of
physical phenomena that the SM can not explain. Among these are the hierarchy
problem, the existence of dark matter (DM), the origin of the matter-antimatter
asymmetry in the universe, the hierarchical flavor structure of particles masses
(i.e the SM flavor puzzle), and the origin of neutrino-masses. Perhaps the most

fundamental issue of the SM is that it does not contain a description of gravity in



terms of a renormalizable quantum field theory. While this is not an exhaustive
list, these open problems indicate that the SM should be thought of as a low-
energy effective theory of some more fundamental theory, and that answering
these questions requires the presence of new physics beyond the SM (BSM).

In addition to these fundamental issues, there are various experimental “anoma-
lies” that are in tension with SM predictions. Among these are the discrepancy
between the SM prediction and the measured value of the anomalous magnetic
moment of the muon a,, and the apparent violation of lepton flavor universality
observed in semi-leptonic decays of B mesons. These experimental results are in
tension with the SM at ~ 3 — 40 level and, while upcoming results from the Muon
g — 2 experiment and B factories will shed light on these anomalies, the current
discrepancies could be a hint of BSM physics.

In this thesis we will explore BSM explanations for two of the issues men-
tioned above. In Part II we will focus on addressing the SM flavor puzzle and
identifying the origin of mass for the first two generations of SM fermions. In par-
ticular, we will study the phenomenological consequences of an additional source
of electroweak symmetry breaking that generates mass exclusively for the first
and second generations. In Part IIT we will explore a leptoquark solution to the
anomalies observed in tests of LFU, and how such a solution can also address the
discrepancy in the anomalous magnetic moment of the muon.

To motivate these two BSM scenarios, we will first briefly discuss the experi-
mental challenges that lead to a lack of knowledge of the SM Higgs couplings to
light fermions in Sec. 1.3. In Sec. 1.4 we discuss some aspects of LFU and the

experimental status of the B anomalies.



SM Field SUB)e  SUQR),  U(l)y
G 8 1 0
we 1 3 0
B, 1 1 0
Qr = (ur,dr)" 3 2 +1/6
Ly = (v, 0,)7 1 2 ~1/2
up 3 1 +2/3
dp 3 1 ~1/3
en 1 1 ~1
h 1 2 +1/2

Table 1.1: Field content of the SM and their SU(3)¢c X SU(2), X U(1)y charge
assignments.

1.1 Particle Content of the Standard Model

The interactions of fundamental particles of the SM is described by the gauge
group SU(3)¢ X SU(2), X U(1)y, where SU(3)c describes the strong interac-
tions between quarks and gluons (i.e Quantum Chromodynamics (QCD)), and
SU(2)r X U(1)y denotes electroweak interactions of SM particles. The subscript
“C” in SU(3)¢ denotes the color charge associated with the strong interactions,
the “L” in SU(2)[, indicates the left-handed chiral structure of electroweak inter-
actions, and the subscript “Y” in U(1)y is weak hypercharge.

The strong interactions are mediated by eight massless gluons G, (a = 1,.. ., 8)
that are in the adjoint representation of SU(3)¢, while the electroweak interactions
are mediated by the SU(2) triplet gauge field W (a = 1,2,3) and the U(1)y
gauge field B,. After electroweak symmetry breaking (EWSB) the weak gauge
bosons mix to give three physical mass eigenstates, namely, the massive vector
bosons W+, Z and the massless photon 7.

In addition to the gauge bosons mentioned above, the SM contains three gen-



erations of fermions — the quarks and leptons. Quarks are spin-1/2 particles that
participate in the strong and electroweak interactions, while leptons only partic-
ipate in the electroweak interactions (i.e. they do not have color charge). SM
fermions are present in left- and right-handed types that are treated differently
by the chiral structure of the weak interactions. Left-handed particles fermions
transform as doublets under SU(2),, while right-handed fermions are singlets un-
der SU(2),, transformations.

The prediction and discovery of the W* and Z bosons is one of the great
achievements of the SM. The fact that they mediate short range forces indicates
that they must have relatively large masses. However, gauge invariance implies

that mass terms for gauge bosons and fermions of the form
1, i —
LD §mBBMB — mynp, (1.1)

where v is a SM fermions, are prohibited and can not be inserted by hand into the
Lagrangian of the SM. Therefore, gauge invariance implies that all gauge bosons
and fermions are massless. However, non-zero masses for the W=+, Z bosons and
SM fermions have been measured experimentally’ and an additional theoretical
ingredient is needed to explain this observation. Preservation of gauge invariance
can be achieved by introducing a single scalar field ® charged under SU(2), X
U(1)y that acquires a vacuum expectation value (VEV). The VEV of the scalar
field leads to spontaneous symmetry breaking that dynamically generates masses
for both gauge bosons and fermions. The scalar field ® is called the Higgs field
and, after EWSB, gives rise to a massive scalar particle h i.e. the Higgs boson.

The field content of the SM and their charge assignments under the SM gauge

IExcept the top quark, the masses of quarks have not been measured experimentally and are
determined using lattice QCD methods.



group is given in Tab. 1.1, where the SM fields are written in the gauge eigenstate
basis. The SU(3)c, SU(2)r, and U(1)y gauge bosons are represented by G, W,
and B, respectively. The left-handed quark and lepton doublets are denoted by
@1 and Lj, while the right-handed SU(2), singlet up quarks, down quarks, and
leptons are denoted by ug, dgr, and eg, respectively. Note that there are three
flavors of each quark and lepton field; the flavor indices are suppressed in Tab. 1.1.

Interactions between SM particles are described by the most general renor-
malizable Lagrangian that is consistent with the symmetries of the SM. The SM

Lagrangian can be divided into three parts
‘CSM = Ekinetic + £Higgs + £Yukawa (12)

where Liinetic €ncodes the gauge interactions of SM particles and is given by

1 1 1 =
Lyinetic = GG — ZWEVWWV - ZBWBW + Zwﬂm%‘, (1.3)

—5G

where the gauge field strength tensors are

G, = 0,Ge — 0,G5 + go [ Gh Gy, (1.4)
We, = 0,Wg —9,W; + G WIW (1.5)
B,, = 9,B, — 0,B,, (1.6)

with g, g2, g1 being the SU(3)¢, SU(2) 1, and U(1)y gauge couplings, respectively.
¥; is a SM fermion field with 7 = 1,2, 3 denoting the flavor (or generation) of the
fermion and I = 4D, is the covariant derivative

: I « a
D,=0,—inB,Y — §ZQQUGWM —igsta G, (1.7)



The second term in Eq. (1.2) Lpiges describes gauge and self-interactions of

the SM Higgs boson and is given by
Lriiggs = (D, @) D'® — V(P) (1.8)

where V(®) is the Higgs potential. Note that the covariant derivative for the
Higgs field ® does not contain the last term in Eq. (1.7) since the Higgs does not
have color charge.

Finally, Lyukawa describes the interactions of the Higgs boson with SM fermions
and is given by

~Lyuawa = Y (yzg(iu%)é + Y (QLdR)® + yfj(Lie@@) +he., (1.9)

/L?J

where & = igy®*, y»%€ are 3 X 3 Yukawa coupling matrices, and i,j = 1,2,3 are
flavor indices.

The Higgs and Yukawa Lagrangians are perhaps the most important parts of
the SM and it is worth spending some time discussing the Higgs mechanism and

electroweak symmetry breaking.

1.2 The Higgs Mechanism and Gauge Boson Masses

The most general renormalizable scalar potential of the SM Higgs is given by
V(®) = —p20Td + \(dT0)% (1.10)

We can analyze the vacuum of the Higgs potential by considering the possible

signs of —p? and \.



1. For —u? < 0, A <0, the potential is unbounded from below and there is no

stable vacuum state.

2. For —p? > 0, A > 0 the potential has a minimum at ® = 0 and the
electroweak symmetry of the SM is unbroken. In this case the W* and Z

bosons would remain massless.

3. For —p? < 0, A > 0 the potential has a minimum at ® # 0 and electroweak
symmetry is broken via SU(2);, X U(1l)y — U(1)gum, leaving electromag-
netism unbroken. It is this case that is responsible for generating mass for

the weak gauge bosons and the SM fermions, but leaves the photon massless.

The SM Higgs field ® is an SU(2); complex scalar field with four degree of
freedom and can be decomposed as

+i 0
g L[ : (1.11)

V2 ¢3 + iy %(U-I—h)
where in the last step we perform a gauge transformation (unitary gauge) that
removes the fields ¢; 24 from the Lagrangian so that we are left with one massive
field ¢3 that is expanded about the minimum of the Higgs potential so that ¢3 =
v + h. The massless fields ¢; 24 are “eaten” by the the electroweak gauge bosons
and their masses will be generated. The mass terms for the W* and Z bosons

can be read by expanding the first term in Eq. (1.8), after which we find

My = gv/2 , Mz =v\/gi + g3/2. (1.12)

The VEV of the SM Higgs has given mass to the electroweak gauge bosons
in a dynamical way that preserves gauge invariance! The measured values of the

W=, Z boson masses are My = 80.379 £ 0.0012 GeV and M, = 91.187 £ 0.0021
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GeV [26]. Given the measured value of the My, and the gauge coupling go, the
VEV of the Higgs can be determined to be v = 246 GeV. In addition, to the
weak gauge bosons, EWSB gives rise to an additional massive particle — the Higgs

boson h — with a measured mass of m;, = 125.10 4 0.14 GeV.

1.3 The Origin of Fermion Masses

If we omit for the moment the Yukawa Lagrangian of Eq. (1.9) we see that
the SM has a relatively simple description in terms of a small set of parameters:
the gauge couplings g, g1, g2, the SM Higgs mass my,, and the Higgs VEV v. The
Yukawa Lagrangian, on the other hand, is responsible for much of the complicated
and interesting structure of the SM.

The mechanism that is responsible for generating the weak gauge boson masses
is also responsible for giving mass to the SM fermions. If we expand Eq.(1.9) in
the unitary gauge we find that the mass terms of the SM fermions are given by

— Lukawa D UMl + dy M dly + 6, M el (1.13)
where MZ-J;- = vyifj /V2, (f = u,d,!) are fermion mass matrices that are, in general,
complex 3 X 3 matrices. The fermion mass matrices can be simultaneously diag-
onalized by independent bi-unitary transformations that rotate the flavor eigen-

states into the physical mass eigenstates

my,
tiag = Ul MiUy, = Me , (1.14)

diag

my



mgq
Mg = Uy, MU, = - , (1.15)
my
mMe
Mfl’iag = UJLMZUeR = my, . (1.16)
m,

An interesting consequence of diagonalizing the up and down quark mass ma-
trices is that they do not leave the charged weak current interactions invariant.
This is a result of the up and down quark mass matrices being diagonalized by
different unitary transformations. In particular, we find that the W=+ boson in-

teractions with quarks transform as

92 .~ a m 92 _; ij j
- EV“QLV“WM%QL ﬁ _EUL'YMWiVCJKMdJLa (1.17)

where the Cabbibo-Kobayashi-Maskawa (CKM) matrix Vogas is a 3 X 3 unitary
matrix defined as

Vexy = UJ, U, . (1.18)

The mismatch that appears in the up and down quarks when transforming
from the flavor to the mass eigenstate basis gives rise to tree-level flavor changing
couplings of the W= boson. This allows for the presence of flavor changing neutral
currents (FCNCs) that occur at the one-loop level.

We see that the fermion sector is described is described by 13 free parame-
ters: 10 in the quark sector (the 6 quark masses and 4 parameters of the CKM

matrix), and 3 in the lepton sector (the 3 lepton masses).? These parameters are

2We assume that neutrino are massless and that there are no right-handed neutrinos in the
lepton sector.
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arbitrary: their values are not predicted by the SM and can only be determined
from experimental measurements. The values of the fermion masses have been

determined to be [20]

My ~22x 1073 GeV |, m,~ 1.27 GeV , my ~ 173 GeV
mg~ 4.7x 1072 GeV , my >~ 0.092 GeV , my ~ 4.18 GeV

me ~ 5.1 x 107* GeV , m,,,~ 0.105 GeV , m, ~ 1.776 GeV (1.19)

The values of the CKM matrix have been experimentally measured from various

quark flavor transitions and are given by [27]

|Vaal =2 0.97 , |Vis| = 0.23 | [Vip| =~ 3.7 x 1073
Vea| =~ 0.23 , |Vis| > 0.97 , |Vip| =~ 0.042
[Via| =~ 8.7 x 1072 | |Vis| ~ 0.041 , |Vi| ~ 1.0 (1.20)

(1.21)

Already we can observe an interesting pattern in the values of the fermion
masses and the elements of the CKM matrix: there is a large difference between
the masses of the fermions and the elements of the CKM matrix. For example,

taking ratios of the masses of the first and third generations we find

T 00, M 103, 108, (1.22)
My, ma M,

In general we see that ms > my > my (where 1,2,3 denote the fermion genera-
tion). In addition, the off-diagonal elements of the CKM matrix are much smaller

then the diagonal elements. The hierarchical structure observed in the fermion

masses and in the CKM matrix is a long-standing problem known as the SM flavor
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puzzle.

The hierarchy in the fermion masses can be translated into a hierarchy in the
Yukawa couplings of the Higgs bosons. The Yukawa interactions in Eq. (1.9)
also gives rise to Higgs interactions with fermions of the form y;hff where y; =
V2my/v. The Yukawa couplings are determined once the the fermion masses and
Higgs VEV are measured. The SM flavor puzzle in then translated into a question
of why the Higgs couplings to first and second generation fermions are so small
compared to its couplings to the third generation fermions.

This question can also be framed from an experimental point of view. The
LHC measurements of Higgs rates [28-30] show an overall good agreement with
Standard Model (SM) predictions. By now it is established that the couplings
of the Higgs to the weak gauge bosons are SM-like to a good approximation.
This implies that the main origin of the weak gauge bosons’ mass is the vacuum
expectation value (vev) of the 125 GeV Higgs boson. Also the masses of the
top quark, the bottom quark and the tau lepton appear to be largely due to the
125 GeV Higgs, as indicated by the measured values of Higgs couplings to the third
generation fermions [31-36]. In the lepton sector, ATLAS and CMS have recently
measured the Higgs coupling to muons at the 20 and 3o level, respectively, by
observing the h — ptp~ decay [37,38].

However, little is known about the origin of the masses of the remaingin first
and second generation fermions. Direct measurements of the Higgs couplings to
these fermions are challenging. The Higgs coupling to electrons is tiny and the h —
ete” rate in the SM is far beyond the experimental reach of the LHC. Sensitivities
to the Higgs electron coupling not far above the SM might be reached at future
ete™ colliders running on the Higgs pole [39,40]. In the quark sector, various

ideas have been explored to determine the coupling of the Higgs to charm quarks.
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Those include the measurement of the exclusive h — J/1y decay rate [41-44],
inclusive h — c¢ measurements using charm-tagging techniques [43, 45, 46], and
Higgs production in association with charm quarks [47]. The rates of the exclusive
Higgs decays h — ¢y, h — pvy, and h — w7 are sensitive to the Higgs couplings
to strange, down, and up quarks [48,49]. Also the Higgs pr distribution [50-52]
and the W*h charge asymmetry [53] have sensitivity to the light quark couplings.

While inclusive h — c¢¢ measurements might reach SM sensitivities at a future
100 TeV collider [43] and will be quite precisely determined at future eTe™ colliders
[54], the Higgs couplings to strange, down, and up quarks remain out of direct
experimental reach in the foreseeable future, unless they are enhanced by orders
of magnitude, if compared to SM expectations.

Given the limited sensitivities of the direct measurements of the Higgs cou-
plings to the light generations, we develop complementary strategies to identify
the origin of the masses of first and second generation in Part II of this thesis.
Motivated by our limited knowledge of the Higgs couplings to first two gener-
ation fermions, we analyze the collider phenomenology of a class of two Higgs
doublet models (2HDMs) with a non-standard Yukawa sector. One Higgs dou-
blet is mainly responsible for the masses of the weak gauge bosons and the third
generation fermions, while the second Higgs doublet provides mass for the lighter
fermion generations. The characteristic collider signatures of this setup differ sig-
nificantly from well-studied 2HDMs with natural flavor conservation, flavor align-
ment, or minimal flavor violation. New production mechanisms for the heavy
scalar, pseudoscalar, and charged Higgs involving second generation quarks can
become dominant. The most interesting decay modes include H/A — ce, te, pp, T
and H* — ¢b,cs, uv. Searches for low mass di-muon resonances are currently

among the best probes of the heavy Higgs bosons in this setup.
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1.4 Lepton Flavor Universality

In the SM the electroweak gauge bosons W+, Z, v couple to all three lepton
generations in the same way, up to differences in the lepton masses. This aspect of
the electroweak interactinos is known as lepton flavor universality (LFU). Ratios
of the partial widths of Z — ¢T¢~ (¢ = e, u, 7) have been observed to be equal
to unity (up to phase space differences) giving good agreement with LFU [55,
56]. In addtion, measurements of W* decay to lepton and neutrinos are in good
agreement with LF'U [56-59].

Semi-leptonic decays of B mesons provide an ideal laboratory for testing LFU.
Over the past several years, multiple B-physics experiments, including BaBar,
LHCb, and Belle, have reported anomalies in decays associated with the b — cfv
and b — s transitions. Violations of lepton flavor universality, known to be
theoretically clean probes of New Physics (NP), are of particular interest. In
the Standard Model (SM) LFU is only broken by the lepton masses. Hints for
additional sources of LF'U violation have been observed in the ratios of branching

ratios of flavor-changing charged current and neutral current decays of B mesons,

RD7 RD*7 RK7 and RK*7

BR(B — DWrv) BR(B — K®utpu™)

R *) — R *) — .
DY 7 BR(B — D®(v)’ KO ™ BR(B = KMete)

(1.23)

The experimental world averages of Rp and Rp- from the heavy flavor averaging
group (HFLAV) are based on measurements from BaBar [60], Belle [61-63], and
LHCb [64,65], and read [66]

Rp =0.340 £ 0.027 £ 0.013, Rp- =0.295£0.011 £ 0.008, (1.24)

with an error correlation of p = —38%. The corresponding SM predictions are

14



known with high precision [67-69]. The values adopted by HFLAV are [66]

R =0.299+0.003, R} =0.25840.005. (1.25)

The combined discrepancy between the SM prediction and experimental world
averages of Rp and Rp- is at the 3.10 level.
The most precise measurement to date of the LFU ratio Rx has been per-

formed by LHCD [70]

Ry = 0.846T000910016 = for 1.1GeV? < ¢* < 6GeV?, (1.26)

with ¢* being the dilepton invariant mass squared. The SM predicts R3M ~ 1
with theoretical uncertainties well below the current experimental ones [71]. The
above experimental value is closer to the SM prediction than the Run-1 result [72].
However, the reduced experimental uncertainties still imply a tension between
theory and experiment of 2.50.

The most precise measurement of Ry is from a Run-1 LHCb analysis [73]

that finds

0.660 5+ & 0.03, for 0.045 GeV? < ¢® < 1.1 GeV?,
Ry = (1.27)

0.6910-5 £+ 0.05, for 1.1 GeV? < ¢% < 6 GeV?.

The result for both ¢* bins are in tension with the SM prediction [71], R3M ~ 1,
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by ~ 2.50 each. Recent measurements of Ry« and Rg by Belle [74, 75]?

0.90703" £0.10, for 0.1 GeV? < ¢ < 8 GeV?,
Ry = (1.28)

1.18%9-%2 4 0.10, for 15 GeV? < ¢* < 19GeV?,

0.987037 £ 0.06, for 1 GeV? < ¢? < 6 GeV?,
Ry = (1.29)

1117022 £0.07,  for 14.18 GeV? < ¢2,

are compatible with both the SM prediction and the LHCD results. Several papers
have re-analyzed the status of the B anomalies in light of the latest experimental
updates, and found preference for new physics with high significance [76-82]. A
review of new physics explanations of these anomalies can be found in [83].

In Ch. 5 we present a vector leptoquark scenario that can address the LFU
anomalies in decays associated with the b — c¢fv and b — sf¢ transitions. Indepen-
dent of the anomalies, leptoquarks generically yield new sources of CP violation
that can induce electric and magnetic dipole moments of elementary particles. In
light of upcoming low-energy experiments with much greater sensitivity to elec-
tric and magnetic dipole moments of elementary particles, it is interesting to ask
whether solutions to the flavor anomalies may also be associated with sizable CP

violating complex phases that may be probed by these experiments.

3Here we quote the isospin average of BY — K(*)0¢+¢~ and B* — K®*¢+t¢~ decays.
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Part 11

Theory and Phenomenology of
Flavorful Two Higgs Doublet
Models
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Introduction

This Part of the thesis in aimed at addressing the SM flavor puzzle i.e. the
question of why the fermion masses and the CKM matrix exhibit a hierarchical
structure. Other ways to phrase this question are: (1) why does the SM Higgs
boson have very tiny couplings to first and second generation fermions, while its
couplings to third generation fermions are ~ O(1)? or (2) is the VEV of the SM
Higgs boson the source of mass generation for the first and second generations of
fermions?

The SM flavor puzzle can be partially addressed by introducing an additional
source of EWSB that is responsible for generating mass for the first and second
generation fermions, as proposed in [84] (see also [85-88]). Arguably the simplest
realization of this scenario is a Two Higgs Doublet Model (2HDM), in which one
Higgs doublet (approximately identified as the 125 GeV Higgs boson) couples
mainly to the third generation, while the second Higgs doublet couples mainly
to the first and second generations. The observed pattern of quark masses and
mixing can be obtained by asserting suitable textures for the quark mass matrices,
leading to a “flavorful” Two Higgs Doublet Model (F2HDM).

We begin in Ch. 2 by first motivating the F2HDM from experimental measure-
ments of SM Higgs rates and couplings, after which we introduce the model and
Yukawa textures that are able to partially address the SM flavor puzzle. We also

discuss in detail the collider phenomenology predicted by the model that can lead

18



to very distinct and unique collider signatures that are not traditionally searched
for at the LHC. In Ch. 3 we provide an ultra-violet (UV) realization of the Yukawa
textures presented in Ch. 2 and discuss low-energy flavor constraints. Finally, we
discuss additional probes of F2HDMs in Ch. 4 focusing in particular on the rare
top quark decays t — hq, where h is the SM higgs boson and ¢ = u, ¢, is a light

up-type quark.
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Chapter 2

Collider Signatures of Flavorful

Two Higgs Doublet Models

2.1 Introduction

The LHC collaborations have established with Run I data that the 125 GeV
Higgs boson has Standard Model (SM)-like properties [30]. In particular, the
couplings of the Higgs boson to the electroweak gauge bosons have been mea-
sured with an uncertainty of 10% at the 1o level, combining results from ATLAS
and CMS [30]. The Higgs coupling to 7 leptons has been measured at the 15%
level [30], and, assuming no significant contribution of new degrees of freedom to
the gluon fusion Higgs production cross section, the Higgs coupling to top quarks
has been found to be SM-like with approximately 15% uncertainty [30]. More
recently, analyses of ~ 36 fb~! of Run II LHC data have provided evidence for
the decay of the Higgs boson into a pair of b quarks with a branching fraction
consistent with the SM expectation [89,90]. Taken together, these results imply

that the main origin of the masses of the weak gauge bosons and third generation
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fermions is the vacuum expectation value (vev) of the 125 GeV SM-like Higgs.
However, it is not known whether the vacuum of the SM Higgs field is (solely)
responsible for the generation of all the elementary fermion masses. So far, the
h — pp branching fraction is bounded by a factor of ~ 2.6 above the SM predic-
tion [91,92]. With 300 fb~! of data, the SM partial width for this decay mode will
be accessible at LHC, and it could be measured with a precision of ~ 8% at the
High-Luminosity LHC (HL-LHC) [93-95]. The h — cc rate is more difficult to
access at the LHC. At present, the most stringent bound arises from the ATLAS
search for Zh,h — cc, exploiting new c-tagging techniques, and only probes the
branching fraction down to ~ 110 times the SM expectation [96]. Studies of future
prospects for the HL-LHC have shown that LHCb may be able to set a stronger
bound on the hce coupling, at the level of ~ 4 times the SM expectation [97].
The charm coupling may be determined more precisely at future colliders, such as
ete™ machines [98], as well as proton-electron colliders [99]. Finally, because of
their tiny values, the SM Higgs couplings to the other light quarks, as well as the
electron, are even more challenging to measure and will likely remain out of reach
for the foreseeable future [39,43,50-53,100-103]. Signals that would provide im-
mediate evidence for a beyond SM Higgs sector, such as h — 7 and t — ch, have
branching fractions that are constrained to be less than few x 1072 [104-107].
At the same time, the origin of the large hierarchies in the SM fermion masses,
as well as the hierarchical structure of the CKM quark mixing matrix, is a long-
standing open question: the SM flavor puzzle. In this chapter we study the
possibility that the origin of the first and second generation fermion masses is not
the 125 GeV Higgs but an additional source of electro-weak symmetry breaking
as proposed in [84] (see also [85-88]) and study the implications. Arguably the

simplest realization of such a setup is a two Higgs doublet model (2HDM) where
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one doublet (that we approximately identify as the 125 GeV Higgs) couples mainly
to the third generation, while a second doublet couples mainly to the first and
second generation. One motivation, with regards to fermion mass generation, is
a reduction of the Yukawa coupling hierarchy between the third and the lighter
generations via a Higgs vev hierarchy.

In such a framework we expect distinct phenomenological implications at low
and high energy experiments. A generic prediction are flavor-violating couplings
of the 125 GeV Higgs [84-86] which could explain the small hint for the lepton
flavor-violating Higgs decay h — 7 at CMS [108]. Other signatures include rare
lepton flavor-violating B meson decays like B — K® 7y with branching ratios
as large as 1077 and the rare top decay t — ch with branching ratios as large as
1073 [84].

We determine the characteristic collider signatures of the second Higgs doublet.
We find that novel production mechanisms involving second generation quarks can
become dominant for moderate and large tan 3. The largest production mode of
the neutral Higgs bosons is production from a cc initial state. The charged Higgs
bosons are dominantly produced from a cs initial state. The most interesting decay
modes include H/A — cc,tc, pp, Tpe and HE — ¢b, cs, prv. Our work provides
continued motivation to search for low mass di-muon resonances and low mass di-
jet resonances. Searches for di-muon resonances are currently the best probes of
the considered setup, while searches for di-jet resonances have sensitivities similar
to the “traditional” di-tau searches for additional neutral Higgs bosons.

The chapter is organized as follows. In Sec. 2.2 we discuss aspects of the pro-
posed 2HDM framework that are relevant for our analysis, focusing in particular
on the couplings of the heavy Higgs bosons. In Sec. 2.3 the modifications to the

properties of the 125 GeV Higgs are analysed and confronted with Higgs coupling
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measurements at the LHC. In Sec. 2.4, we discuss the collider phenomenology of
the heavy neutral Higgs bosons and identify distinct features in production and
decay modes. The production and decay modes of the charged Higgs are discussed
in Sec. 2.5. In Sec. 2.6 we discuss the constraints that can be derived using current
searches for heavy Higgs bosons and show predictions for novel collider signatures.

We conclude in Sec. 3.5.

2.2 Two Flavorful Higgs Doublets

The considered setup is a 2HDM in which one Higgs doublet is mainly respon-
sible for the mass of the third generation of SM fermions, while the second Higgs
doublet gives masses mainly to the first and second generations. We start by
briefly reviewing generic 2HDMs (see e.g. [109,110]) in Sec. 2.2.1. In Sec. 2.2.2 we
discuss the specific Yukawa textures of our model and the resulting heavy Higgs

couplings.

2.2.1 Generic Two Higgs Doublet Models

The two Higgs doublets with hypercharge +1/2 are denoted ® and &' and

decompose as
+ I+
o = ¢ , D= ¢ , (2.1)
55 (v + ¢ +ia) %(U'+¢/—I—ia’)

where v +v? = v, = (246 GeV)? is the SM Higgs vacuum expectation value (vev)

squared and the ratio of Higgs vevs is tan§ = t3 = v/v’. Note that in generic

two Higgs doublet models, the Higgs fields ® and &’ can be transformed into each

other, and the ratio of Higgs vevs is therefore a basis dependent quantity [?].
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For simplicity we will not consider CP violation in the Higgs sector.! In this
case, after electroweak symmetry breaking, the components of ® and &' mix in

the following way to form mass eigenstates

oF sg —c G
- | , (2.2)
¢/+ C@ S8 H+
a Sz —c G°
- |77 , (2.3)
a cg  Sp A
Co S h
¢ = , (2.4)
¢, —Sa  Ca H
with ¢, = cosz, s, = sinz for x = a,3. The three states G°, G* provide

the longitudinal components of the Z and W¥ gauge bosons. The remaining
physical states consist of two CP-even scalars h and H, one CP-odd scalar A, and
the charged Higgs H*. We will identify h with the SM-like Higgs with a mass
of my ~ 125 GeV. The heavy Higgs bosons H, A, and H* are approximately
degenerate in the decoupling limit, myg ~ ms ~ mpy+, with mass splittings of
O(v3,/m%). In the decoupling limit, the mixing angle « is strongly related to
with a = 8 — 5 + O(vjy, /m?).

Turning to the interactions of the two Higgs doublets with the SM fermions,
the most general Yukawa Lagrangian can be written as

—Ly = ), (A?j(@'u;‘)‘i + Aff(q_iuj)(i’/ + )‘%(Cjidj)q) + AQ?(Q‘z-dj)@’
1,

+ )‘fj(&'@j)@ + A;ﬁ (@q)@’) +h.c., (2.5)

'Note that the Yukawa couplings of the Higgs bosons to quarks necessarily contain complex
parameters to reproduce the phase in the CKM matrix and will lead to CP violation in the Higgs
potential at the loop level. However, such effects are generically small and will be neglected here.
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where () = gy (®")*. The ¢;, {; are the three generations of left-handed quark
and lepton doublets, and the wu;, d;, e; are the right-handed up quark, down
quark, and charged lepton singlets. (A discussion of neutrino masses and mixing is
beyond the scope of this work.) In all generality, the mass matrices of the charged
SM fermions receive contributions from both Higgs doublets. In the fermion mass

eigenstate basis we use the notation

)

u v u
Mgy = \/§<qL|A(') qR) for g,q' € {u,c,t} , (2.6)
(nd ) (Nd| 1 ,
Moy = —=(qLI\|qR) for q,¢' € {d, s, b} , (2.7)

V2

o0

my) = ﬂ<zL\A<’V|€’R> , for 0,0 € {e, p, 7} . (2.8)

)

xx'

Notice that in the mass basis the matrices m with x = ¢,/, are not diago-

nal. The couplings of the physical neutral Higgs bosons to the fermions can be

parameterized as

L > =) (uiPruy) (h(Yy)i + H(Yip)i; + iA(YA)i)
= _(diPrd;) (R + H(YS)i; +iAYE)y)
— > _(LiPrty) (R + H(Y)i +iA(YA)y)

+h.c. . (2.9)

In the fermion mass eigenstate basis we find for the flavor-diagonal Higgs couplings

!
Vi o= (0, |V ) = 2L (e _ T Cha 2.10
b= () = T (S - Tt ) (2.10)
/
YHE = (0, [Veleg) = 2 (Se 4 T Sha 211
R e e (2.11)
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1 m,, 1
YA = (Vi) =2 (2 e 2 2.12
f (€LY 4|lR) o\ " e (2.12)

for ¢ = e, u, 7, and analogous for the quark couplings. m, are the mass eigenvalues
that is, from (2.8), my = my + mj,. For the flavor-violating Higgs couplings we

obtain

!
Y = (LYl = - S (2.13)
Vw SpCp
!
Vi = (Yl =+ (2.14)
W SBCp
mb, 1
Yib = (LYl = -2 (2.15)

Vw SpCpa

for ¢ # ¢ and ¢, ¢’ = e, u, 7. Analogous expressions hold for the flavor-violating

quark couplings.

We write the couplings of the charged Higgs bosons to the fermions as

Lo VY ((diPRupH— (V) + (@ Prd;) H* (Y2,

(7Pl H* (in)ij) +he. . (2.16)

In the fermion mass eigenstate basis we find for the couplings to quarks

my [ Vog mgc / Vz
Yoy = {acl¥ZlqR) ( Sl qq) , (2.17)

vw \ lg L Zgep Ma SpCs

for ¢ € {u,c,t} and ¢’ € {d, s,b}, and

my [V my, Vi
YV = (qulYEdp) = =L ge Y ed oo
qq <QL’ i|QR> v tﬁ r=u,c,t mq/ Sﬁcﬂ 7

for g € {d, s,b} and ¢’ € {u,c,t}. In the above expressions, V' is the CKM matrix.
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In the lepton sector, we neglect neutrino mixing as it is of no relevance for our

considerations. We find

my

1 mb, 1
Yfzmryﬁwz( _ My

) . (2.18)

Vw % my SpCp

The physical couplings of the Higgs bosons to the fermions are completely de-
termined by the two angles o and 3, the mass matrices m’ in the fermion mass
eigenstate basis, and the known masses of the SM fermions, as well as CKM
elements. Note that none of the expressions above assumes a specific Yukawa

texture. The expressions hold in any 2HDM.

2.2.2 Yukawa Textures

Our setup imposes that the Yukawa couplings of ® are rank 1 and that they
provide mass only to one generation of fermions, that will become the dominant
component of the third generation. This assumption singles out a Higgs basis and
renders the ratio of Higgs vevs, tan 3, well defined and physical.

We start with a discussion of the lepton sector. In the flavor basis where the

® lepton Yukawa is diagonal, we consider the following Yukawa texture

00 0 Me  Me  Me
V2 V2
X~ - (00 01, N~ o | e M my | (2.19)
0 0 m, Me My, My,

This texture gives the observed lepton masses, and it can naturally explain the
hierarchy between second and third generation lepton masses, if v < v, or equiv-

alently tan 5 > 1. Next we rotate into the mass eigenstate basis. Expanding in
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my/m, and m./m,, we find

m, = me+O(mfm,), (2.20)
My = my+ O(m? jm.)., (2.21)
., = O(m,) . (2.22)
ml, = O(mamy/m.), m, = O(mm,/m.). (2.23)
m, = Om,), n., = O(m,). (2.24)
. = O(m,), n, = O(m,). (2.25)

The diagonal entries for the first and second generation are to a good approxima-
tion determined by the corresponding observed lepton masses. Note that e — pu
mixing is not given by an entry of O(m.) as one could naively expect, but is
additionally suppressed. The reason for this suppression is a global U(2), x U(2),
flavor symmetry acting on the first two generation of leptons that is only broken
by a single Yukawa coupling \*. This suppression of e — y mixing is sufficient
to avoid the stringent constraints from flavor-violating low energy transitions like
[L — ey or i — e conversion.

It seems natural to assume analogous Yukawa textures also in the quark sector.
However, in addition to reproducing quark masses, the quark Yukawas also have
to conform with the observed values of the CKM quark mixing matrix. Given
that the hierarchies in the down-quark masses and the hierarchies among CKM
elements are comparable, while the hierarchies in the up-quark masses are con-
siderably larger, we will assume that the quark mixing is mainly generated from
the down Yukawas.

The up sector can then be chosen in a way completely analogous to the lepton

sector. The expressions (2.19)-(2.25) hold with the replacements e — u, u — ¢,
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and 7 — t. The strongly suppressed u — ¢ mixing guarantees that constraints
from neutral D meson oscillations are easily avoided in this setup [?].
A down-quark Yukawa texture that naturally leads to the observed down-quark

masses and CKM mixing angles reads

00 0 mq Ams  A3my,
2 2
Ad~£ 00 0 ,A’d~£ mg ms Ny | (2.26)
v v d s b
0 0 my mqg Mg Mg

with the Cabibbo angle A ~ 0.23. To a reasonable approximation one has A\*m;, ~
ms, while A3my, and Am, are a factor of few larger than my. We consider this
small missmatch acceptable at the level of Yukawa textures.

Rotating into the mass eigenstate basis we find

mlyy, = mg+ O(mA?), (2.27)
ml, = ms+ O(m?), (2.28)
my, = O(my) | (2.29)
mg, = Om\’), miy = 0(mg\?), (2.30)
my, ~ —mpVy, my;=0(my), (2.31)
mly, =~ —mpVyi,  my, = O(ms). (2.32)

Note that the m/, and m’, parameters are approximately fixed by the requirement
to quantitatively reproduce the CKM mixing matix. The fact that d — s mixing
is suppressed, and at most of order m,\3, eases constraints from neutral Kaon
oscillations. Nevertheless, Kaon, B,;, and B, meson oscillations do put constraints
on the size of the m,; m;,, and m;, parameters and on tan  depending on the

heavy Higgs masses. The flavor-violating entries in the down sector have only
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a relevant impact on the production of the heavy Higgses in association with
b-quarks (see Sec. 2.4 below). In order to avoid the constraints from meson

oscillations, one could use the following A\’ Yukawa coupling

mg Ams ANy
Ald ~ — 0 My )\me , (233)

0 0 My

which would lead to a production cross section of the heavy Higgses in association
with b-quarks that is approximately a factor of 2 smaller compared to the texture
in Eq. (2.26). In the following we will stick to the texture in Eq. (2.26), keeping
in mind that meson mixing might constrain the production of the heavy Higgses
in association with b-quarks to be as much as a factor 2 smaller than what shown
in the plots of Fig. 2.5.

We now combine the Yukawa textures specified above with the generic expres-
sions for heavy Higgs couplings discussed in Sec. 2.2.1. For the flavor-diagonal

heavy Higgs couplings to taus we find

Y 1 s, m tg
/i{_—l = YSM = 5% + O (fn’LH> X %SB,Q y (234)
Y;_A 1 m tg
T T B
Y+ 1 m t
+ UrT iz 8
b o Lo, () N 2.36
kr ySM ts T m. s% (2.36)

and analogous expressions hold for the couplings to third generation quarks. The
leading terms in these couplings are suppressed for moderate and large tan 3
with respect to the SM Higgs couplings. The corrections that are suppressed by
the ratio of second to third generation masses are proportional to tan f and can

actually dominate in the large tan S regime.
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For the couplings to muons, the second term in (2.10)-(2.12) is no longer sub-

dominant. From (2.21), m/,,/m, =1+ O(m,/m,), so we find

YH c m t
H 1% (07 i 153
p— p— t —_— _— —Q 9 2.
K, Y#SM 685 + 0O <mT) X S%Sﬁ (2.37)
yA m t
A_ Tp _ B B
K“M - Y,MSM - _t/@ + 0O <m7-) X 8% 5 (238)
Y+ m t
+ _ T Vs 14 B
K, = vsM —ts+ O (m) X —S% : (2.39)

Analogous expressions hold for the second generation quark couplings and for the
couplings to first generation fermions. Note the enhancement of these couplings
by tan 3. Flavor off-diagonal couplings of the heavy Higgses between second and
third generation are generically of the same order as the corresponding flavor-

diagonal couplings to the second generation. In the lepton sector we have for

example
yH m t
H T B
K,MT = YgM = O (j) X 75% 8/3,04 5 (240)
YA m t
A _ Twpr I B
Rur = yoni = O (mT> X —S% : (2.41)

Analogous expressions hold for the flavor-violating couplings involving the second
and third generation of quarks. Flavor-violating couplings of the charged Higgs
to quarks contain additional terms that are proportional to small CKM elements.

For example

Y+ V m t
+ st ts c B
= 2+O()x. 2.42
Fost YtSM tg my s% ( )

Given these couplings, the collider phenomenology of the heavy Higgs bosons

in our model can be markedly different, if compared to less flavorful 2HDM se-
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tups that have been studied extensively in the literature [111-125].? In contrast to
models with natural flavor conservation [133], flavor alignment [113,134] or mini-
mal flavor violation [135,136], the couplings of the heavy Higgses to fermions are
not proportional to the fermion masses. For moderate and large values of tan 3,
the couplings to the third generation fermions are suppressed, while the couplings
to the second and first generation are enhanced, if compared to the couplings of
the SM Higgs. Therefore, the branching ratios do not have to be dominated by
decays to third generation (top, bottom, tau), and we expect sizable branching ra-
tios involving charm quarks and muons. Moreover, new non-standard production
modes for the heavy Higgs bosons involving light quark generations can become
relevant.

Before discussing the corresponding heavy Higgs collider phenomenology in
detail in Secs. 2.4, 2.5, and 2.6, we briefly outline the modified properties of the

125 GeV Higgs and the implied constraints on the parameter space.

2.3 Properties of the SM-like Higgs

In our model, the couplings of the light Higgs to SM particles are generically
modified. The existing measurements of the Higgs rates at the LHC depend
crucially on the Higgs couplings to vector bosons and to the third generation
fermions. For the couplings of the light Higgs boson to third generation fermions

we find

Y, Co, Me i3
- :+(9<)>< o 2.43
Kt Y;SM Sg my S% Cs ( )
Y, Co, Mg 17
= = — (’)()x o, 2.44
Kb Vo s, Y 52 (2.44)

ZSee also [?,126-132] for studies of interesting 2HDM setups with new sources of flavor
violation.
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Y, Cor m t
e = v = 5 +0 (”) X —’Bcﬂ_a : (2.45)

Note that the bulk of the correction with respect to the SM prediction is universal
for the top, the bottom and the tau (c,/sg), and are the same as in a 2HDM type
I. The higher order terms are suppressed by small fermion mass ratios and can
have order one CP violating phases. They can become relevant in the large tan 3
regime.

As in any other 2HDM, the reduced couplings of the light Higgs to the weak

gauge bosons are given by
Rw = Kz = Ry = S8—qa - (246)

The couplings of the Higgs to the lighter fermion generations are also modified.

The expressions for the second generation read

Y, Sa m ts
= u__Sa (9(“>>< L 2.47
Fu ySM cs + m, ) p (2.47)
Y, S m t
.= —2 =—_@ 0() B 2.48
R, }/'CSM cg + my X S%CIB ( )
Y. S m t
L B (9(5>x5 . 2.49
R YSM cs me S%Cﬂ ( )

Analogous expressions hold for the first generation, with second generation masses
replaced by first generation masses. The couplings to the first and second gen-
eration depend in a different way on a and 8 as compared to the couplings of
the third generation. This is a distinct feature of our framework in comparison to
2HDMs with natural flavor conservation [133] or flavor alignment [113,134], which
predict modifications of the couplings that are universal across the generations.

The corrections to the couplings for all first and second generation fermions are
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Figure 2.1: Allowed region in the cos(f — «) vs. tan 3 plane from measurements
of the 125 GeV Higgs rates at the LHC. The dark green and light green regions
correspond to the 1o and 20 allowed regions, allowing the O(mapg/mga) terms
in the relevant Higgs couplings to float between —3ma,q/maq and +3maonq /Marq-
The dashed line corresoponds to the 20 contour in a 2HDM type 1.

still universal, up to terms proportional to small ratios of fermion masses. Such
terms are particularly small for the first generation. Generically, all higher order
terms can have order one CP violating phases. Note that in the absence of mixing
between the scalar components of the two Higgs doublets (o = 0), the 125 GeV
Higgs does not couple at all to the first and second generation. For large tan 3
and away from the decoupling or alignment limit cos(aw — 3) = 0, the couplings
can deviate substantially from the SM prediction and can even be significantly
enhanced.

Measurements of Higgs production and decay rates can be used to constrain
the allowed ranges for the angles « and 3. We use the results for the Higgs signal
strengths given in [30] to construct a x? function depending on the couplings of
the Higgs to vector bosons, top, bottom and charm quarks, as well as taus and
muons, including the given correlations of the signal strength uncertainties. The

results in [30] consist of 20 combinations of five production mechanisms (gluon
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fusion, vector boson fusion, producution in association with W, Z and t¢t), and
five branching ratios (WW, ZZ, vy, 7t7~, bb) that combine ATLAS and CMS
measurements at 7 and 8 TeV. To construct the signal strengths in our model,
we use the SM production cross sections and branching ratios for a 125 GeV
Higgs from [137] and reweight them with the appropriate combinations of coupling
modifiers. We add to the x? also the 13 TeV bound on the signal strength into
muons [138] using the modified inclusive Higgs production cross section at 13 TeV,
assuming vanishing correlation with the signal strength measurements from [30].

The derived constraint in the cos(8 — «) vs. tan 3 plane is shown in Fig. 2.1.
The dark (light) green region correspond to Ax? = x? — x& < 1(4), allow-
ing the O(maonq/maq) terms in the involved Higgs couplings to float between
—3mMana/Ms3ra and +3mana/Maa. If we set the mass-suppressed corrections to the
third generation couplings to zero and we completely neglect the modifications of
the charm and muon coupling, the constraint in the cos(f — a)) vs. tan 3 plane
coincides with the constraints in a 2HDM type I. The corresponding Ax? = 4
contour is shown with a dashed line and qualitatively reproduces the 2HDM type
I constraints given in the ATLAS and CMS analyses [139, 140].

We find that the modifications of the charm and muon couplings have an
important impact on the fit. For large tan § and away from the decoupling or
alignment limit, cos( — «) = 0, the charm and muon couplings can be strongly
enhanced, leading to a substantially larger total width of the Higgs and a largely
enhanced branching ratio into muons. For moderate and large values of tan (3, the
allowed region therefore differs significantly from the 2HDM type I case. In the
remaining parts of this chapter we take into account the constraints coming from

the measurments of the 125 GeV Higgs rates by imposing Ax? < 4.

In addition to the modified SM couplings of the light Higgs, our framework
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also gives rise to the flavor-violating couplings in Eq. (2.13). The corresponding

flavor-violating decays of the light Higgs boson have branching ratios of?

BR(h — ff) = BR(h— ff)+BR(h— ff)

my, 9 2)
i ! i ! 250
3 Fh <| ff | | f f| ) ( )

where I'j, is the total Higgs width and we have neglected tiny phase space effects.

For h — 7 and h — e this gives generically branching ratios of the order of

2

BR(h — 711) ~ BR(h — putu) ~ % ~ 1072, (2.51)
b
m2
BR(h — 7€) ~ —= xBR(h—7p)~107". (2.52)
m
m

This implies that h — 7u can be at an experimentally accessible level and the
model could even explain the observed excess in h — 7u searches at CMS [108].
The decay h — Te, on the other hand, is generically well below the foreseeable

experimental sensitivities. The prediction for h — pe is even smaller

2
BR(h — pe) ~ % x BR(h — 7j) ~ 10710 | (2.53)

T

In the quark sector the h — bs mode has generically the largest branching
ratio

BR(h — bs) ~ |Vy|> x BR(h — bb) ~ 1073 . (2.54)

In view of the large h — bb background, this is too small to be seen at the LHC.
Other flavor-changing Higgs decays into quarks are even smaller and even more

challenging to detect.

3Throughout the chapter, we will denote the flavor-changing decays ff’+ ff', simply as ff’.
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2.4 Heavy Neutral Higgs Production and De-
cays

As we saw at the end of Sec. 2.2.2, several of the heavy Higgs couplings depend
significantly on the entries of the m’ mass matrices, which are free parameters. To
simplify our discussion of the heavy Higgs phenomenology we chose a constrained
setup with a reduced set of free parameters.

In the N Yukawa couplings for the leptons and up-type quarks (see Eq. (2.19)),

we set

Hu Wy _ MWy  \MHu _ \Hu
)\11 _>\12 _)\13 _>\21 _>\31 ) (255)

At = Ngst = Mgt = " (2.56)

For any given tan (3, the values of these parameters are fixed such to reproduce
the observed electron, muon, up, and charm masses (we use MS masses at a scale
=500 GeV).

For the X Yukawa couplings for the down-type quarks, we use the texture in

Eq. (2.26) with

M= M5 =X (2.57)

Aoy = X = N (2.58)

The down and strange masses, together with the CKM angles fix all entries of
the M¢ matrix for a given value of tan 3. With the above assumptions, the Higgs
mixing angle « and tan § completely determine all Higgs couplings.

All results we will present in the following depend very little on the choice

of the A}, and \}; parameters. However, some results do depend on the chosen
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Figure 2.2: Ratio of branching ratios H — 77~ over H — ptpu~ (left) and
H — tt over H — cc (right) in the tan 8 vs. cos(8 — a) plane for a heavy Higgs
with mass my = 500 GeV. Outside the black solid contours, the 125 GeV Higgs
rates are in conflict with LHC data.

values in the 2 — 3 block of the A’ Yukawa couplings. Whenever this dependence
is strong, we will comment on the impact a perturbation would have around the

described restricted setup.

2.4.1 Branching Ratios

In addition to well-studied heavy Higgs decays H — WW/ZZ, A — Zh,
and A/H — tt,bb,7t7~, we are particularly interested in decays involving lighter
fermion flavors like A/H — cé, ptp~ and the flavor-violating decays A/H —
tc, 7. We assume that the heavy Higgs sector is approximately degenerate, mpy ~
my =~ mpg+, such that no two body decay modes involving heavy Higgses in
the final state are kinematically allowed. We also assume that the triple Higgs
couplings Hhh and Ahh are sufficiently small such that we can neglect the H — hh

and A — hh decay modes.* For the calculation of the Higgs branching ratios we

4The A — hh decay is automatically zero in the absence of CP violation in the Higgs sector,
while, in the almost decoupling or alignment limit and at large values of tan 8, H — hh depends
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use leading-order expressions for all relevant partial widths.
The characteristic flavor structure of the model can be easily grasped by look-
ing at ratios of branching ratios involving second and third generation fermions.

For example, in 2HDMs with natural flavor conservation or flavor alignment one

finds

BR(A—7*7") BR(H —71777)
BR(A — ptp~)  BR(H — ptp=)
BR(A — tt) BR(H —tt) m}

~ ~ L ~7x10 2.60
BR(A = cc)  BR(H wce) mz 0 (2.60)

~ 300, (2.59)

%)
=R

where, for illustration, we used running MS quark masses at the scale p = 500 GeV
and neglected phase space effects that might be relevant in the decay to top quarks.
In our setup, the above relations can be strongly violated. For the pseudoscalar

A we obtain

BR(A— ) om2 1ty ml\ (261)

BR(A — ptp=) — m2ty sgcg my ) '
BR(A =) omi 1 ty mp\" (2:62)
BR(A —cc) — m2t} sgegmy ) '

where we neglected respectively O(m,/m.) and O(m./m;) corrections. The ex-
pressions (2.61) and (2.62) also hold for the heavy scalar H, up to corrections
of O(v},/m?). For moderate ts3 we can neglect the terms proportional to m/._
and mj, and obtain the ratios m2/(m’t}) and m;/(mZt}), respectively. For large
tg, the terms proportional to m._ and mj, are dominant and we find the ratios
(ml..)?/m? and (mj,)?/m?. In all cases, the ratios of branching ratios can be of
O(1).

This is illustrated in Fig. 2.2, that shows the ratio of 777~ and p*p~ branching

mainly on the A7 quartic coupling that is equal to zero if the two doublets have an opposite Zs
charge (see e.g. [109] for the definition of A7).

39



tan(B)=50, cos(B-a)=.05 my=500 GeV, cos(B-a)=.05

0.100¢

BR 0.010

0.001F

104 ; ' y '
200 400 600 800 1000 10 20 30 40 50

my [GeV] tanf

0.001

Figure 2.3: Branching ratios of the scalar H as a function of its mass my for fixed
tan 5 = 50 (left) and as a function of tan /5 for fixed Higgs mass my = 500 GeV
(right). In both plots we set cos(8 — a) = 0.05.

ratios (left) as well as of ¢f and c¢ branching ratios (right) of the scalar H in the
plane of cos(f — «) vs. tanf for a scalar mass of my = 500 GeV. The values
of the pseudoscalar branching ratios can be obtained from the figure, by fixing
cos(f — ) = 0. Outside the black solid contours, the 125 GeV Higgs rates are in
conflict with LHC data (see Fig. 2.1).

Note that for small and moderate tan 3, these ratios of branching ratios are
not very sensitive to our choice of Yukawa matrices in Eqgs. (2.55) and (2.56). For
large tan 8, however, they are determined by m}, and m!_ which are in general
free parameters. The values shown in Fig. 2.2 in the large tan 3 regime should
therefore be regarded as typical expectations that could be larger or smaller by
a factor of few. Overall, we see that the ratios are much smaller than in models
with natural flavor conservation, minimal flavor violation or flavor alignment.

Similarly, also the flavor-violating decays into the 7u and tc final states can
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have sizable branching ratios. For the pseudoscalar A we have approximately

/2 7 )2
BR(A — 1) 1 (m,)” + (m7,) (2.63)
BR(A — ptp) S m; ’
BR(A = te) 1 (mgy)* + (mi,)? (2.64)
BR(A—co) 54 m? ’ '

and similar expressions hold for the scalar H. The m’ entries which determine
(2.63) and (2.64) are in general free parameters. Typically, we expect the flavor-
violating branching ratios to be within a factor of few of the flavor-diagonal decays
wtpu~ and cc, respectively.

The plots in Fig. 2.3 show the branching ratios of the scalar H as a function of
my for fixed tan § = 50 (left) and as a function of tan 8 for fixed mpy = 500 GeV
(right). In both plots we set cos(f — «) = 0.05 to satisfy constraints from the
125 GeV Higgs coupling measurements as discussed in Sec. 2.3. For low values of
tan 3, the decay into the t¢ final state dominates if kinematically allowed. At large
tan 3, decays into tt, c¢ and the flavor-violating mode tc have the largest branching
ratios. Typically, these decay modes have branching ratios within a factor of few
from each other. The sudden and strong suppression of the ¢t branching ratio is
due to an accidental cancellation between the two terms entering the coupling of
the heavy scalar to tops (cf. Eq. (2.11) and text below). The coupling Y;¥ vanishes
at approximately tan 5 ~ 11. The value of tan # where such a cancellation occurs
can shift by a factor of few, depending on the m}, parameter. For the opposite
sign of mj,, the cancellation does not occur instead. A similar, but less prominent,
phenomenon happens for the bb branching ratio: for our choices of parameters,
the coupling Y, vanishes at tan 8 ~ 5.6.

For cos(8 — ) = 0.05, the decay into WW and ZZ can be non-negligible.

Typically we find branching ratios of the order of few-10s %. For moderate tan /3,
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these decays can even dominate. Concerning the leptonic decay modes 7777,
wrp, and Tp, for moderate and large values of tan 8 we find typical branching
ratios at the level of 1073 to 1072. Branching ratios involving second and third
generation down-type quarks (only bb and s5 are shown in the plots) are generically
at a comparable level. For moderate and large tan 5, the values of the flavor-
violating partial widths and the partial width to ¢¢, bb, and 7+7~ depend on the
m' mass matrices. Therefore, perturbing the m’ matrices around the ansatz based
on Egs. (2.55) - (2.58), can increase or suppress the various H branching ratios
by a factor of few.

The branching ratios of the pseudoscalar A show qualitatively a very similar
behavior and, for this reason, we do not show the corresponding figures. For a mass
of A above the tt threshold, the t¢ branching ratio is dominant for low tan 3, while
for large tan 3 also the decay to the cc final state and the flavor-violating decay
to tc become comparable in size. Decays involving second and third generation
leptons are all comparable and typically at a level of few x 1073, In contrast to
the heavy scalar, H, the heavy pseudoscalar, A, cannot decay at tree level into a
pair of gauge bosons. Instead, the decay A — Zh is possible. The corresponding
partial decay width is proportional to cos?(3 — «). For cos(8 — a) = 0.05, the
A — Zh branching ratio is around a few %. For heavy pseudoscalar masses and

moderate values of tan 3, this decay mode might dominate.

2.4.2 Production Cross Sections

We consider various production mechanisms of the heavy neutral Higgs bosons,
including gluon fusion, vector boson fusion, production in association with weak
vector bosons and light quarks, production from a cc initial state, and also flavor-

violating production in association with a top or a bottom quark. Example dia-
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Figure 2.4: Feynman diagrams for the most interesting (and novel) production
modes of the heavy neutral Higgs bosons. Left: production from quark quark
fusion (mainly coming from cc); Center and Right: production in association with
a top/bottom with the main contributions coming from flavor-changing diagrams
where the initial state ¢ is a charm/strange quark.

tanB=50, cos(B-a)=.05 my=500 GeV, cos(B-a)=.05
100 1
10
0.100} ggl
1
bq+bH
a[pb] o[pb]
0.100 0.010 -
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Figure 2.5: Production cross sections of the scalar H at 13 TeV proton proton
collisions as a function of the scalar mass my for fixed tan 8 = 50 (left) and as a
function of tan J for fixed scalar mass my = 500 GeV (right). The cc+ cH curves
include both the cc and the associated cH and ¢H production cross sections. In
both plots we set cos(5 — a) = 0.05.

grams for the novel processes are shown in Fig. 5.1.

Throughout all regions of parameter space, we find that the gluon fusion pro-
duction cross section is dominated by the top quark loop. The bottom quark loop
gives a % level correction, which is included in the numerics. Also the charm
quark loop gives generically only a small correction (approximately 5% in the
large tan /3 regime for a Higgs mass of 500 GeV). In our numerical analysis we use

leading-order expressions for the gluon fusion production cross sections that we

convolute with MMHT2014 NNLO PDFs [141]. We set the renormalization and
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factorization scales to 500 GeV and multiply the cross section with a constant K
factor of 2.5 to approximate higher order corrections.

The vector boson fusion production cross section of the heavy scalar H is sup-
pressed by cos?( — a), if compared to the corresponding SM Higgs cross section.
In the regions of parameter space that are compatible with the observed 125 GeV
Higgs rates, vector boson fusion is therefore typically subdominant. The same
applies to production of H in association with weak gauge bosons. In our nu-
merical analysis we use the corresponding production cross sections given in [137]
rescaled by the appropriate factor cos?(3 — «). The pseuedoscalar A does not
couple to weak gauge bosons and thus cannot be produced in vector boson fusion
or in association with W or Z bosons. It can be produced in association with the
light Higgs: qq — Z* — Ah. The corresponding cross section is proportional to
cos?( — a) and therefore small.

Due to the enhanced couplings of the heavy Higgses to second generation
quarks, we expect sizable production of H and A from a cc initial state. Produc-
tion in association with a ¢ or ¢ from a gluon+charm initial state is also sizable.
In such a case the associated charm might escape detection giving rise to collinear
logarithms which need a careful analysis. To this end we follow [142] and do not
consider production in association with a c or a ¢ as a separate production chan-
nel but as a NLO correction to cc. For our calculations we use the corresponding
parton level expressions in [142] up to NLO accuracy and convolute them with
MMHT2014 NNLO PDFs.

We also consider production of the heavy scalar and pseudoscalar in association
with with a top quark and with a bottom quark. These processes are mainly
initiated by flavor-violating tc and bs couplings, respectively (see central and right

panel of Fig. 5.1). For the production in association with a top quark we use LO
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expressions for the parton level cross sections and MMHT2014 NNLO PDFs. For
the production in association with a bottom quark we instead perform a LO
computation, using MadGraphb [143].

In Fig. 2.5 we show the production cross sections of the scalar H at 13 TeV
proton-proton collisions as a function of mpy for fixed tan = 50 (left) and
as a function of tan g for fixed my = 500 GeV (right). In both plots we set
cos(f — a) = 0.05. For a heavy Higgs mass of my = 500 GeV the inclusive pro-
duction cross section can be few x 100 fb over a broad range of tan 5. The most
important production modes are gluon fusion (denoted with ggF in the plots) and
from processes where the Higgs couples to charm quarks cc — H, gc — Hc, and
gc — Hec (the sum of these modes is denoted with cc 4+ ¢H in the plots). Gluon
fusion is dominant for small tan 5, while charm initiated production can dominate
over the gluon fusion cross section for moderate and large values of tan 5. The
strong suppression of the gluon fusion cross section for tan 8 ~ 11 is due to the
same accidental cancellation in Y, which leads to the suppression of BR(H — tt)
at this value of tan 8 (see discussion in the previous subsection).

We find that production from s§ (not shown in the plots) is suppressed by
almost 2 orders of magnitude compared to cc. The larger strange quark PDF
cannot compensate for the much smaller coupling to the heavy Higgs proportional
to ms vs. m.. For cos(8 — «) = 0.05, production in vector-boson fusion is very
small, with production cross sections ranging from 5.7 fb at a mass of my =
200 GeV to 0.22 fb at a mass of myg = 1 TeV. Production in association with W
or Z (not shown) is even smaller.

The production of the heavy scalar in association with a bottom or a top can
have appreciable cross sections at the level of 10s of fb for my = 500 GeV, over

a broad range of tan 8. In the bottom initiated production we include bg — Hb,
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bg — Hb, bb — H, bs — H, sb — H, sg — Hb, and 5g — Hb, the latter two pro-
cesses being the dominant ones, thanks to the strange quark PDF enhancement.
For this reason in Fig. 2.5 we label the bottom associated production by bg+ bH.
Overall, the cross section for the bottom associated production is, however, typi-
cally smaller than the one predicted in a 2HDM of type II. The Ht associated cross
section depends strongly on the free m’ parameters and can easily be increased or
decreased by a factor of few.

The production modes of the pseudoscalar A show a very similar behavior.
Gluon fusion dominates for low tan 3, charm initiated production dominates for
moderate and large values of tan 3. Production in association with top and bottom
can have non-negligible cross sections. Vector boson fusion and production in

association with vector bosons is absent for the pseudoscalar.

2.5 Charged Higgs Production and Decays

2.5.1 Branching Ratios

Similarly to the neutral scalars, in addition to the well-studied tb and 7v
charged Higgs decay modes, we are interested in the flavor-violating decays, cb
and ts, as well as in the decays to second generations, cs and pv,. Particularly,
from the charged Higgs couplings in (2.16) - (2.18), we learn that the decay modes
tb, ts, cb and cs should be of the same order, as long as they are kinematically
open. The same observation holds also for the 7v; and puv, decay modes, as
opposed to the relation BR(H* — 7v,)/BR(H* — pv,) = mZ/m?, arising in
2HDMs with natural flavor conservation or flavor alignment. Additionally, the

ratio of branching ratios between the LHC most searched decay modes tb and v,
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Figure 2.6: Branching ratios of the charged Higgs H* as a function of the charged
Higgs mass my+ for fixed tan 5 = 50 (left) and as a function of tan g for fixed
Higgs mass my+ = 500 GeV (right). For both panels, we fix cos(5 — «) = 0.05.

obeys the relation

BR(H* — tb) m2\
BRUIE 570 =270 <m2 — O(100), (2.65)

o

valid in the regime of large tan 3, as opposed to the ratios 3m?/m? ~ 6 x 10°,
3mi/m? ~ 1800, as arising in type I and type IT 2HDM, respectively. For this
reason, in our model, we expect the 7v, to be relatively more important than the tb
mode, if compared to the most studied type I and II 2HDM. We present the results
for the branching ratios of the charged Higgs boson in Fig. 2.6, on the left panel
as a function of the charged Higgs mass, having fixed tan 8 = 50, and on the right
panel as a function of tan 3, having fixed the mass of the charged Higgs to 500 GeV.
For both panels, we fix cos(f — a) = 0.05, in such a way that the Wh charged
Higgs partial width is fully determined. Similarly to the neutral heavy Higgs
boson, for low values of tan  the largest branching ratios approach the values of
a 2HDM of type I, with the tb decay being the dominant one. At large values of

tan 3, instead, the decays to second and third generation quarks have comparable
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Figure 2.7: Production cross sections of the charged Higgs H* at 13 TeV proton
proton collisions as a function of the charged Higgs mass my+ for fixed tan § = 50
(left) and as a function of tan 8 for fixed mass my+ = 500 GeV (right). None of
these cross sections depend on the value of cos(5 — a).

branching ratios, and the decay to leptons (uv, and 7v,) are comparable and
suppressed by roughly two orders of magnitude, as shown in Eq. (2.65). Similarly
to the neutral Higgs decaying to WW and ZZ, at intermediate values of tan 3,

the Wh decay mode can be the dominant one, having fixed cos(8 — ) = 0.05.

2.5.2 Production Cross Sections

In Fig. 2.7, we show the production cross sections of the charged Higgs at
13 TeV proton-proton collisions as a function of its mass (mpy+ > m;) for fixed
tan 5 = 50 (left) and as a function of tan g for fixed my+ = 500 GeV (right). None
of these cross sections depend on the value of cos(f — «). For the calculation of
these production cross sections, we follow the same procedure as for the neutral
Higgs boson. The most interesting features arise at moderate and sizable values
of tan (3, as at small values of tan 5 the main production cross section comes from
the tH* associated process, as predicted by the most studied type I and type II

2HDMs. At larger values of tan 3, the production cross sections from cs, cb, cd
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Figure 2.8: Experimental exclusion limits normalized to the predicted cross
sections for the heavy scalar boson (left) and for the charged Higgs (right) as a
function of the corresponding Higgs mass. We set tan 5 = 50 and cos(ff — a) =
0.05. Shown are the currently most strigent constraints coming from searches
for 77, ZZ/WW, jj, and ptpu~ final states (neutral scalar) and cb, cs, Tv,
tb, and jj final states (charged Higgs). The solid (dashed) curves correspond to
13 (8) TeV analyses.

are also very important and can even dominate over tH*. These production cross
sections are all of the same order and their exact size depends strongly on the
specific values of the m’ parameters. Similarly to the neutral Higgs, the inclusive
cross section is at the level of few x 100 fb over a broad range of masses. In the
figure, we do not show the cross section for the associated production pp — H*h
since it is typically below the fb level for cos(f — «) = 0.05.

For my+ < my, the charged Higgs is mainly produced from the top decay
modes t — H*b and t — H*s. The branching ratios for these processes are at

around few % for tan 5 = 50.
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2.6 Experimental Sensitivities and New Signa-
tures

After discussing the branching ratios and production cross sections separately
for the neutral and charged Higgs bosons, we confront our model with existing
searches for additional Higgs bosons at the LHC. Searches for neutral Higgses

have been performed at 8 TeV and 13 TeV in a variety of channels including
(i) H— ZZ and H — WW [144-152],

(ii) A — Zh [153-156],

(i) A/H — 77~ [157-161],

(iv) A/H — p*p~ [162],
(v) A/H — tt [163].

Moreover, we also take into account generic searches for

(vi) di-muon resonances [164-169],

(vii) di-jet resonances [170-175],

which, as we will discuss, have interesting sensitivities to our parameter space.

On the left panel of Fig. 2.8 we show the ratio of currently excluded cross
section over the cross section predicted in our model as a function of the scalar
Higgs mass mpy. A ratio smaller than 1 indicates exclusion. In the plots we set
tan 8 = 50 and cos(f — «) = 0.05. For a given Higgs mass we show the strongest
constraint of a specific category of final states (7777, ZZ/WW, jj, p* ). The
solid (dashed) lines indicate 13 (8) TeV analyses.
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The 8 TeV inclusive search for H — ptp~ [162] is the most sensitive at
low masses. At higher masses my 2 300 GeV, the 13 TeV searches for di-muon
resonances turn out to be most sensitive. In comparing the excluded cross sections
with our model predictions we add up gluon fusion and production from charm
initial states, since we do not expect that the signal efficiencies differ significantly
for these production modes. We find that the H — p*p~ searches exclude the
< 360 GeV for tan 5 = 50. For lower tan /3, this

~Y

heavy scalar with mass mpgy
constraint becomes weaker, due to the smaller production cross sections, and it
does not extend the LEP bound for tan g < 12.

Searches for H — 777~ give strong constraints on 2HDMs of type II in the
large tan 3 regime. In our model, on the other hand, the small branching ratio
of H — 77~ renders these searches less relevant. Even for tan 3 = 50, we find
that current experimental sensitivities do not yet allow to probe the heavy scalar
using this channel.

Searches for H — Z Z currently constrain cross sections that are approximately
one order of magnitude larger than those of the benchmark shown in Fig. 2.8.
These searches can become relevant for moderate tan 5 and larger cos( — «).
Searches for H — WW are generically less sensitive as compared to H — ZZ.
The corresponding channel for the pseudo-scalar, which has similar sensitivity, is
A — Zh.

Given the large branching ratio H — cc (see Fig. 2.3) also searches for light
di-jet resonances might be interesting. The ATLAS di-jet search performed with
3.4 fb~! 13 TeV data [171] using a trigger-object level analysis sets a constraint
on the model ~ 1 order of magnitude more stringent than the 8 TeV analyses
performed by CMS with data scouting [170, 172], reaching the best sensitivity to

our model for masses at around 550 GeV. We also checked the performance of the
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analyses [173-175] in testing our model. These CMS and ATLAS searches focus on
the production of a (light) di-jet resonance in association with a boosted photon
or jet. Due to the very high py threshold required for this additional object, these
searches are less sensitive to our scenario, if compared to the trigger-object level
analysis [171]. the corresponding cross section predicted by our model. As we
can see from the left panel of Fig. 2.8, the di-jet constraints are comparable (or
even stronger, for some values of my) to the constraints from the most studied
H — 777~ searches.

Finally, in the figure we do not show the constraints from A/H — tt [163], as
they are very weak. This is due to the interference of the signal with the SM ¢t
continuum [125,176-178].

For the charged Higgs we consider searches for

(i) ())H* — Tv [179-182], for both the charged Higgs mass below and above

the top mass.

(i) H* — tb: [183], both for pp — tH* and q¢ — H* production; [180, 184]

for pp — (b)tH=,
(iii) H* — cs [185], for my+ < my,
(iv) H* — ¢b [186] for mpy+ < my,
(v) H* — Wh [187-191],
(vi) H* = pv, [192,193],
(vii) generic searches for di-jet resonances [170-175].

In the right panel of Fig. 2.8, we only show the bounds from H* — 7v,

H* — tb, H* — cs, H¥ — cb, and searches for di-jet resonances. We do not
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show the bound from the Wh decay, as these searches are performed only for very
heavy resonances my+ = 800 GeV and lead only to very weak constraints on the
parameter space of our model. Also bounds from puv, searches are not shown.
They do not lead to interesting constraints since the H* — pv, branching ratio,
despite being enhanced compared to 2HDMs of type I or II, is not large enough
in our model.

Below the top mass, the most stringent constraint comes from the cb search
[186] performed with the full 8 TeV data set. This is followed by the 8 TeV cs
search [185]°. For tan 3 = 50 charged Higgs masses above the LEP bound and
below ~ 160 GeV are fully probed by these searches (see dashed lines in the right
panel of Fig. 2.8 for my+ < m;). However, the bound gets significantly weaker
for intermediate values of tan 3, as the charged Higgs production cross section
gets smaller: as shown by the dotted lines obtained for tan § = 10, the entire
mass range below the top mass opens up. For even smaller values of tan 3 the
charged Higgs production increases again, leading to stronger bounds, if compared
to tan g = 10.

Above the top mass, the most important constraint comes from the search
of tb resonances, that are, however, not able to set any bound on our model.
Particularly, the process q¢' — H* — tb [183] (denoted by tb,, in the figure) is
presently probing cross sections up to ~ 10 bigger than the cross sections predicted
by our model for tan 3 = 50. The 13 TeV search for pp — (b)tH*, H* — tb [184]
offers only weaker bounds, due to the production cross section for tH* being
more than one order of magnitude smaller than the corresponding q¢’ — H™ (see
right panel of Fig. 2.7). Searches for di-jet resonances have sensitivities that are

comparable to the search of tb resonances. To estimate the di-jet signal from the

5The bounds we are presenting in the figure for my+ < m, are a conservative estimates,
since they do not keep into account the possible pollution of events coming from the process
t — sH* with a strange quark mis-tagged to be a b-quark.
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charged Higgs we take into account the charged Higgs production from cs, ¢b, and
cd initial states and all charged Higgs branching ratios into quarks except those
including a top quark. The highest sensitivity comes from the 13 TeV ATLAS

search [171] and is shown in the plot by the line denoted by jj.

Our model also predicts a set of novel signatures that can be searched for
at the LHC. Interesting signatures include flavor-violating neutral Higgs decays
pp — H/A — T and pp — H/A — tc and multi-top final states pp — tH/A —
ttc. Cross sections for the processes involving the scalar, H, are shown in the
my — tan 8 plane in the upper and lower left panels of Fig. 2.9, having fixed
cos(f —a) = 0.

Compared to a 2HDM type II, a much larger region of the my — tan 8 plane is
not yet probed by existing searches. In a 2HDM type II, searches for H/A — 77~
are sensitive to neutral Higgs bosons with masses of 300-400 GeV as long as
tan 5 2 15 [157-161]. For tan 8 = 50, neutral Higgs bosons above 1 TeV can
be probed. In our setup, the sensitivity of H/A — 777~ searches is weak. As
discussed above, the most important constraints can be derived from di-muon
resonance searches that are sensitive to neutral Higgs bosons of ~ 290 GeV for
tan  ~ 50. The parameter space that is excluded by current di-muon resonance
searches is shaded in gray in the upper and lower left plots of Fig. 2.9.

In the allowed parameter space, the pp — H — 74 cross section can be several
10s of fb up to 100 fb. The pp — H — tc cross section can be as large as few pb.
Finally, the pp — tH — ttc cross section can reach ~ 30 fb in the shown scenario.
Cross sections that are larger by a factor of few are easily possible by modifying the
free parameters m;, and m/, that control the size of the Htc coupling. Interestingly
enough, generically one half of this cross section corresponds to same sign tops

pp — tH — ttc or pp — tH — tte, providing a very distinct signature of this
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model.

As shown in the right panel of Fig. 2.8, the parameter space of the charged
Higgs above the top mass is completely un-constrained by the current LHC anal-
yses, even at large values of tan 5 (= 50 in the figure). However, notice that there
are indirect constraints from the neutral Higgses, because their mass cannot differ
too much from the charged Higgs mass. It will be very interesting to design new
searches to look for our charged Higgs in the coming years of the LHC. In partic-
ular, the cross section for pp — tH* with H* — cb can be at the few hundreds
fb - pb level in a large range of parameters for my+ > m; (see lower right panel
of Fig. 2.9). Additionally, the cross section for the flavor conserving signature
pp — tHT with H* — cs has similar values. This offers a unique opportunity
to look for a di-jet resonance (eventually with a b-tag) produced in association
with a top quark. Finally, our model also predicts the novel interesting signature
pp — tH* with H* — p*v,, but the cross section is at the fb level even for
tan § = 50. Therefore, it will be likely more difficult to probe our charged Higgs

using this signature.

2.7 Summary

We discussed the distinct collider phenomenology of a class of 2HDMs in which
the 125 GeV Higgs is mainly responsible for the masses of the weak gauge bosons
and of the third generation fermions, while the second Higgs doublet provides
mass for the lighter fermion flavors. This model is particularly well motivated in
view of our ignorance concerning the coupling of the 125 GeV Higgs to first two
generation quarks and leptons.

The 125 GeV Higgs has modified couplings to SM fermions that qualitatively

deviate from the couplings in 2HDMs with natural flavor conservation, minimal
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flavor violation, or flavor alignment. While the 125 GeV Higgs couplings to the
third generation fermions behave as in a 2HDM type I and are close to their SM
values, all couplings to second and first generation fermions can be easily modified
by O(1). We find that the searches for h — p*pu~ provide the strongest constraints
on deviations from the decoupling limit cos(f — «) = 0 for moderate and large
values of tan 8. The framework predicts generically a O(0.1%) flavor-violating
branching ratio h — 7pu.

The heavy neutral Higgs bosons, H and A, have a very distinct phenomenology.
They have couplings to second and first generation fermions that are enhanced
by tan 3, while their couplings to the third generation are suppressed. For large
tan 3, we generically find that the dominant decay modes are into cé, tt, and ct
with branching ratios that are comparable in size. Branching ratios for decays into
final states involving gauge bosons (H — WW/ZZ and A — Zh) can be sizable

t77, and T, are typically also

for moderate values of tan 8. Decays into u™u™, 7
comparable and the corresponding branching ratios can reach the % level. The
most important production modes are gluon fusion and production from charm
initial states. For large tan /3, the cross section from charm can be several hundreds
of fb for a Higgs mass of 500 GeV.

The charged Higgs boson is mainly produced by second and third generation
quark fusion, as well as in association with a top. Its decays are interestingly
different from the decays arising in type I and I 2HDMs, as they are dominated
by flavor-violating c¢b, ts decays and by decays to second generation cs. Also the
hierarchy between the decay rate into uv, and into 7v; is not the same as in
2HDMs with natural flavor conservation or flavor alignment, as the muon decay

is parametrically enhanced. This results in weak bounds from the LHC most

searched-for signatures, tb and 7v.,.
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Due to the non-standard branching ratios and production modes of H, A,
and HT, the standard searches for heavy Higgs bosons are not necessarily the
most sensitive probes of our extended scalar sector. We find that, currently, the
searches for low mass di-muon resonances place the most stringent constraints on
the model. Also searches for low mass di-jet resonances might probe interesting
parameter space in the future. Interesting novel signatures include heavy neutral
Higgs bosons decaying in a flavor-violating way, e.g. pp — H/A — Tu or pp —
H/A — te, as well as final states with same sign tops pp — tH — ttc or pp —
tH — tte. For the charged Higgs, it will be very interesting to perform searches for
cb and cs resonances with mass above the top threshold, produced in association

with a top quark.
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Figure 2.9: Production cross section times branching ratio for the processes
pp — H — 7 (upper left), pp — H — tc (upper right) and pp — tH, H — tc
(lower left) at 13 TeV in the my vs. tan S plane in the decoupling or alignment
limit, cos(8 — a)) = 0. The gray shaded region is excluded by existing searches for
di-muon resonances. Lower right panel: Production cross section times branching
ratio for the process pp — tH*, H*cb at 13 TeV in the mpy+ vs. tan /3 plane in
the decoupling or alignment limit.
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Chapter 3

The Flavor-Locked Flavorful Two
Higgs Doublet Model

3.1 Introduction

In the previous chapter we have presented a dynamical approach to address
the SM flavor puzzle in which the first two generations of SM fermions couple
exclusively to an additional subleading source of electroweak symmetry breaking,
in the form of a second Higgs doublet. Asserting suitable textures for the quark
and lepton Yukawa matrices, in order to satisfy flavor constraints, leads to a
‘flavorful’ two Higgs doublet model (F2HDM). We have seen that the F2HDM
includes striking collider signatures for lepton flavor violation, such as h — 7pu
or b — st and large branching ratios for ¢ — ch, as well as heavy Higgs or
pseudoscalar decays H/A — c¢, t¢, pu, Tp and charged Higgs decays HE — be,
sC, uv.

A different approach to resolving the SM mass hierarchy puzzle can be achieved

with a dynamical alignment mechanism [194] — we refer to it as ‘flavor-locking’ —

59



in which the quark (or lepton) Yukawas are generated by the vacuum of a general
flavon potential, that introduces a single flavon field and a single ‘hierarchon’ oper-
ator for each quark flavor. (A detailed review follows below; see also Refs. [195,196]
for a related, but intrinsically different approach, as well as Refs. [197-200].) In
this vacuum, the up- and down-type sets of flavons are dynamically locked into
an aligned, rank-1 configuration in the mass basis, so that each SM quark mass is
controlled by a unique flavon. Horizontal symmetries between the hierarchon and
flavon sectors in turn allow each quark mass to be dynamically set by a unique
hierarchon vev. This results in a flavor blind mass generation mechanism — the
quarks themselves carry no flavor symmetry beyond the usual U(3)g v.p — so that
the quark mass hierarchy can be generated independently from the CKM quark
mixing hierarchy, by physics that operates at scales generically different to — i.e.
lower than — the scale of the flavon effective field theory. In a minimal set up
that features only a single SM-type Higgs, however, the CKM mixing matrix is
an arbitrary unitary matrix, so that the quark mixing hierarchy itself remains
unexplained.

In this chapter we synthesize these two approaches to the flavor puzzle with the
following observation: A dynamical realization of an F2HDM-type flavor struc-
ture can be generated by applying the flavor-locking mechanism to its Yukawas.
Or alternatively: In a flavor-locking scheme for the generation of the quark mass
hierarchy, introducing a second Higgs doublet with F2HDM-type couplings gener-
ically produces quark mixing hierarchies of the desired size. In particular, we show
that in such a setup, the 1-3 and 2-3 quark mixings are automatically produced
at the observed order, without the introduction of tunings. The flavor struc-
ture of this theory generically leads to tree-level contributions from heavy Higgs

exchange to meson mixing observables, that vanish in the heavy Higgs infinite
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mass limit. However, for heavy Higgs masses at collider-accessible scales, we show
these contributions may be consistent with current data, and in some cases may
accommodate the current data mildly better than the SM.

This chapter is structured as follows. In Sec. 4.2 we briefly review the general
properties of the F2HDM and its flavor structure. In Sec. 3.3 we develop the flavor-
locking mechanism for F2DHM-type theories, including a review of the minimal
single Higgs version. We then proceed to explore the generic flavor structure
of the flavor-locked F2HDM in Sec. 3.4, discussing both the generation of the
CKM mixing hierarchies and constraints from meson mixing. We conclude in
Sec. 3.5. Technical details concerning the analysis of the flavon potential are

given in Appendices.

3.2 Review of the flavorful 2HDM

The F2HDM, as introduced in Refs. [84,201], is a 2HDM in which one Higgs
doublet predominantly gives mass to the third generation of quarks and leptons,
while the second Higgs doublet is responsible for the masses of the first and second
generation of SM fermions, as well as for quark mixing. The most general Yukawa

Lagrangian of two Higgs doublets with hypercharge +1/2 can be written as

i)

Ly =3 [VHQUIUR) + YQuHUR)| + X |YHQLHDE) + Y@ HaD})
i,J

+3 {Yig(LiLHlE;g) + 1;’§(L3H2E§)] +he. (3.1)
iJ

with two Higgs doublets H; and Hs coupling to the left-handed and right-handed
quarks (Qp, Ugr, Dg) and leptons (Ly and Eg), and H = eH*. The indices
i =1,2,3 and J,J = 1,2,3 label the three generations of SU(2) doublet and
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singlet fields, respectively. We focus on quark Yukawas hereafter, but the general
results of this discussion apply equally to the lepton Yukawas in Eq. (3.1).

The two Higgs doublets decompose in the usual way

GTsinf8 — H' cos 8
le 1 5 (32)
ﬁ(vsin6+hcosoz+Hsina+iGosin6—z'AcosB)
GtcosfB+ H'sinf
Hy=| 1 , (3.3)
——(vecos B — hsina + H cosa + iGY cos B + iAsin
V2

where v = 246 GeV is the vacuum expectation value of the SM Higgs, G° and
G* are the Goldstone bosons that provide the longitudinal components for the
Z and W* bosons, h and H are physical scalar Higgs bosons, A is a physical
pseudoscalar Higgs boson, and H* are physical charged Higgs bosons. The angle
« parametrizes diagonalization of the scalar Higgs mass matrix and tan g is the
ratio of the vacuum expectation values of H; and Hs. The scalar h is identified
with the 125 GeV Higgs boson. The overall mass scale of the ‘heavy’ Higgs bosons
H, A, H* is a free parameter. The mass splitting among them is at most of order
O(V?/my A=)

In Refs. [84,201] the following textures of the two sets of Yukawa couplings YV’

and Y’ were chosen,

0 My My M
\/§ \/§ u u u
vsin 0 ’ v cos 3 M M MMe | (34a)
my My Me Me
0 mg Ams Ay
2 2
Yd ~ \/_ 0 y Y/d ~ \/_ my mg )\me R (34b)
vsin 8 vcos 3
my mq mg mg

where each entry in the Y’ Y’ Yukawas is multiplied by a generic O(1) coef-
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ficient. This structure naturally produces the observed quark masses as well as
CKM mixing angles. In this work, we will focus on the dynamical generation of

Yukawas of a similar form, with the schematic structure

0 My,
2 2
YU ~ \/_ 0 , Y% ~ \/_ w M, VJ, (35&)
vsin 3 vcos 3
my 0
vi (" vz oM
ydn Y 0 . Y~ g me |V, (3.5D)
vsin 8 vcos 3
my 0

in which U, 4 and V,, 4 are unitary matrices. These Yukawas will similarly produce
the observed quark mass hierarchies and CKM mixing (see Sec. 3.4 below), and
the collider phenomenology of both Yukawa structures is expected to manifest in
the same set of signatures.

The F2HDM setup exhibits a very distinct phenomenology, that differs signifi-
cantly from 2HDMs with natural flavor conservation, flavor alignment, or minimal
flavor violation [113,133-135,202]. The couplings of the 125 GeV Higgs are mod-
ified in a flavor non-universal way. In particular, in regions of parameter space
where the couplings of A to the third generation are approximately SM like, the
couplings to the first and second generation can still deviate from SM expectations
by an O(1) factor. Also, the heavy Higgs bosons H, A, and H* couple to the
SM fermions in a characteristic flavor non-universal way. Their couplings to the
third generation are suppressed by tan 3, while the couplings to first and second
generation are enhanced by tan 3. Therefore, the decays of H, A, and H* to the
third generation — ¢, b quarks and the 7 lepton — are not necessarily dominant. For
large and moderate tan 8 we expect sizable branching ratios involving, for exam-
ple, charm quarks and muons. Similarly, novel non-standard production modes of

the heavy Higgs bosons involving second generation quarks can be relevant and
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sometimes even dominant [201].

One important aspect of the Yukawa structures in Egs. (3.4) and Egs. (3.5)
is that they imply tree-level flavor changing neutral Higgs couplings. The flavor-
violating couplings of the 125 GeV Higgs vanish in the decoupling/alignment limit,
i.e. for cos(f — a) = 0. However, flavor-violating couplings of the heavy Higgs
bosons persist in this limit and they are proportional to tan 3. Therefore, for
large tan S and heavy Higgs boson masses below the TeV scale, flavor violating
processes, such as meson mixing, constrain the F2HDM parameter space. Note
that the rank-1 nature of the third generation Yukawas, Y, preserves a U(2)°
flavor symmetry acting on the first and second generation of fermions. This sym-
metry is only broken by the Y’ Yukawa couplings of the second doublet, so that
flavor changing transitions from the second to the first generation are protected.
Therefore, the constraints from kaon and D-meson oscillation will be less strin-
gent than one might naively expect. We will discuss meson oscillation constraints

in detail in Sec. 3.4.

3.3 Flavor-Locking with one and two Higgs bosons

While the distinct phenomenology of the F2HDM alone motivates detailed
studies, a mechanism that realizes the flavor structure in Egs. (3.4) or (3.5) has
not been explicitly constructed so far. We now discuss how the flavor struc-
ture (3.5) can be dynamically generated by the flavor-locking mechanism, and,
conversely, how a F2HDM-type theory permits the flavor-locking mechanism to
generate realistic flavor phenomenology. We first review the minimal single Higgs
doublet version of the flavor-locking mechanism, followed by the generalization to
a theory with two Higgs doublets in Sec. 3.3.4. As we will discuss, while in the

presence of only one SM-like Higgs doublet, the predicted quark mixing angles
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are generically of O(1), introducing a second Higgs doublet leads to a theory with

suppressed V| and |V

3.3.1 Yukawa portal

The underlying premise of the flavor-locking mechanism [194] is that the
Yukawas arise from a three-way portal between the SM fields (the quarks Qr, Ug, Dg

and the Higgs H), a set of ‘flavon’ fields, A, and a set of ‘hierarchon’ operators, s:

—: AaiJ Sa = ~i A3 7 Sa -
— Ly D QY AFJ/THHUé +Q A;J AT{HD;Q. (3.6)

The \’s are bifundamentals of the appropriate U(3)o x U (3)y.p flavor groups for up
and down quarks, respectively. The subscripts’, a = u, ¢, t and & = d, s, b, denote
an arbitrary transformation property under a symmetry or set of symmetries,
G and G, that enforces the structure of Eq. (3.6). In the original flavor-locking
study [194], G x G was chosen to be a set of discrete Zb or U(1), ‘quark flavor
number’ symmetries, for ¢ = d, s, b, u,c,t. Here, we similarly choose each flavon
Ao (A3) to be charged under a gauged U(1), (U(1)z), but assert a S3 permutation
symmetry among the up (down) flavons and the corresponding U(1), (U(1)3)
gauge bosons, fixing the gauge couplings g, = g (95 = §). Compared to the
analysis of Ref. [194] the permutation symmetry produces a convenient, higher
symmetry for the flavon potential, such that configurations with the structure of
Egs. (3.5) can be shown to be at its global minimum, as we will discuss in the next
subsection. Note that the SM fields are not charged under the G x G symmetry.

The hierarchons s should be thought of as some set of scalar operators that

eventually obtain hierarchical vevs, that break the S3 symmetries in the up and

'We always distinguish down-type indices from up-type indices with a hat, and similarly for
down-type versus up-type flavon couplings and operators.
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down sectors. This hierarchy will be responsible for the quark mass hierarchy,
independently from any flavor structure. It should be emphasized that the opera-
tors s, and s; do not carry the quark U(3)g x U(3)y p flavor symmetries, i.e., they
do not carry flavor indices ¢, J, J. Moreover, the hierarchon scale Ag need not be
the same as the flavon scale Ap, and can generically be much lower. (This could
permit, in principle, collider-accessible hierarchon phenomenology, depending on
the UV completion of the hierarchon sector, though we shall not consider such
possibilities in this work.)

In the remainder of this section, we present the general flavor structures that
this type of portal dynamically produces. Details of this analysis, including the
identification of global or local minima of the flavon potential, and the algebraic
structure of the associated vacua, are presented in Appendix A.1. The sponta-
neous breaking of continuous symmetries by the flavon vacuum can result in a
large number of Goldstone bosons. We assume that mechanisms are at work that

remove the Goldstone bosons from the IR.

3.3.2 General flavon potential and vacuum

To generalize beyond the three flavors of the SM, we contemplate a theory of
N flavors of up and down type quarks each, Q% , U3, D}Z with 4, J,J = 1,..., N,
charged under the symmetry U(N)g x U(N)y x U(N)p. We introduce n < N

pairs of flavons A, A~

)

with o, & = 1,...,n, that generate Yukawa couplings to

the quarks as in Eq. (3.6). The flavons for this theory then transform as
M~NOIN®1l, MAM~N1IN. (3.7)

We suppress hereafter the U(N)g x U(N )y p indices, keeping in mind that matrix

products only take the form )\a)\Tﬂ or AE A, and correspondingly in the down sector.
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Up-down matrix products can only take the form )\L)\a or /\g/\ > but not )\a)\g nor
AL
The most general, renormalizable and CP conserving potential for the flavons

can then be written in the form

Vi= Vi LV e+ 3 Vi (38)

a<f o a<B

Here, the single and pairwise field potentials are

Vit = | Tr (AA]) — 72 g 1o U Tr (AN \2 —Tr (AaALAaAL)] . (3.9)
2 2
Vit = pis| Tr (ML) = T (ABA;)’ + pug| Tr (/\a/\g)’
+ 161 Tr (AN G) + 62 Tr (AAAGAG) (3.10)

and similarly for Vg and Vgﬂ , hatting all coefficients (the labeling and notation
follows the choices of Ref. [194]). Note that the pairwise potentials respect the

U(1)s and U(1); symmetries. The mixed potential is

. 2
V2 =y 27

Tr (AN /72 = Tr (AAL) /72

— 1y lTr (AL — :LTr (ML) Tr (AaAg)] . (3.11)

The S,, symmetry ensures that all potential coefficients are the same for all fields
a,a, B, B singly and pairwise. All u; and v; coefficients, as well as r and 7, are
real and are chosen to be positive.

A detailed analysis of the global minimum of this potential is provided in

Appendix A.1. One finds that, provided

fe2 > vof? 17 figo > vor? /77 and v > 1a/(2n), (3.12)
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the potential has a global minimum if and only if the flavons have the vacuum

configuration
r 0
(A)y=U| 0 Vi, )y =U| r vl .. (3.13a)
T 0
(M)=U]| o0 Vi, ) =U| 7 Vi, . (3.13Db)

with U, V, U , 1% unitary matrices — crucially, the matrices U, V' (ﬁ , YA/) are the

same for all A\, (A5) — and the CKM mixing matrix has the form

(V. O
Ve = UTU = : (3.14)
0 Van

with Vi a k x k unitary matrix. These n or N — n block CKM rotations are flat
directions of the global minimum, and therefore V,, and Vy_,, may be any arbitrary
unitary submatrices with generically O(1) entries. We refer to the configuration

in Egs. (3.13) and (3.14) as being ‘flavor-locked”.

3.3.3 Flavor-locked Yukawas

Flavor locking ensures that the Yukawa portal in (3.6) becomes, in the n =

N = 3 case

Su/Am R sa/An
_ - _ 7
Qr— se/Au HUR+Qr5—Verm s/ Ag HDp,
F

Ar
St/AH Sb/AH
(3.15)
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under a suitable unitary redefinition of the (), Ur and Dpg fields. From these ex-
pressions, taking the natural choice r,7 ~ Ap, it is clear that it is the physics
of the hierarchon vev’s, (s,), that generates the quark mass hierarchies, i.e.
(sa)/AH ~ Yo, the quark Yukawa for flavor . This physics may operate at
scales vastly different to the flavor breaking scale, Ap. In Eq. (3.15) the CKM
matrix Ve, is an arbitrary 3 x 3 unitary matrix.

One might wonder if additional terms in the flavon potential of (3.8) can
destabilize the vacuum identified above. In particular, flavon-hierarchon couplings
of the form Tr [)\L)\a] sis, (Tr[)\:&)\ﬁ]sgsﬁ) may be present, which can produce
(mixed) mass terms that disrupt the Vi, (Var) vacuum once the hierarchons; s,,
obtain vev’s. Mixed mass terms may disrupt the alignment between the different
(\,), while additional mass terms induce splittings in the radial mode masses, so
that the block CKM rotations are no longer flat directions of the vacuum.

In the UV theory, the operator product of two hierarchons with two flavons
may, however, be vanishingly small, e.g. if the hierarchons are composite operators
in different sectors. Nonetheless, such terms are necessarily generated radiatively
by the Yukawa portal (3.6). One may construct UV completions in which this
occurs first at the two-loop level, with the (mixed) mass contributions being log-
divergent. For example, let us consider a theory containing a flavored fermion y;

and a scalar ¢, with interactions

AaiJXaiUé + (I)aQiLXai + /UL@LSQI‘?, (316)
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with m, ~ Ap and po ~ mge ~ Ay. This produces the Yukawa portal (3.6) via

l—‘ (3.17)

As (o) /AH ~ Ya, the quark Yukawa for flavor «, the corresponding (mixed) mass

term for the flavons is generated at two-loops by mirroring the diagram in (3.17).
One finds

Af Yays
5mi5 ~ A—% (167‘(‘2)2 lOg(AH/AF) 7‘2 s

(3.18)

once again taking the natural choice » ~ Ap. A suitable hierarchy between Ay

and Ap, combined with the two-loop suppression, renders these terms arbitrarily

small. Hence one may safely neglect these terms.

3.3.4 Two-Higgs flavor-locking

Motivated by the flavorful 2HDM, now we turn to consider a Yukawa potential

with two Higgs fields: One that couples to the third generation, and one to the
first two generations. That is,

)\t St~ Acuscu o ~ )\b Sp )\sdssd
——H ———H,|U ——H ——Hs|D 3.19
Qr Ap A 1+ Ap A 21 R—I-QLlAFAH 1+ Ap A 2| VR, ( )

in which we have suppressed the quark flavor indices. With reference to the
UV completion (3.16), one can imagine that this generational structure comes

about as a consequence of \;, s;, and H; belonging to a different UV sector (or
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brane) than A.,, Sc., and Hs, so that terms of the form A\¢siHoy or /\C7uscvu]:11 are
heavily suppressed in the effective field theory. Similarly, one can also generate this
structure via adding an additional symmetry to s.,, S5 4 and Hj such that Sc,uﬁg
and sy sHo are singlets. Such terms (symmetries) will, ultimately, be generated
(softly broken) via the pu?H 1H;r term in the Higgs potential, which is necessary to
avoid a massless Goldstone boson.

The generational structure implies that cross-terms between the third and
first two generations in the flavon potential (3.8) now vanish, and that the S;
flavon-hierarchon symmetry has been replaced with a Zs for just the two light
generations. That is, the coefficients of the heavy and light flavon potentials are
no longer related, and the heavy-light potentials V}¢, VQbfa, Vlfljgx, Ve vanish, for
a = c,u and @ = s,d (or they obtain their own, independent, and suppressed
coefficients, identical for &« = ¢,u and @ = s,d). One then also expects the
rotation matrices entering in the vacuum configuration of the flavons of the first
two generations to be different from those of the third, breaking the heavy-light

alignment conditions.

Put a different way, we may write the full potential in the form
Va = Van + Vay (3.20)

in which the ‘h’ and ‘I’ pieces of the potential each have the form of the full
potential (3.8), but for one heavy and two light generations, respectively. (With
reference to the UV completion (3.16), terms for a heavy-light mixing potential
are generated radiatively by the p? H, H. ; portal combined with the Yukawas (3.19)
only at the five-loop level, along with a u*/Af factor.) The potentials Vg ), and
Vi, each have a N = 3 flavor-locked vacuum, with generation number n = 1 and

n = 2, respectively. Provided the conditions (3.12) are satisfied for each potential,
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this leads to the vacuum structure

0 0 7
<Ab>l7b( 0 )176*, <As>ﬁ( P )V*, <Ad>z7( 0 )V*.
r 0 0

(3.21)

We call this a ‘1 + 2" flavor-locked vacuum. Note that the rotation matrices for
the third generation quarks (U, V;, U, Vb) differ in general from the corresponding
rotations for the first and second generation quarks.

For the 1 4 2 flavor-locked structure (3.21), the CKM structure of the global

minimum in Eq. (3.14) enforces UTU and UJUb to each be 2@ 1 block unitary, i.e.

Ut = (VQ 1) . UU, = <W2 1) : (3.22)

where Vy and W, are 2 x 2 unitary matrices (see App. A.1.3). The 2 @ 1 block
unitarity permits one to rotate away the tb unitary matrices, so that the Yukawa

potential (3.19) attains the form

0 B 2y .
0 Hl + U Ze VTHQ
Zt 0

-
QL/TF Ur

~

-7
+Qr—

A Dr, (3.23)

0 Y Zd N
0 H +U ( 2 1) 2 ViH,
Zb 0

with 2z, = (54)/An and z; = (s3)/Ay. The unitary matrices U, V and V have been
redefined to absorb the other unitary matrices, such that Eq. (3.22) is still satisfied,
and we have written U = U diag{V,, 1} accordingly. Matching the structure of

Eq. (3.5), Eq. (3.23) is the key result of this section: The dynamical generation of
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hierarchical aligned third generation Yukawas, and hierarchical aligned first two
generation Yukawas. An additional feature, not present in Eq. (3.5), is that the
up- and down-type light Yukawas are aligned up to an overall mixing angle on
the left. The mixing angle is a flat direction of the flavon potential and therefore

generically of O(1).

3.4 Flavor violation and phenomenology

We now turn to examine the phenomenology of flavor-violating processes gen-
erated by the Yukawa structure in Eq. (3.23). If one treats the SM as a UV
complete theory, then the quark sector alone naively features multiple tunings
towards the infinitesimal: five for the masses of all quarks except the top, and two
for the small size of |V| and |V|. In the minimal or F2HDM-type flavor-locking
scenarios, the quark mass hierarchies no longer require such tunings, as they can
be generated dynamically by (s,). We show below that the structure of Eq. (3.23)
also characteristically produces 1-3 and 2-3 quark generation mixing comparable
to the observed size of |Vy| and |V,,|, without requiring ad hoc suppression of
the underlying parameters. In this sense of counting tunings, the flavor-locked
F2HDM is a more natural theory of flavor than the SM. Additionally, for the
flavor structure (3.23), the heavy Higgs bosons may remain light enough to be ac-
cessible to colliders, i.e. with a mass of a few hundred GeV, while not introducing
unacceptably large tree-level contributions to meson mixing observables. In some
regions of parameter space, these additional contributions better accommodate

the current data than the SM. We explore the nature of such contributions below.
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3.4.1 Physical parameters

Starting from the general structure of Eq. (3.23), which has already selected
the direction of the Hi-generated component of the third generation, the @), U
and D quarks have a maximal U(2)? x U(1) flavor symmetry, which breaks to
baryon number. This corresponds to 3 real and 9 imaginary broken generators.
The up-type Yukawa in Eq. (3.23) has a total of 3 + 3 + 3 = 9 real parameters
(2tu,c, and the SO(3) rotations of U and V') and 6 + 6 — 2 — 2 = 8 imaginary
parameters (the phases of U and V, less the phases commuted or annihilated
by the rank-2 diagonal matrix). The down-type Yukawa, excluding parameters
already contained in U, has 3 4+ 1 + 3 = 7 real parameters (z; 45, and the SO(2)
and SO(3) rotations of V, and V, respectively) and 3 +6 — 2 — 1 = 6 imaginary
parameters (the phases of V, and \7, less the phases commuted or annihilated
by the rank-2 diagonal matrix). This counting implies that the total number of
physical parameters is 94847+ 6 — 12 = 18, corresponding to 6 masses, 7 angles
and 5 phases.

To see this explicitly, we write a general 3 X 3 unitary matrix in the canonical
form

eitn _
U= ei2 Ry (612) Ry (013, ¢) Ry (623) gt , (3.24)
1 e'?s
with Ry rotation matrices in the 3 x 3 flavor space, and 6,2, 613, 023 and ¢, ¢12.456
generic angles and phases, respectively. Here the indices of the angles label the

2 x 2 rotations. After redefining several phases, we obtain the parametrization

0 2 e
_ r ~ . ~
QLTF O H1+RU(913, 0)RU(923) zcewc R;r/(ﬁgg)RI/ (1913, O)HQ UR
Zt 0
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1thm
[ ¢ R(0)
+ Qi | 0 | Hi+ Ru(bis, 0 Ru(0) | 1 ,
AF Zb 0
g
Zd€ R R
X ZSQWJS R%(ﬁgg)R%}(ﬁlg, O)HQ] DR . (325)
0

There is a flavor basis in which the above parametrization reproduces the F2HDM
textures shown in (3.4), with coefficients that depend on the several angles 0, ¥, 0.

In Appendix A.2 we show explicitly how to rotate into this flavor basis.

3.4.2 CKM phenomenology

The unitary V, matrix in Eq. (3.23) is a flat direction of the flavon potential,
as are U, V and V. The quark mixing matrix of the full theory, however, is
no longer a flat direction: It is lifted by the 1 + 2 flavor-locked structure to an
O(1) 2@ 1 block form with all other entries suppressed by small ratios of quark
masses. Diagonalizing the quark mass matrices resulting from (3.25), one finds

the following schematic predictions for the CKM matrix elements

1 o)  O(ma/my)
Vekm ~ 0(0) 1 O(ms/my) | (3.26)
O(ma/my) O(mg/my) 1

where 6 is the rotation angle in the V, matrix (see Eq. (3.25)), that is a priori a free
parameter of O(1). This structure suggests that the observed CKM hierarchies can
be accommodated: The 1-3 and 2-3 mixing elements are automatically suppressed
at a level that resembles the experimental values.

In the decoupling/alignment limit cos(5 — a) = 0, flavor-violating processes
from heavy Higgs exchange vanish in the large my 4 limit. However, from Eqgs. (3.25)

and (3.26) it is not obvious whether the flavor structure of the 1+ 2 flavor-locked
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configuration reduces to the SM in an appropriate limit. As a demonstration
that the 14 2 flavor-locked configuration is compatible with data, we heuristically

identified the following example input parameters,

r U r Uy r Uy
— ~ 173 GeV, z,——=>~19GeV, z,——=>=T7MeV,
AF\/_ AF\/_ AF\/_

T U1

— ~ 4.8 GeV, — ~ 240 MeV , — ~ 21 MeV , (3.27a
s v s (3:27)

913 ~ —02, 6)23 ~ —01, 1913 >~ ]_O, ’1923 ~ ]_0, 1/9\13 ~ 04, 1/9\23 >~ 15,

6 ~0.1, Vg~ =21, Py~ —0.2, (3.27b)

and ¥, = ¥. = ¥, = 0, where we have defined the two vevs, v; = vcos and
vy = wsin 8. The phases 1, Y., ¥, are set to zero for simplicity, as they have
negligible impact on all the observables that we are considering. (The phases
¥y, Y. enter in DD mixing, but, as we will discuss in Sec. 3.4.3, they are only
very weakly constrained.) This parameter set leads to the theoretical predictions
shown in Table 3.1 for the six quark masses and a set of five CKM elements.

We compare these predictions to data for the quark masses and CKM param-
eters, shown in Table 3.1. To be self-consistent, we use data only from processes
that are insensitive to heavy Higgs exchange, i.e. processes that are tree-level
in the SM. (Since we are ultimately interested in considering the phenomenol-
ogy of collider-accessible heavy Higgs bosons, loop-level processes in the SM will
receive corrections from heavy Higgs exchanges, but measurements of tree-level
processes will be insensitive to these effects.) To reproduce the Cabibbo angle
Ac =~ 0.22506 £ 0.00050 [3], € needs to be constrained accordingly to a narrow

O(1) range. Since we require only a mixing matrix with canonical entries of the
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Mass Data Benchmark CKM Data Benchmark

my 1735+ 1.5 GeV =~ 173 GeV | |V
my 4.8+0.5GeV  ~48 GeV | V4]
me 1.74+02GeV ~1.7GeV | |[Vy| (40.54+4.1) x 1073 ~40 x 1073
ms 100410 MeV  ~ 100 MeV | |[Vip| (4.14+0.4) x 1073 ~4.1 x 102
m, 2.0£2.0 MeV ~ 2 MeV 7y 73.2+£7.3° ~ 71°

mg  5.0£5.0 MeV ~ 5 MeV

0.225 £ 0.023 ~ (.23

Table 3.1: Data for quark (pole) masses and CKM parameters used in our
analysis. The central values correspond to the measured quark masses [3] and
CKM parameters [4,5]. All CKM parameters and the b, ¢, and s quark masses
are assigned 10% uncertainties. In the case of the top mass we use a 1.5 GeV
uncertainty, while for the up and down masses we use 100% uncertainties. Also
shown are predictions corresponding to the benchmark point (3.27).

same characteristic size as observed in Nature, we do not insist on such a narrow
range for #. Similarly, for comparison of the theoretical predictions to data, in-
stead of using the experimental uncertainties of the observables (which in some
cases are measured with remarkable precision), we choose 10% uncertainties for
all CKM parameters and the bottom, charm, and strange masses. In the case of
the top mass we chose a 1.5 GeV uncertainty, while for the up and down masses
we use 100% uncertainties. Using these values, the theoretical predictions for the
benchmark point (3.27) are in excellent agreement with the observed quark masses
and CKM parameters.

To quantify the “goodness” of the benchmark or other points in the parameter

space, we construct a y2-like function, X2 __, for the six quark masses and CKM

tree’

elements measured from tree-level processes,

X2 _ Z |:(me . m@')Q FL

tree (O—mi )2

(IVil™ — Vi)

(ov;)?

(v

—7)?
(‘7“/)2 ‘

(3.28)

o>

i=us,cd,cb,ub

+

i=u,c,t,d,s,b

where the ‘FL’ superscript denotes the theory prediction at a given point in the
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flavor-locked theory parameter space (3.25), and we treat the uncertainties as un-
correlated. While such a X2 function implies a well-defined p-value for a goodness-
of-fit of the quoted data to a given theory point, one cannot construct from X?
a sense of the probability for a given theory to produce the observed flavor data
and hierarchies. Instead, the X2 function allows us only to understand whether
or not the flavor-locked configuration results generically in a flavor structure that
agrees with observation at the level of tens of percent.

In Fig. 3.1 we show the X2 behavior of the flavor model on various two-
dimensional parametric slices in the neighborhood of the benchmark point (3.27),
which is denoted by the white circle. That is, in each plot, all the theory parame-
ters are fixed to the benchmark values in Eqgs. (3.27), except for the two parameters
corresponding to the plot axes. The number of degrees of freedom (dof) in the

;XTQ

2 . statistic is then 11 — 2 = 9. The contours show regions of X2

tree

/dof that
lead to an overall good agreement between the observed quark masses and CKM
parameters and those predicted in the model.

As can be seen from the plots in Fig. 3.1, there are extended regions of parame-
ter space where there is fairly good agreement between the theory predictions and
the measured quark masses and CKM parameters. In particular, O(1) variations
of the mixing angles 6,3, 023, 913, Va3, 313, U3 around the benchmark point are pos-
sible, without worsening the agreement substantially. Only the angle 6 that sets
the Cabibbo angle is strongly constrained and has to be set to a narrow range by
hand. This behavior should be contrasted to the SM, for which two CKM mixing

angles — i.e. the suppressed 1-3 and 2-3 mixings — have to be tuned small.

78



10
22
08 ] 20
18
0.6
&1z s 16
04 14
12
0.2
10
0.0 ‘ ‘ ‘ ‘ 0.8 . . . . L
210 ~05 00 05 1.0 215 —10 -05 00 05 10 15
013 023
0.30,-
0.25]
0.20]
00.15
0.10]
0.05]
000575 05 0.0 05 1.0 3 ) -1 0 1

013 Ya

Figure 3.1: X2 /dof regions on various two-dimensional slices of the 14-2 flavor-
locked theory parameter space in the neighborhood of the benchmark point (3.27).
Contour values are labeled in black; the benchmark point (3.27) is shown by the
white circle.

3.4.3 Constraints from meson mixing

As mentioned above and in Sec. 4.2, the neutral Higgs bosons of the F2HDM
setup generically have flavor violating couplings. In particular, their tree-level

exchange will contribute to meson oscillations. For kaon oscillations the corre-
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sponding new physics (NP) contribution to the mixing amplitude is given by

2 1 1 C2—a 82_a 1 m/ *m/
MII\;P — m%fiK |:B47]4< B + B R sd ""°ds

v? s3ch |4 mi  om3  omy m?2
5 1 Ga | S5a _ 1\ (M) + (my,)°
—(2Byp— —B SR UL 2
(48 2278 3773) < m3 * m3,  m} m?2

The m’ parameters are the off-diagonal entries of the contribution to the down
quark mass matrix from the Hy doublet in the quark mass eigenstate basis, and are
fully determined by the parameters entering the 1+2 flavor-locked Yukawas (3.25).
The NP mixing amplitude also depends on the heavy Higgs masses my and ma,
the ratio of the two Higgs vacuum expectation values tan S and the scalar mixing
angle o. As additional parametric input in Eq. (3.29), we have the kaon decay
constant fr ~ 155.4 MeV [203]. The bag parameters By ~ 0.46, B3 ~ 0.79,
By ~ 0.78 are evaluated at the scale ux = 3 GeV and are taken from Ref. [204] (see
also Refs. [205,206]). The parameters 7; encode renormalization group running

effects. From 1-loop RGEs we find
1o ~ 0.68 s ~ —0.03, m=1. (3.29)

The relevant observables that are measured in the neutral kaon system are
the mass difference AMg and the CP violating parameter ex. The experimental
results and the corresponding SM predictions and uncertainties are collected in
Table 3.2. In terms of the NP mixing amplitude, these observables are given by

Im (M75")

AMK = AMIS(M + 2R6(M11\;P) y €K — E?{M + K%W .
K

(3.30)

In the expression for ex we use k. = 0.94 [207] and the measured value of AMf
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Data SM Prediction NP Contribution
5.294 + 0.002) x (4.7 £1.8) x 6o
AM ( ~ _ 6 1
K 1073 ps~! [3] 1073 ps~! [208] 2x 107" ps
0.5055 =+ . N .
AMg, | 1020 ps L [200] 0.63 £0.07 ps~* [210] ~ 0.01 ps
17.757 + . N .
AMp, 0.021 ps-1 [209] 19.6 £ 1.3 ps~' [210] ~ —1.8 ps
(2.288 +0.011) x (1.81 £ 0.28) x N L
Pa 43.742.4° [5] 47.542.0° [5] ~ —2.4°
s —1.24+1.8° [209] —2.1240.04° [5)] ~ 0.26°

Table 3.2: Experimental measurements and SM predictions for meson mixing
observables. The SM prediction for AMg and its uncertainty refers to the short
distance contribution. To account for long distance effects, we use AMM =
AMZP(1 £ 0.5) in our numerical analysis. Also shown are the NP contributions
corresponding to the benchmark point (3.27).

shown in Table 3.2.
In the case of neutral B meson oscillations, we find it convenient to normalize the

NP mixing amplitude directly to the SM amplitude. For B, mixing we find

MY m¥ 16n2 1 [2€4<C%—a Sh-a 1 > My My,

ey ) e T
5 3 5 |2 2
mp, mi ma /) my(Vip Vi)

TG

C2 82 1 ( I %\2 / 2

B—a B—a Mps ) + (msb)

+ + < + —) " . (3.31
(€2 +¢3) m,zl qu m124 mg(vtbvts)2 ( )

A completely analogous expression holds for By oscillations. The SM loop function
So ~ 2.3, and the &; factors contain QCD running as well as ratios of hadronic matrix

elements. At 1-loop we find
Eo ~ —0.47 (—0.47), &3 ~ —0.005 (—0.005), &4 ~0.99 (1.03), (3.32)

where the first (second) value corresponds to By (Bg) mixing. To obtain these values
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we used bag parameters from Ref. [211] (see also Ref. [210]). The meson oscillation

frequencies and the phases of the mixing amplitudes are given by

s [y 4 MY MR
AM, = AMPM x 14+ —2 |, bs = —20Bs + Arg(l + SM) : (3.33)
M12 M12
MNP MNP
AMy=AMM x |1+ —22| ba =28+ Arg(l + 1SQM> . (3.34)
M12 M12

The experimental results and the corresponding SM predictions and uncertainties for
the observables are collected in Table 3.2. Note that the NP contributions to the
kaon and B meson mixing amplitudes (3.29) and (3.31) vanish in the decoupling limit
cos(f —a) = 0, ma,myg — oo. The NP effects in D°-D° oscillations are suppressed
by the tiny up quark mass. We have explicitly checked that D°-D° oscillations do not
lead to relevant constraints.

In the case that the heavy Higgs masses are below the TeV scale, the NP effects in the
mixing observables do not vanish, and we proceed to investigate the size of such effects.
For the following numerical study, we will set the heavy Higgs masses to a benchmark
value, mg = mya = 500 GeV. We use a moderate value of tan5 = 5, and work in
the alignment limit § — a = w/2. For the benchmark parameters in Eq. (3.27), we
show the NP contributions to meson mixing observables in the last column of Table 3.2.
For the benchmark point, the NP contributions are in most cases within the combined
experimental and SM uncertainties.

Similar to Eq. (3.28), we construct a X]200p function, that compares the NP contri-
butions to the difference of the data and SM predictions, for the three mass differences
AMpy, AMy, and AM;, as well as the CP violating observables €x, ¢4, and ¢s. That

is,

(AMNP — AMEFPEMy2
I

N lw—ﬁ"p‘w)ﬂ (R” — g2
o Llogew)? + (ogem)? | (0c0)? + (0sm)?
(3.35)

i=K,d,s (UAMSXP)2 + (UAM§NI)2

where the superscript ‘exp-SM’ indicates that we are using the difference of the measured
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values and the SM predictions given in Table 3.2.
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Figure 3.2: X} /dof regions on various two-dimensional slices of the 14-2 flavor-
locked theory parameter space in the neighborhood of the benchmark point (3.27).
Contour values are labeled in black; we also show the values for X7 — X2 (SM)
in parentheses. The benchmark point (3.27) is shown by the white circle. The
contours from Fig. 3.1 are shown by the dotted lines with the corresponding
contours labeled in gray.

Fig. 3.2 shows the Xl%)op /dof behavior of the flavor model on various two-dimensional
parametric slices in the neighborhood of the benchmark point (3.27). As for Fig. 3.1, on

each slice all theory parameters are fixed to the benchmark values (3.27), except for the
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two parameters corresponding to the plot axes. The number of degrees of freedom in the
Xf)op statistic is then 6 —2 = 4. Note that the SM predictions and experimental results
for meson mixing observables from Table 3.2 show slight tensions [210,212,213], as in-
dicated by the non-negligible SM contribution to the X1200p function, XIQOOP(SM) ~ 10.8.
We observe that ranges of model parameters exist for which X? is mildly better than
in the SM: At our benchmark X1200p — XI%OP(SM) ~ —3.7. (Identifying all regions of pa-
rameter space of our framework that can address existing tensions in meson observables
is left for future studies.) Moreover, comparing with the contours obtained from the
X2../dof function (dotted lines), we find that extended regions of parameter space exist
where CKM elements and masses as well as meson mixing observables are described in

a satisfactory way.

3.5 Conclusion and outlook

We have presented a new framework to address the SM flavor puzzle, synthesizing the
structure of the ‘flavorful’ 2HDM with the ‘flavor-locking’ mechanism. This mechanism
makes use of distinct flavon and hierarchon sectors to dynamically generate arbitrary
quark mass hierarchies, without assigning additional symmetries to the quark fields
themselves. In this chapter, we have shown that with suitable symmetry assignments
in the flavon and hierarchon sectors, the global minimum of the general renormalizable
flavon potential can be identified with a ‘flavor-locked’ configuration: An aligned, rank-1
configuration for each flavon, and arbitrary (block) unitary misalignment between the
up and down quark Yukawas, so that a unique hierarchon vev controls each quark mass.

In the presence of only one SM-like Higgs doublet, this leads to quark mixing angles
that are generically O(1). Introducing instead a flavorful 2HDM Higgs sector — two
Higgs doublets, such that one Higgs couples only to the third generation, while the
other couples to the first two generations — leads to a 1+ 2 flavor-locked theory. We find

that quark flavor mixing in this theory is naturally hierarchical too, once one requires
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that the dynamically-generated quark masses are themselves hierarchical — the light
quark masses need not be tuned in this theory, being generated instead by the flavor-
blind flavor-locking portal to the hierarchon sector — and the mixing is generically of the
observed size. The collider phenomenology of this theory is quite rich if the additional
Higgs bosons are light, with testable signatures at the LHC or HL-LHC.

For an example benchmark point in the theory parameter space, we showed that
this ‘flavor-locked flavorful 2HDM’ model does not require significant tunings in order
to reproduce the observed mass, CKM and meson mixing data. In particular, O(1)
variations in model parameters do not substantially or rapidly vary the agreement with
the order of the observed CKM matrix, or, in other words, the hierarchical quark mixing
is stable over O(1) variations in the parameters of the theory. By contrast, the SM
features naively seven tunings: the five lighter quark masses, and the mixing angles
093 and 013 in the standard CKM parametrization, that produce small |V ;| and |V,
respectively.

The reduced amount of tuning of the quark masses and CKM mixing in the flavor-
locked flavorful 2HDM does not come at the price of large NP contributions to meson
mixing, even if the additional neutral Higgs bosons are light: O(1) variation of the flavor
parameters does not lead to a significant deviation in meson mixing observables for heavy
Higgs boson masses at around the electro-weak scale (e.g. ma ~ mpg ~ 500 GeV) and
moderate tan § (e.g. tan 8 ~ 5), and may in fact better accommodate current meson
mixing data than the SM itself. Further exploration of the flavor phenomenology of this
theory is left for future studies.

It is straightforward to extend this framework to the charged lepton sector. Possi-
ble ways to reproduce a realistic normal or inverted neutrino spectrum and the large

neutrino mixing angles will be discussed elsewhere.
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Chapter 4

Rare Top Decays as Probes of
Flavorful Higgs Bosons

4.1 Introduction

In this chapter, we will explore the effects of the F2HDM on rare top quark decays
t — hu and t — hc, where h is the SM-like Higgs. Flavor-changing neutral current
(FCNC) decays of the top quark appear at one-loop in the Standard Model (SM) and
are strongly suppressed by the Glashow-Iliopoulos-Maiani (GIM) mechanism [214] and
the small mixing of the third generation quarks with the first and second generations.
In particular, the branching ratios of the rare decays t — hc and t — hu in the SM are
predicted to be O(1071%) and O(10~17) [215,216], respectively, which renders these pro-
cesses unobservable in the foreseeable future [1,217-221]. Observation of such processes
at current or planned colliders would be a clear signal of physics beyond the SM.

In the previous two chapters, we considered a setup where the CKM matrix origi-
nates in the down quark sector, i.e. the CKM matrix is largely given by the matrix that
diagonalizes the down quark Yukawa couplings. Such a setup is a natural choice given

the hierarchies in the down quark masses and the CKM matrix elements are comparable,
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Vs ~ mg/ms, Vep ~ mg/mp, Vyp ~ mg/my. Such setups can lead to enhanced flavor
violating couplings of the Higgs bosons to down type quarks, resulting in potentially
interesting effects in B meson oscillations and rare B decays. Rare top decays, however,
tend to be strongly suppressed. In this work we will instead explore setups in which
the CKM matrix is generated in the up quark sector, which can lead to enhanced tree
level flavor violating couplings of the Higgs bosons to up type quarks. These couplings
can produce branching ratios for the rare top quark decays t — hu and t — hc that
are orders of magnitudes greater than the SM predictions, and can be within reach of
current and future colliders.

Because the mass hierarchies in the up quark sector are rather different than those
in the down quark sector, the flavor-locking mechanism [194, 222] is not suitable for
generating the CKM matrix in the up sector. Thus, we will consider a scenario where
the required up Yukawa textures are dynamically generated by a Froggatt-Nielsen (FN)
type mechanism [223].

The chapter is structured as follows. In Sec. 4.2 we discuss F2HDMs with a CKM
matrix that originates in the up sector and identify a setup that dynamically generates
the required flavor structure of the up Yukawa using the FN mechanism. In Sec. 4.3
we consider the stringent constraints on the model from the rare decay b — sv. In
Sec. 4.4 we first update the SM predictions for the branching ratios of the rare decays
t — hu and t — hc. We then study how these decays are affected by the tree-level
flavor-changing Higgs couplings htc and htu and compare the F2HDM predictions for
the ¢ — hu and t — hc branching ratios with existing and expected experimental
sensitivities. In Sec. 4.5 we discuss related effects of the model on neutral D meson
mixing and the collider phenomenology of the heavy Higgs bosons, identifying features
that are different from the down type F2HDMSs studied in [201,224]. We conclude in
Sec. 4.6.
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4.2 Flavorful 2HDMs with Up Sector CKM

In a generic 2HDM the interactions of the two Higgs doublets, ® and ®’ (with vevs

v and v’), with the SM quarks and leptons are described by the Yukawa Lagrangian

Ly =Y (/\i‘j(Qiug')i) + 2L (Qudy)® + XS (e D

1,J

+ A (Qiuy) P + NF(Qidj) P + N (zzej)cb’) + h.c. (4.1)

where &) = ’idz(q)(/))*, qi, ¢; are the three generations of the left-handed quark and
lepton doublets, and w;, d;, e; are the three generations of right-handed up quark, down

(Nudl will con-

quark, and charged lepton singlets. Generically, the Yukawa matrices A
tain off-diagonal entries that generate flavor-violating processes at tree-level. In order
to avoid tensions with low energy flavor constraints, one often imposes a discrete Zo
symmetry on the Higgs and quark fields such that the couplings of the Higgs bosons
are flavor diagonal, leading to the well studied 2HDMs with natural flavor conservation:
type I, type II, flipped, and lepton-specific [133].

A ‘“flavorful’ 2HDM, as introduced in [84,224], does not impose these discrete sym-
metries and instead assumes that one set of the Yukawa couplings are rank 1, preserving
a U(2)° symmetry acting on the first two generations that is minimally broken by the
second set of Yukawa couplings. In this way, flavor transitions between the first and
second generations are protected and appear only at second order as an effective tran-
sition. In [224] four such models we identified, that, in analogy to the models with Zy
symmetry, were denoted by type IB, type IIB, flipped B, and lepton-specific B 2HDMs.
In tab. 4.1 we summarize which Higgs boson is primarily responsible for generating the
masses of each fermion.

In addition to reproducing the observed quark masses, the F2HDMs also need to
accommodate the CKM quark mixing matrix. The CKM matrix arises from the mis-

match of rotations of left-handed up and down type quarks when rotating into the
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Model u,c t dys b epu T

Type 1B o ¢ I > P D
Type 2B T U
Flipped B ¥ O P Y D D
Lepton-Specific B & & & & & P’

Table 4.1: Dominant source of mass for the SM fermions in F2HDMs.

quark mass eigenstate basis. The CKM matrix can originate dominantly from the ro-
tations in the up quark sector or from those in the down quark sector. In previous
studies [84,201,222,224] the CKM matrix was generated in the down quark sector. In
this work we will instead generate the CKM matrix in the up quark sector.

Since the hierarchies in the up quark masses are different than those in the CKM
matrix, the flavor-locking mechanism is not suitable for generating appropriate Yukawa
textures for an “up type” F2HDM. We will therefore use the Froggatt-Nielsen mech-
anism, which explains the hierarchy of quark masses and mixing by introducing an
abelian flavor symmetry — which we will denote by U(1)pn — that distinguishes differ-
ent fermion flavors. The flavor symmetry is broken by the vev of a SM-singlet scalar
field, S, that carries a U(1)pn charge Qg = +1. This breaking is communicated to
the SM fermions by higher dimensional operators leading to Yukawa couplings that
are suppressed by powers of a small symmetry-breaking parameter € = (S)/Ag, where
Ag > v, v is the scale associated with the breaking of U(1)pN. In the resulting effective

theory, the Yukawa Lagrangian is given by !

/

(i@) ‘x%‘@iw)‘f + <<S>)|mi?(QiU]’)(§/‘| : (4.2)

. Eeff >
Yuk Z AS
7 7‘7

(Nu

where the powers ;" are determined from the charge assignments of the Higgs and

'Here we only describe the up quark sector, but an analogous discussion applies for down
quarks and leptons as well.
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quark fields under U(1)pn, and we have omitted model dependent prefactors of O(1).
In terms of the parameter ¢ ~ 0.22 we aim for the following relations for the quark

masses and the CKM matrix elements

My, g  Mec 3 @Neo md 7 Ms &5 mp 3
b )

Uw Vw Uy Vw Vw Vw

‘Vus‘ ~ >\c ~ €, |Vub| ~ )\i ~ 63 s |Vcb‘ ~ Az ~ 62 s (43)

with the electroweak breaking vev in the SM vy, = V12 +v2 ~ 246 GeV and the
Cabibbo angle A\, ~ 0.22.

In order to obtain the rank 1 structure of the Yukawa couplings of ® required by the
F2HDM scenario, we introduce an additional U(1)" symmetry. A rank 1 Yukawa cou-
pling A\, and simultaneous generation of the CKM matrix by X, is possible by charging
either the left-handed quark doublet Q)3 or the right-handed top Us under the additional
symmetry. 2HDMs with a right-handed top that is singled out by a symmetry have been
discussed e.g. in [225,226]. Here we follow the second option and set the U(1)’ charges
Qp = —Qp, = +1, while leaving the right-handed top uncharged. We will see that this
leads to highly predictive scenarios.

The remaining charge assignments depend on the type of F2HDM under considera-
tion as well as on the value of the parameter tan § = v/v' that can provide part of the
fermion mass hierarchies. We restrict the following discussion to the quark sector. The

extension to charged leptons is straight forward.

Type IB and Lepton-Specific B: In these types, the coupling of ® to both up
type and down type quarks are rank 1. Given our choice of U(1)" charges discussed
above, the charge of the right-handed bottom quark is required to be Qilg = —2. While

all other quarks remain uncharged under the U(1)'.

For a given value of tan 3, the
scaling in (4.3) fixes all U(1)pn Froggatt-Nielsen charges up a few discrete choices. In
Tab. 4.2 we show all inequivalent charge assignments in the cases tan§ ~ 1/e ~ 5 and

tan3 ~ 1/¢2 ~ 25. The charge assignments lead to the following structure for the
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S ¢ 9 @1 @2 @3 Uy Uz U3 d; dy d3

Jbew 10 0 2 1 0 50r-9 1 0 4or-8 3 £3
tanf~1/eU(l)px 1 0 0 1 0 0 Hor-7 1 0 4dor-6 3 =3
uay 01 0 0 0 1 0 0 0 0 0 -2

tanff ~ 1/e U(1

Table 4.2: Charges of the Froggatt-Nielsen scalar S, the two Higgs doublets ®
and ®" and quark fields under the U(1)px and U(1)" symmetries in the type IB
and lepton-specific B models for the two choices of tan 3 ~ 1/e and tan 8 ~ 1/€>.

Yukawa couplings

0 0 0 €8 et e
VA ~ Uy 0 0 o |- VA, ~ vy | bl &3 €2 , (4.4a)
elal el 1 0 0 0
0 0 0 €’ b 0
VA~ Uy | 0 o |, VA~ | e & o |- (4.4Db)
0 0 e 0 0 0

with the powers |a| =5 or 7or 9, |b| =7 or 9, and |c| = 6 or 8, depending on the charge
assignments and tan 5. It is easy to check that the diagonalization of the quark masses
that are induced by these Yukawa couplings leads to a CKM matrix with the right
texture that is indeed dominantly generated from the up quark rotation. Interestingly,
the powers |a|, |b|, and |c| are not observable in the IR. More importantly, in the
quark mass eigenstate basis, the flavor structure of all couplings of the Higgs bosons are

entirely determined by the known quark masses and CKM elements. The couplings of
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the physical Higgs mass eigenstates h, H, A, H* to the quarks can be parameterized by

~Lywe D > (diPrdy) (MY + HYE)iy — iA(YS)i) + hue.

i,J
+ (@ Pruy) (A(Y )i + H (V)i +iA(YE)is) + hee.
i,J

+\/§Z ((‘iiPR“j)Hi(Yf)ij - (dz‘PRdj)HJr(Yf)ij) +h.c. .

For all charge assignments we find for the up quark couplings

(I

U

Vw YH

Uy Y A

Uy Y

00 0 my 0 0
Co Sa C—a 75
- _—— M,
55 00 0 s 0 me O spog T
0 0 my 0 0 0
00 0 my 0 0
1 s, Ca 58—q =
—@ tg—= — =2
t5 ¢ 00 0T ﬂsﬁ 0 me O 58C5 ;
0 0 my 0 0 0
00 0 my 0 0
1 1 —~
S t - M
5 00 0Tl 0 m.O Pyt
0 0 my 0 0 0
0 0 0 mu Vo, meViy miVy
1
L 0 0 0 | tis|mJVy mVE myVye
myVyy meVy miViy 0 0 0
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and for the down quark couplings

00 0 ma 0 0
v Yy = %Z 00 0 —z 0 ms 0] (4.7a)
00 my 0 0 0
00 0 ma 0 0
wYf = tlﬁiz 00 0 +tﬁ§; 0 ms 0> (4.7b)
00 my 0 0 0
00 0 ma 0 0
v Y = —; 00 0|+ts| 0 ms 0] (4.7¢)
00 my 0 0 0
0 0 Vipgmy Vuamg Vusms 0
UwYﬂ(:i = _; 0 0 Vygmy| TW| Vigmg Vesms 01> (4.7d)
0 0 Vpmy Viamg  Visms 0

The angle « in the above expressions parameterizes the mixing between the neutral
scalar Higgs bosons h and H. The mass matrix M\u that enters the up quark couplings
is given by

mu|Vub|2 chubV;Z mtVubV;fZ
My = [ m, Va Vi, me|Vi)? mVa Vi : (4.8)
mu VoV mVp Vi —mi([Va|? + Vi)

The proof that the flavor structure of the Higgs couplings in the type IB and lepton-
specific B models is indeed entirely determined by known quark masses and CKM

elements is given in the appendix B.1. Note that the neutral Higgs couplings are flavor
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S o @ @1 @2 @3 uy up uz dy dy ds
tanf~1/e Ul)px 0 0 0 0 +1 42 -7 -3 -2 -7 6 -4
uty 0 +1 -1 +1 +1 -1 0 0 0 0 0 0

Table 4.3: Example charges of the Froggatt-Nielsen scalar S, the two Higgs
doublets ® and ¢’ and quark fields under the U(1)py and U(1)" symmetries in the
type IIB and lepton-specific B models for tan 5 ~ 1/e.

diagonal in the down sector. Therefore, there are no tree level contributions to e.g. B
and K meson oscillations and rare B meson decays. In the up sector, the neutral Higgs
couplings are flavor violating but the amount of flavor violation is controlled by the
CKM matrix. Remarkably, the only free parameters in the couplings are tan 5 and the
Higgs mixing angle «, making the type IB and lepton-specific B models with up-sector
CKM highly predictive.

Type IIB and Flipped B: In these types, the coupling of ® to the up type quarks
and the coupling of @' to the down type quarks are rank 1. We find that with our
U(1) xU(1)pn setup, it is not possible to construct Yukawa matrices for the down type
quarks that exactly mirror the couplings in Eq. (4.4b), but with the role of A? and A"
exchanged.

However, we find that the X’¢ couplings can still be made rank 1, with a consistent
flavor structure as long as tan 3 ~ 1/e ~ 5. In contrast to the type IB and lepton-
specific B setups discussed above, we find that A? and A\'? necessarily contain mixing
between the third and the first two generations. One example set of charges is given in

Tab. 4.3 which leads to

0 0 0 €8 et €3
VAL~ Uy | 0 o |, VYN, ~uel| 7 €3 2 | (4.9a)
€d el eV 0 0 0
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VAg ~ Uy | 6 5 S |y VN~ | oo 0 o |- (4.9b)

The more generic structure of the down quark Yukawas implies that the CKM matrix
is partly generated also from the rotations in the down sector. Correspondingly, in the
type IIB and flipped B models only the generic scaling of the couplings of the physical
Higgs bosons can be predicted. The precise values of the physical Higgs couplings
depend on unknown O(1) parameters.

As we will see in Sec. 4.3, constraints from the rare decay B — X,y push the
masses of the additional Higgs bosons to uninterestingly large values in the type IIB
and flipped B models. We therefore forgo an in-depth discussion of constructing the

mass matrices and couplings in those types.

4.3 Constraints from Rare B Decays

As discussed in the previous section, in the type IB and lepton-specific B models
the neutral Higgs bosons couple to down type quarks in a flavor diagonal way. Many
constraints from FCNCs in the down quark sector are therefore automatically avoided.
There is one important exception: the b — sy decay. We find that 1-loop contributions
from charged Higgs bosons can lead to sizable NP effects in the b — sy transition.?
Both the SM prediction [227] and the experimental measurements of the B — X v
rate [209] have uncertainties of less than 10% and are in good agreement with each

other, resulting in strong constraints on non-standard effects.

The new physics effects induced by charged Higgs loops can be described by modi-

2We also checked 1-loop charged Higgs contributions to the By — pu+p~ decay and tree level
charged Higgs contributions to the B — 7v and B — D®)7v decays and found that they are
negligible in regions of parameter space that are allowed by b — s7.
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fications of the Wilson coefficients C7 and Cg of an effective Hamiltonian

4G e?
,}!QP "r ‘7* :
ff G $S1a.-2 A Q ) 1.10

with the dipole operators
1 = v = v
Qr = —my(5o, PROF™ | Qs = %(sauyT“PRb)Gg‘ , (4.11)

Using the results from [228] we find for the charged Higgs contribution in the type IB

and lepton-specific B scenarios

m2 m2

AC; = L L, 4.12a

7 m%{i 7<m?{i ( )
my my

ACy = —bfo ) (4.12b)
mHi mHi

In the type IIB and flipped B scenarios the Wilson coefficients are only determined up

to model dependent O(1) factors

2 2 2 2

AC; = O(1) x ( o g7< o >+tan25 i h7< i >> . (4.13a)
mHi mHi mHi mHi
my my 2 5 MY my

ACy = O(l)>< 5—98| —— | +tan I3 5 hg 5 . (4.13b)
miy . my . M. M.

The loop functions f7g, g7g, and h7g are given in appendix B.2. Note that in our
type IB and lepton-specific B scenarios the contributions are independent of tan j3,
while the contributions in the type IIB and flipped B scenarios contain terms that
are proportional to tan? 3 and can become extremely large in regions of parameter
space with large tan 8. This is in contrast to 2HDMs with natural flavor conservation,
where the contributions are proportional to 1/tan? 3 (type I and lepton-specific) and
independent of tan 5 (type II and flipped).

Using the constraints on the Wilson coefficients from b — s+ transitions derived

in [229] and taking into account 1-loop renormalization group running between the
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Figure 4.1: Constraints from the b — s transition in the charged Higgs mass
my+ vs. tan § plane. The dark gray region is excluded in the type IB and lepton-
specific B scenarios at the 95% C.L. The light gray region is excluded in the
type IIB and flipped B scenarios at the 95% C.L.

electroweak scale and the b scale, we find at the 95% C.L.
—0.032 < nBACy + g (n% - n%) ACs < 0.027 | (4.14)

with n = as(my)/as(my) ~ 0.52.

The corresponding constraints are shown in the plots of Fig. 4.1 in the charged Higgs
mass mpg+ vs. tan plane. In the case of the type IB and lepton-specific B models,
we find a tan 8 independent bound on the charged Higgs mass of mg+ = 800 GeV.
In the type IIB and flipped B models, we show as illustration the case where the free
O(1) parameters are set to exactly 1. In these types of models, the b — sy constraint
is highly dependent on tan 3, e.g. mg+ = 800 GeV for tan 8 = 1, but my+ = 15 TeV
for tan 8 = 10. Varying the O(1) coefficients shifts the exclusion line up or down by an
order one factor.

Note that because of the SU(2);, gauge symmetry, the masses of the heavy scalar
and pseudoscalar Higgs differ from the charged Higgs mass only by a small amount:

mp ~ ma ~ my+ with splittings of the order of v2/qui < 10%. The bounds on the
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charged Higgs mass from b — sy therefore hold approximately for the masses of the
heavy scalar and pseudoscalar Higgs as well.

As discussed in Sec. 4.2, for the purpose of generating the fermion mass hierarchy
we have in mind values of tan 8 ~ 1/\. ~ 5 or tan 8 ~ 1/A? ~ 25. In the type IIB and
flipped B models, we see that the b — sy constraints therefore strongly disfavor Higgs
bosons with masses at the TeV scale. This remains true even if we take into account
generous choices of the free O(1) parameters. With this in mind we focus our remaining

analysis on the type IB and lepton-specific B models.

4.4 Rare Top Decays

In the SM, flavor-changing top quark decays ¢ — hq are both loop and GIM sup-
pressed, and are predicted to have very small branching ratios. Using the results
from [230,231] for the partial widths I'(¢ — hq) and normalizing to the ¢ — Wb decay
width which dominates the total top width, we derive the following compact expression

for the branching ratios

2
GZm} (1 —=mz/m? o) m  m3
BR(t = hg)sm = éfw‘lb Vaol? 2 .2 Gy 2 /.2 4 m275 ’ m2h '
(1 - mW/mt, pole) (1 + 2mW/mt, pole) w w
(4.15)

The branching ratio is suppressed by four powers of the bottom mass, as expected from
GIM. We use the bottom MS mass at the scale of the top my(m;) = 2.73 GeV. Note
that we are using the top pole mass in the phase space factors, but the top MS mass
in the loop function F. The explicit expression for F is given in the appendix B.3.
For central values of the Higgs mass m; = 125.18 GeV [26] and the top MS mass
m¢(my) = 163.4 GeV (corresponding to a top pole mass of my pole = 173.0 GeV [26]) we
find F ~ 0.48. By far the largest uncertainties in the rare top branching ratios are due
to the CKM factors |Vp| = (42.240.8) x 1073 [26] and | V| = (3.94 £ 0.36) x 1073 [26]

and due to higher order QCD effects that we estimate by varying the renormalization
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Figure 4.2: The branching ratios t — he (top) and ¢t — hu (bottom) as a function
of tan 3 in the type IB model (left) and lepton-specific B model (right). The blue
and purple shaded regions are consistent with Higgs signal strength measurements.
The dashed horizontal lines labeled “ATLAS” are the current best upper bounds
on the branching ratios [1]. The dotted horizontal lines are the future projections
from the HL-LHC, the FCC, and CLIC.

scale of the bottom MS mass my(p) in the range m;/2 < pu < 2m;. We obtain

BR(t — hu)sm = (3.667525 £0.67) x 1077, (4.16a)

BR(t — hc)sm = (4197598 +£0.16) x 10715, (4.16b)

where the first uncertainty is due to the variation of the renormalization scale and the
second is due to the CKM matrix elements. The current strongest experimental bounds

on these decays are obtained by the ATLAS experiment, using an integrated luminosity
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of 36 fb~! of pp collision data with /s = 13 TeV in multi-lepton final state searches [1],

and read

BR(t — hu) < 0.12% (4.17a)

BR(t — hc) < 0.11%, (4.17b)

The predicted values for these processes in the SM are far below the current sensitivities
shown above. The projected sensitivities for the rare top decays at the high luminosity
LHC (HL-LHC) for an integrated luminosity of 3 ab=! at 14 TeV are O(10~%) [218,220].
The projections for the Future Circular Collider (FCC) indicate sensitivities comparable
to the HL-LHC for the t — hu decay and about an order of magnitude stronger for
the t — hc decay [221]. The Compact Linear Collider (CLIC) could also place a limit
comparable to the HL-LHC for the ¢ — hc decay [219].

The Yukawa textures in Sec. 4.2 generate flavor-changing couplings for the SM-like
Higgs boson, allowing for the rare top decays to appear at tree-level. Approximating
the total width of the top quark by its dominant partial decay width to a W boson and

a b quark, the branching ratios of the rare decays can be written as

2
COS2(B — a) (1 B m%/m%, pole)

9 2 2
sin® 3 cos? 3 (1- m%v/mt% pole) (1+ Qm%/v/m?, pole)

BR(t — hq) ~ 2|V|?

cos?(8 — a) 9.2 x 107* for t — he,

~ sin? Bcos? B (4.18)

8.0x 1076 for ¢t — hu .

As long as cos(f8 — a) # 0, the rare top decay branching ratios can be many orders of
magnitude larger than the SM values, making these processes in our model accessible
to current and future colliders. If cos(8 —a) = 0 (the so called alignment limit) the
couplings of the 125 GeV Higgs are exactly SM-like. Deviations of cos(5 — «) from 0
are constrained by measurements of Higgs production and decays at the LHC. The

constraints depend strongly on tan 8. In the appendix B.4 we show the allowed regions

100



in the cos(8 — «) vs. tan 8 plane, taking into account all relevant LHC results on Higgs
signal strength measurements.

In Fig. 4.2 we use these allowed regions to give predictions for the rare top branch-
ing ratios as a function of tan 8 in the type IB model (left) and lepton-specific B model
(right). The region in gray is excluded by the current ATLAS limits, while the dot-
ted horizontal lines correspond to projected sensitives from the HL-LHC [220], the
FCC [221], and CLIC [219].

In the lepton-specific B model, we observe two disjoint regions of parameter space.
The upper region opens up for tan § 2 10 and corresponds to a scenario where some of
the Higgs couplings differ from the SM prediction by a sign, but are otherwise equal in
magnitude. Such a scenario predicts BR(t — hu) ~ 6x107° and BR(t — hc¢) ~ 7x 1073
and is already excluded by the existing LHC constraints from [1].

In general our models can give values for BR(t — hu) and BR(¢t — hc) that are much
larger than the SM prediction, and can be in reach of current or future experimental
sensitivities. In the case of ¢ — hu, the current LHC constraint from [1] does not probe
the parameter space of our model. Also future projections from the the HL-LHC are
unlikely to probe our model as they barely touch the region of predicted branching ratio
values. The FCC-hh will start to cut into interesting parameter space of ¢t — hu with a
projected sensitivity of the order 1075,

For the t — hc decay channel, the current LHC constraints already probe part of
our model parameter space for moderate to large values of tan 8 2 10. Projections
from the HL-LHC and CLIC will be also sensitive to parameter space with much lower

choices of tan 3.

4.5 Related Signatures

Although the primary motivation for this model is to explore enhanced t — hg

decays, the flavor structure of the up Yukawa couplings leads to other interesting features
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and signatures. We examine possible effects on D meson mixing that arise from tree-
level exchange of neutral Higgs bosons. We also consider the collider phenomenology of
the heavy neutral and charged Higgs bosons (H, A, HT), identifying the most prominent

production and decay modes.

4.5.1 Enhanced D Meson Mixing from Flavorful Higgs
Bosons

In the SM, D% — DO mixing proceeds through loop diagrams and is parameterized
by the absolute values of the dispersive and absorptive part of the mixing amplitude,
r12 = 2|M{E|mp, y12 = |TH|7p, and their relative phase ¢12 = Arg(ME/T'H), where 7p
is the lifetime of the D° meson.

The current world averages for the mixing parameters are [209]
= (0437010 % . iy = (0.63£0.06)% , 55" = (—0.257799)° 4.19
z1y = (0.435011)% , w1z = (0. 06)% . ¢1p” = (=0.25T599)° - (4.19)

In our model, we generically predict tree level Higgs contributions to D° — D° mixing.

The corresponding effect on the dispersive part of the mixing amplitude is given by

"2 2.2

2 V. *\2
MlDQZmBij;( ebViip) {
vy S5Ch
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where the decay constant of the D° meson is fp ~ 212 MeV [232], the bag parameters

. (4.20)

are By ~ 0.65, B3 ~ 0.96, B4 ~ 0.91 [204], and the 1-loop renormalization group factors
are 12 ~ 0.68, n3 ~ —0.03, ny = 1 [224]. The absorptive part I'1y is unaffected in the
model. The results for the mixing amplitude are independent of the type of F2HDM,
they hold both in type IB and in the lepton-specific B model.

Despite the fact that the neutral Higgs bosons contribute to D — DY mixing at

tree level, the approximate SU(2)% flavor symmetry of the F2HDMs ensures that their
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Figure 4.3: The Feynman diagrams for quark associated production of the heavy
and charged Higgs bosons. In the context of F2HDMs this production mode can
have a sizeable cross section due to the tree level flavor-changing neutral currents.

contributions are very small, suppressed by small quark masses and CKM matrix ele-
ments. For Higgs boson masses around 1TeV and values of tan 5 as large as 100, we
find that the NP contribution to D® — DO mixing is much smaller than the uncertainties
in Eq. 4.19. Improvements in precision by more than two orders of magnitude would be

required to become sensitive to the predicted non-standard effects in our models.

4.5.2 Collider Phenomenology of Heavy Higgs Bosons

The F2HDMSs considered here offer a rich set of phenomenological consequences.
Not only do these models predict additional Higgs bosons that could be within reach
of the LHC but the introduction of tree-level FCNCs means that we anticipate distinct
signatures coming from the new Higgs bosons that set this model apart from more

traditional 2HDMSs.

Heavy Higgs Production and Decays

There are several production modes via which the heavy Higgs bosons can be pro-
duced at the LHC. Due to the enhanced off-diagonal couplings in the up quark sector
we expect top associated production, see Fig. 4.3, to contribute with a sizable cross
section.

In order to evaluate the production cross sections, we follow the steps described

in [201,224]. The results for the production cross sections are identical for the type IB
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Figure 4.4: Production cross sections (top) and branching ratios (bottom) of the
heavy neutral Higgs H (left) and the charged Higgs H* (right) in the flavorful
2HDM of type IB as a function of tan S with the masses my and mpy+ fixed to
1 TeV and cos(f — a) = 0.05.

and lepton-specific B models. The cross sections of the heavy neutral Higgs H and the
charged Higgs H* at 13 TeV proton-proton collisions as a function of tan 8 for fixed
Higgs masses of 1 TeV and cos(8 — o) = 0.05 are shown in the upper plots of Fig. 4.4.
Small values of cos(f —a) < 1 are motivated by the constraints from Higgs signal
strength measurements (see appendix B.4).

For the neutral scalar H, associated production with a top and gluon-gluon fusion are
the dominant production modes. At low tan 8 gluon-gluon fusion is largest because the
coupling to tops is unsuppressed. As tan 3 increases the gluon-gluon fusion rate drops
and is overtaken by top associated production which is enhanced for large tan 5. The

dominant production cross sections for the heavy pseudoscalar A are almost identical
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to those of the heavy Higgs. For the charged Higgs, top associated production is the
largest production mechanism over the full range of tan S values.

The branching ratios of the heavy neutral Higgs H and the charged Higgs H* are
shown in the lower plots Fig. 4.4 in the type IB model. Results in the lepton-specific B
model are almost identical. The main difference in the lepton-specific B model is the
presence of a 77 branching ratio at the level of few percent, which is strongly suppressed
in the type IB model.

As expected, for moderate to large tan 8 the dominant decay mode of H is the
flavor-changing H — ct. The branching ratio to tt can be substantial, however this
decay mode primarily plays a role for small tan $ which is less motivated by the quark
mass hierarchy. For moderate tan 5 we also notice that the gauge bosons can contribute
at a level between 1 — 10%. The branching ratios of the charged Higgs tend to be
dominated by ts and tb decays. In particular, for low tan 8 tb dominates. Once tan (8
becomes larger than about 5 we see ts dominates for the rest of the parameter space.
In addition to the most dominant decays, we see that at the level of a few percent or

lower we can expect decays to W=h.

Collider Signatures

The constraints on this model from existing searches for heavy Higgs boson are very
weak due to the unique flavor structure. The overwhelming decay of the neutral Higgses
to ct means the branching ratio to other modes is highly suppressed as seen in Fig. 4.4.
Typical search channels at the LHC are through these suppressed channels, such as
p, 77, VV and jj, making the prospects of discovering a heavy Higgs through these
channels very weak. Also, the standard searches for charged Higgs bosons in the 7v
channel hardly constrain our parameter space, due to the strongly reduced branching
ratios H* — 7v. Unique signatures that are relevant to collider searches of our model
are driven by the large non-standard decay modes H, A — tc, and H* — ts.

The charged Higgs produced via top associated production and subsequent decay
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Figure 4.5: Cross section of same-sign tops plus jet from the production and
decay of a neutral heavy Higgs H (left) as well as opposite-sign tops plus jet from
the production and decay of a charged Higgs (right) in the considered flavorful
2HDM of type IB in the plane of Higgs mass vs. tan . The gray shaded regions
for light Higgs masses are excluded by b — s7v constraints (see Sec. 4.3). The
triangle shaped gray region for large tan 5 is excluded by existing searches for
same-sign tops [2]. Throughout the plots we set cos(8 — «) = 0.05.

to ts leads to opposite-sign tops that do not reconstruct a resonance. This is similar to
charged Higgs bosons in 2HDMs with natural flavor conservation. The unique feature
with respect to 2HDMs with natural flavor conservation is that the accompanying jet
of the tt system is not a b-jet but a strange jet. The cross section for the tt + jet
signature as a function of tan f and charged Higgs mass is shown in the right plot
of Fig. 4.5. We find cross sections that can easily exceed 100fb for Higgs masses of
O(1TeV) and sizable tan 8. The shaded region to the left of the vertical line at Higgs
masses of around 800 GeV is excluded by the constraint from b — svy. Existing searches
for charged Higgs bosons that decay to tb [233,234] make heavy use of b-tagging and are
therefore not directly applicable in our scenario. Our work motivates dedicated studies
of the pp — tH~ — tts signature.

The heavy neutral Higgs being produced through top associated production along
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with a decay into tc leads also to a final state with di-tops that do not reconstruct a
resonance. In our flavorful 2HDMs, 50% of the time the final state will be same-sign
tops, in contrast to 2HDMs with natural flavor conservation that only produce opposite
sign tops. Same-sign tops have been identified as important probes in a number of
new physics scenarios, including RPV SUSY [235], 2HDMs [226, 236, 237], additional
scalars [238,239], colored vectors [240], and effective field theories [241]. The cross
section of same-sign tops in our scenario is shown in the left plot of Fig. 4.5 in the plane
of Higgs mass vs. tan 3. For Higgs masses of O(1TeV) we find cross sections up to 1 pb.
The shaded region to the left of the vertical line at Higgs masses of around 800 GeV is
excluded by the constraint from b — sv assuming that my ~ mpgz.

In [2] searches for same-sign leptons are interpreted in a benchmark model in which
same-sign tops are created by a neutral spin-1 mediator. Assuming that the acceptances
and efficiencies are comparable in our scenario with a scalar mediator, we find that the
large tan S region is already partly probed by the existing search. We show the region
that is excluded by the same-sign top search also in the charged Higgs plot, assuming
that myg ~ mg+. Keeping in mind that our pp — Ht — ttc cross section approximately
scales as tan? 3, we expect that parameter space with tan 3 as low as ~ 10 might be

probed by same-sign top searches at the high luminosity LHC.

4.6 Conclusions

Rare top decays are strongly suppressed in the SM and their observation at exist-
ing or planned colliders would be a clear indication of new physics. One new physics
framework that can lead to branching ratios of ¢ — hc and ¢t — hu in reach of current
or future colliders are flavorful 2HDMs.

In this chapter we explored a version of flavorful 2HDM where quark mixing domi-
nantly resides in the up quark sector, leading to FCNCs in the up quark sector at tree

level. We constructed a flavor model based on U(1) flavor symmetries which successfully
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reproduces the measured quark masses and CKM mixing angles. We find that our model
is highly predictive as the flavor structure of all Higgs couplings is fully determined by
the quark masses and CKM matrix elements.

We give predictions for ¢t — hc and t — hu rates in our model and show that the
branching ratios can reach values of BR(t — hc) ~ 1072 and BR(t — hu) ~ 107*
(see Fig. 4.2) without violating constraints from Higgs signal strength measurements
at the LHC. Existing bounds on BR(¢ — hc) from the LHC already start to constrain
model parameter space. Expected sensitivities at the high-luminosity LHC or future
colliders will be able to probe broad regions of parameter space. In passing we also
provide updated predictions for the ¢ — hc and ¢ — hu branching ratios in the SM (see
Eq. 4.15).

We explored additional effects of the up quark FCNCs in low energy flavor violating
processes. In particular, we find that 1 loop effects in the rare B decay b — s lead to
strong constraints on the masses of the additional Higgs bosons of at least ~ 800 GeV.
On the other hand, constraints from D meson mixing are weak in our setup.

Finally, we explored the phenomenology of the heavy neutral and charged Higgs
bosons of the F2HDM. We find that both neutral and charged Higgses are mainly
produced in association with top quarks. The by far dominant decay modes are tc and
ts, respectively. These final states are not typical search channels of Higgs bosons in
traditional 2HDMs. Therefore, current constraints from colliders are weak. The most
prominent signatures of the models are pp — tH~ — tts, i.e. opposite sign tops + jet,
and in particular pp — tH — ttc, i.e. same-sign tops + jet. Cross sections of these
signatures can be of the order of 100 fb for Higgs masses around 1TeV (see Fig. 4.5).
Our results in the F2HDM framework motivate continued searches for same-sign tops
and provides an additional benchmark model in which future same-sign top searches

can be interpreted.
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Chapter 5

Electric dipole moments in a
leptoquark scenario for the

B-physics anomalies

5.1 Introduction

Over the past several years, multiple B-physics experiments, including BaBar, LHCDb,
and Belle, have reported anomalies in decays associated with the b — cfv and b — sé/
transitions. Violations of lepton flavor universality (LFU), known to be theoretically
clean probes of New Physics (NP), are of particular interest. In the Standard Model
(SM) LFU is only broken by the lepton masses. Hints for additional sources of LFU
violation have been observed in the ratios of branching ratios of flavor-changing charged

current and neutral current decays of B mesons, Rp, Rp+, Rk, and R+,

BR(B — D®7v)
BR(B — D®)y)’

BR(B — K®putpu~)
BR(B — K®ete™)

Ry = Ry = (5.1)

The experimental world averages of Rp and Rp« from the heavy flavor averaging group

(HFLAV) are based on measurements from BaBar [60], Belle [61-63], and LHCD [64,65],

110



and read [66]
Rp =0.340 £ 0.027 £ 0.013, Rp« =0.2954+0.011 + 0.008, (5.2)

with an error correlation of p = —38%. The corresponding SM predictions are known

with high precision [67-69]. The values adopted by HFLAV are [66]
RIM =0.29940.003, R =0.258+0.005. (5.3)

The combined discrepancy between the SM prediction and experimental world averages
of Rp and Rp-+ is at the 3.1c level.
The most precise measurement to date of the LFU ratio Rx has been performed by

LHCb [70]
Ry = 0.84615:080H001¢ * for 1.1GeV? < ¢* < 6 GeV?, (5.4)

with ¢? being the dilepton invariant mass squared. The SM predicts R%M ~ 1 with
theoretical uncertainties well below the current experimental ones [71]. The above ex-
perimental value is closer to the SM prediction than the Run-1 result [72]. However, the
reduced experimental uncertainties still imply a tension between theory and experiment
of 2.50.

The most precise measurement of Ry~ is from a Run-1 LHCb analysis [73] that finds

0.66704s +0.03,  for 0.045GeV? < ¢% < 1.1 GeV?,
Ry- = (5.5)

0.69704 +£0.05,  for 1.1GeV? < ¢ < 6GeV2.

The result for both ¢2 bins are in tension with the SM prediction [71], R$M ~ 1, by
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~ 2.50 each. Recent measurements of Ry« and Ry by Belle [74, 75]!

Ry = (5.6)
11810524+ 0.10,  for 15GeV? < ¢> < 19GeV?,

0.907027 +0.10,  for 0.1GeV? < ¢> < 8GeV?,

0987020 +0.06,  for 1GeV? < ¢®> < 6GeV?,

Rk = (5.7)
1117032 +£0.07,  for 14.18 GeV? < ¢2,

are compatible with both the SM prediction and the LHCb results. Several papers have
re-analyzed the status of the B anomalies in light of the latest experimental updates,
and found preference for new physics with high significance [76-82].

While the anomalies detailed upon above persist, the question of the origin of the
observed baryon asymmetry [242] also remains a long standing problem in cosmology.
Any dynamical explanation requires sizable C- and CP-violating interactions in the early
universe [243]. In light of upcoming low-energy experiments with much greater sensi-
tivity to electric and magnetic dipole moments of elementary particles, it is interesting
to ask whether solutions to the flavor anomalies may also be associated with sizable CP
violating complex phases that may be probed by these experiments.

The only known viable, single-mediator explanation of all flavor anomalies is a Uj
vector leptoquark [244-250]. This leptoquark generically introduces new sources of CP
violation in the Lagrangian in the form of complex parameters [251]. The scope of
the present study is to explore, for the first time, the prospects of observing electric
dipole moments (EDMs) induced by a U; vector leptoquark that could explain the
flavor anomalies reviewed above. We additionally explore collider constraints, as well as
constraints from measurements of the magnetic moments, and other flavor observables.
Implications for EDMs and other CPV observables in scalar leptoquark scenarios have
recently been discussed in [252-258].

This chapter is organized as follows: In Sec. 5.2, we introduce the CP violating Uy

1Here we quote the isospin average of B — K®)0¢+¢~ and B¥ — K®*¢*+¢~ decays.
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model and discuss its effects on the B-physics anomalies. In Sec. 5.3, we give an overview
of the effects of the CP violating leptoquark on EDMs of quarks, leptons, and neutrons.
We also include a discussion of the present status of the experimental searches and the
prospects for future measurements. In Sec. 5.4, we report the main results, showing the
leptoquark parameter space that can be probed by B-physics and EDM measurements.
In Sec. 5.5, we discuss the LHC bounds on our leptoquark model. Finally, we reserve

Sec. 5.6 for our conclusions.

5.2 The CP violating U; Vector Leptoquark Model

We consider the vector leptoquark Uy = (3,1)y/3 (triplet under SU(3)., singlet
under SU(2)r, and with hypercharge 4+2/3). This model may be viewed as the low
energy limit of Pati-Salam models described in Ref. [259,260] (see also [261-268]). The
most general dimension-4 Lagrangian describing the vector leptoquark of mass My, is

(see e.g. [269] for a recent review)

1

Ly, = —EUIWU’“’ + Mg UiU*

2

3

+ 3 (N Qo PLL)U" + X (D PrE;)U*) + hec., (5.8)
2

+igo USTLU, (koG + RG) + i/ SULU, (kv B* + Ry B™) |

where UM = DHFUY — DYU* is the leptoquark field strength tensor in terms of its
vector potential U* and gauge covariant derivative DH = O* + ig, T,G! + ig %B“. GH
and B*, and G#¥ and B are the gluon and hypercharge vector potentials and field
strengths, respectively. The dual field strength tensors are ég” = %e“”p"Ga po and
B — Lawrop,

The third line in Eq. (5.8) contains couplings of U; with the SM quarks and leptons.
Specifically, @); and L; are the left-handed quark and lepton doublets, while D; and

E; are the right-handed down quark and charged lepton singlets. We assume that the
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model does not contain light right-handed neutrinos. (If right-handed neutrinos are
introduced, additional couplings of U; with right-handed neutrinos and right-handed

q

up quarks are possible [270].) The couplings A}, and /\?4 are in general complex and are

J J
therefore a potential source of CP violation of the model. We work in the fermion mass

eigenstate basis and define the leptoquark couplings )\gj and )\Zdj in a way such that

Loy O > (VikAL) @iy Py ) U 4+ N (diy Prt) U + > A (dinu PrE;)U* + hee.
ijk ij ij
(5.9)
where V is the CKM matrix.

The second line in Eq. (5.8) encodes the chromo- and hypercharge- magnetic and
electric dipole moments of the Uy leptoquark.

If the leptoquark arises from the spontaneous breakdown of a gauge symmetry,
gauge invariance requires these couplings to be fixed to ks = Ky = 1, ks = Ky = 0.
In more generic scenarios where U is composite, the values of kg, ks, Ky, Ky are free
parameters. Non-zero values for ks and Ky are an additional potential source of CP
violation. However, since they do not directly influence flavor physics, we will focus

our attention to CP-violation contained in )\gj and )\fj (even though in Sec. 5.3 we will

present fully generic expressions for the EDMs, including their dependence on ks and

Ry).

5.2.1 Leptoquark Effects in B-meson Decays

The U; leptoquark can simultaneously address the hints for LFU violation in charged
current decays Ry and in neutral current decays Ry (2. Here we will use the results
of a recent study [80] that identified a benchmark point in the leptoquark parameter
space that gives a remarkably consistent new physics explanation of these hints. We

will explore the parameter space around this benchmark point (supplemented by a few

ZNote that the small anomaly in the low ¢ bin of R}, in (5.5) cannot be fully addressed by
the Uy leptoquark, but it requires the presence of light NP [271-274].
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more points), focusing on the implications for dipole moments. As we discuss below,
not all leptoquark couplings in (5.8) are required to address the anomalies.

Explaining the observed values of R ) by non-standard effects in the b — crv
transition is possible if the leptoquark has sizable couplings to the left-handed tau.
Avoiding strong constraints from leptonic tau decays 7 — v fvy and the B — Xgv
decay is possible in a well defined parameter space around the benchmark point with
My~ 0.7, M ~ 0.6 with a leptoquark mass of My, = 2TeV [80]. This corresponds to

the following non-standard value for Ry

. 2
Bpe _ v AN g (5.10)
RO 2M, VesVen ’

which is in good agreement with observations (in this equation we normalize v = 246
GeV).

The results for Ry (.) can be accommodated by a non-standard effect in the b — suu
transition if the couplings to the left-handed muon obey Re(Ady x Aly) ~ —2.5 x 1073
for My, = 2TeV [80]. The leptoquark effects for this choice of couplings are described
by a shift in the Wilson coefficients of the effective Hamiltonian relevant for b — sf¢
transitions (see e.g. [80] for the precise definition)

2 .2 q \q*
Cbs,uu o _Cbsu,u _ _47T v )‘32>\22 ~
9 - 10 — 2 -
e2 ]\IU1 VieVip

—04. (5.11)

This agrees well with the best fit value for the Wilson coefficients found in [80].

The muonic couplings A%,, AL, (that can explain the Ry (») anomalies) in combination
with the tauonic couplings Ads, Al; (that are required to explain the R ) anomalies)
lead to lepton flavor violating decays. The strongest constraints arise from the decays
7 — ¢u and B — Krp. For the A, A benchmark mentioned above, existing limits
on those decay modes result in the bounds on the leptoquark couplings |A\],| < 0.16 and
ALy < 0.40 for My, = 2TeV [30].

The experimental values of Ry(. may also be explained by new physics in the
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b — see transition as opposed to modifying the b — sup transition. Focusing on

left-handed couplings, the required shifts in the relevant Wilson coefficients is [80]

2,2\ \0*
AmT 0T AgiAg
2
e Mp VitV

Cgsee — —Ci}(s]ee — ~ 404, (512)

corresponding to the couplings Re(Ad; x Al) ~ +2.5 x 1073 for My, = 2TeV. The
experimental bounds on the lepton flavor violating processes 7 — ¢e and B — KTe are
comparable to those of 7 — ¢u and B — K7 [275-277]. We therefore expect that the
constraints on the left-handed electron couplings |A3,| and |\, | are similar to the muon
couplings mentioned above, i.e. |Ad;| <0.16 and |\];| < 0.40 for My, = 2TeV.
Motivated by this discussion, in the next sections we will explore the leptoquark

parameter space in the neighborhood of four benchmark scenarios:

BMIL: M\, =0.7, Ay =06, Ay =-025, M, =001, A, =), =0, (513a)

BM2: M, =07, X, =06, \,=2X,=0, X, =005} =0.05, (5.13b)
BM3: M, =XL=0, M,=-14, 2, =107, A\, =) =0, (5.13c)
BM4: M, =X, =0, M,=),=0, A, =05, X}, =50x1073, (5.13d)

My, =2 TeV, kys=1, Ry, =0 for all benchmarks

with all the other fermionic couplings of the leptoquark in Eq. (5.8) set to zero. In BM1
and BM2 both the R and Ry () anomalies are addressed. The R, explanations
involve new physics in the b — spuu transition (BM1) or in the b — see transition (BM2).
For benchmark points BM3 and BM4 we forgo an explanation of R ). This allows us
to increase the couplings to muons/electrons while avoiding the strong constraints from
lepton flavor violating tau decays. Note that in benchmark BM3, the R (., anomalies
are only partially addressed. For BM3 we have Rx ~ R}, ~ 0.88 which is in good
agreement with the latest Rx measurement, but ~ 20 away from the measured Ry~

value. As we discuss below in Sec. 5.4.2 benchmark BM3 is motivated because it can
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Figure 5.1: Feynman diagrams contributing to the dipole moments of quarks
and leptons from leptoquark exchange.

accommodate the longstanding discrepancy in the anomalous magnetic moment of the
muon.

For all benchmark scenarios we explicitly checked compatibility with the measure-
ments of the di-lepton [278] and di-tau [279] invariant mass distributions at the LHC
and searches for electron-quark contact interactions at LEP [58]. In the case of the
di-lepton invariant mass distributions at the LHC, the value of A\, in BM3 is close to
the exclusion bound.

Starting with these benchmark points, in the following sections we turn on couplings
to right-handed taus A\%;, muons A, and electrons A%; and determine the expected size
of electric and magnetic dipole moments of the leptons as function of the real and
imaginary part of the new couplings. In principle, the couplings )\gg, )\gQ and )\gl will
also influence the dipole moments; we comment on A%, and \¢; in Secs. 5.4.2 and
5.4.3, but we do not consider A\, since it does not play any role in explaining the flavor
anomalies. The couplings )\gi mentioned above do modify the new physics contributions
to the flavor anomalies. However, as we will discuss below in Sec. 5.4, once the existing
constraints on those couplings from other flavor observables are taken into account, the

effect on the flavor anomalies turns out to be small.

5.3 Dipole Moments of Quarks and Leptons

In this section, we calculate and present new and original formulae for shifts in the

electric and magnetic dipole moments of leptons and quarks induced by the leptoquark.
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We then estimate the size of the neutron electric dipole. Finally, we review experimental
limits on the dipole moments.

The leptoquark radiatively induces dipole moments starting at one loop order as
shown in Fig. 5.1. After integrating out the leptoquark, effective interactions encoding

the dipole moments are given by the effective Lagrangian

ﬁeﬁ:2<af oL 1) = S T 1) ) (5.14)
f

where ay is the anomalous magnetic dipole moment, and dy is the electric dipole moment
of SM fermion f. In the absence of right-handed neutrinos, the U; leptoquark does not
generate dipole moments for neutrinos.

Through its coupling with the gluons, the leptoquark induces chromomagnetic, d,,

and chromoelectric, Jq, dipole moments of quarks

~

a = vrpa a /Ild = vrpa a
Lo = Z (Zlniq(qa“ 1°q)G}, — Tq(qa“ T 75q)GW> . (5.15)

q

5.3.1 Leptoquark Contribution to Dipole Moments of SM
Leptons and Quarks

In the large My, limit, the leptoquark contribution to the anomalous magnetic

moment of the muon is

Mg, My

E : Re( Qq+Q A? 1-5k
NG =+ _ uv Y
= 1671'2 {2 (Nigiz) M(%l <2 4 o(( HY)IH(M&) - 2 )>

o M, M A? 5
+ QQUnyIm()\fz/\d ) M(QJI“ (m( UV) + —)

— (NG + M)+

2
( Qa+ Qu((1 —ny)ln<AUv> 1+ 9ky

M, —))]. 16)

where Qg = —1/3, Qu = +2/3 is the leptoquark electric charge, and No = 3. Our

formula is in agreement with [280,281] when specialized to the vector leptoquark model
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with ky = 1 and &y = 0. Note that if ky # 1 or ky # 0, relevant for scenarios in which
the leptoquark is not a gauge boson, the dipole moment exhibits logarithmic dependence
on the cut-off scale Ayy not far above the leptoquark mass. This cut-off dependence
signals the presence of additional contributions in UV complete scenarios (e.g. from
other resonances in a strongly coupled model.) Even in the case that the leptoquark is
a gauge boson, and the expressions that we derive are thus formally UV finite, we would
like to remark that UV models will likely contain additional contributions to EDMs e.g.
from an extended Higgs sector.

Similarly, the muon electric dipole moment is

eNg

A2 1-— 5I£y
= 12 . [ (A32Az2)M2 (2Qd+QU((1 —ny)ln<MU(2]V1) = ))

A2 5
+ QUHyRe()\zz)\zz)Mg (1H<J\4%V> + 5)
1 1

my, ,1 A2 3
AL+ ML) = (S In| =9V ) + 2) | (517
+Quiv(MLP + AP n( +)]. G
CP violation is provided either by the imaginary part of the fermion coupling combina-
tion /\12)\12, or by the CP violating hypercharge coupling iy . Dipole moments of other
charged leptons are obtained by the appropriate replacement of the muon mass, my,
and leptoquark couplings to muons, A;s.

The bottom quark electric dipole moment induced by the leptoquark is

E m A2 1 - 5ky
Im(A3 2 1 — o) In [ 20V
db 16 16712 |: )\37,)\31 ) M[%l ( Qﬁ + QU(( Ky) H( [%1 ) + 5 ))

A2 5
+ QUKYRG()‘gz)‘SZ)M(% (ln<]\4U(2]V> + 5)
1 1
my 1 A? 3
— Quiy (IMN;1* + M Mgb (m(w) +*)}, (5.18)
U1

and the chromoelectric dipole moment (cEDM) is
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~

. A2 1 — 5Ky
Z q _ uv
a = 167r2 [Im >\3’)\31) M? ((1 KY)IH<MIQJ1> i 2 )

A? 5
+ liyRe()\glA?ﬂ)Mz (ln(ﬁ) + 5)
1

— Ry (IAg1° + 23] )]\4(2](2111(]\4[2] +1)] (5.19)
1 1
The other down-type quark (chromo-)electric dipole moments can be obtained by ap-
propriate replacements of flavor indices.
Analogously, up-type quark (chromo-)electric dipole moments are obtained from the

bottom quark result by the replacement Agj — Vik)\zj, )\fj — 0, mp = my, =0, my = My

yielding
dy = 2QUIWZ| (VA hl2 ol (1 n@jy) + 2) (5.20)

and
dy = 16 nyZ! VAl 12\2 et (11 (ﬁg) + Z) (5.21)

We do not consider anomalous (chromo-)magnetic moments of the quarks as they are
hardly constrained by experiment. Note that the anomalous magnetic moments of the
top quark is constrained by measurements of ¢£ production at the LHC. Current bounds
of a; ~ 0.1 [282] are, however, not sensitive to the effects induced by heavy leptoquark

loops in our scenario.

5.3.2 Connecting Quark Dipole Moments to the Neutron
EDM

In the following, we determine the neutron electric dipole moment due to quark-level
dipole moments. We neglect the running of quark dipole moments from the leptoquark
scale to the hadronic scale, since the neglected logarithm of order o In (]\/[51 / Mﬁ) ~ 1.6
leads to corrections which are small compared to the relevant hadronic uncertainties

discussed below.
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The dominant contributions to the neutron EDM are from the short range QCD

interactions involving quark EDMs, d;, and cEDMs, (fi, given by

dn ~ ——=[BuCdy + BiCdy + BCds + B dy + B+ BYdS], (522)

L{
V2
where the BZ-(k) are the hadronic matrix elements. Estimates from quark cEDM are given
by BUC¢ ~ 475 x 107% e fm and B9C ~ 87" x 107% e fm [283]. The most recent lattice
evaluations of the matrix elements involving the electromagnetic EDMs are [284,285]
— 5B ~ —0.233(28), —%5:{7 ~ 0.776(66) and ——= 5,7 ~ 0.008(9).

Contributions from heavy quark cEDM are estimated by integrating out the heavy

quark, @ = ¢, b, to generate the three gluon Weinberg (gluon cEDM) operator,

be
_ Ca 9s S ~ b
L= mé 3 GGG (5.23)
where the Wilson coefficient is given by [286—288]
g
ca = 32;2 mqQdgq . (5.24)

Contributions to cg from CP-violating leptoquark gluon interactions proportional to
Ks are also present, but we do not consider them since they are unrelated to flavor

anomalies. In terms of ¢, the neutron EDM is given by [283]

’U2 Gv
d, = m—éﬁn ca (5.25)
where @CE ~ [2, 40] x 1072 e cm is the nucleon matrix element estimated using QCD
sum rules and chiral perturbation theory [289,290].
To compare the relative sizes of contributions from light and heavy quark to the
neutron EDM, we take the strange and bottom quark contributions, and assume for

simplicity that Ky =1, Ky = 0. We also assume My, ~ 2 TeV for the leptoquark scale.

Putting together Egs. (5.18) and (5.19) with Eq. (5.22), we find that the strange
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quark EDM contribution to the neutron EDM is

5
B 247r2M[2]1 cm

~ = (Tm(A%A85) +0.06 Tn(AA%5)) < 1.5 x 10724 ¢ em, (5.26)

strange
dn

[ Im(AG,A55) + muIm(AA%5)| x 0.008 € em

The bottom quark cEDM contribution to the neutron EDM is instead given by

3,2
dbottom —MW [mTIm(AggAgg) + mulm()\gﬁ‘g;)} X [2,40] x 1072
U1

~ = (Im(AA%) +0.06 Tn(AA%5)) x [2,40] x5 x 107 e em. (5.27)

For generic O(1) sized leptoquark couplings A, and )\glk the strange quark contribu-
tion (5.26) to the neutron EDM is much larger than the bottom quark contribution
(5.27). However, in the region of parameter space we are exploring, the bottom quark

contribution is typically bigger than the strange quark contribution.

5.3.3 Experimental Status and Prospects

We review here the current experimental status of dipole moments of Standard
Model fermions. The anomalous magnetic moments of the electron, a., and the muon,
a,, are measured extremely precisely [25,291], and are predicted to similarly high pre-
cision within the SM, with new physics contributions constrained to lie within the

range [292,293] (see also [294-296])
Aay = (28.0£6.3exp £3.80) x 10710, Age = (=8.943.6exp £2.31) x 10712 | (5.28)

In addition to the long standing discrepancy in the muon magnetic moment with a

significance of more than 3o, a discrepancy in the electron magnetic moment arose after
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a recent precision measurement of the fine structure constant [297] with a significance
of ~ 2.40. Combining the expected sensitivity from the running g — 2 experiment at
Fermilab [298] with expected progress on the SM prediction (see [299-304] for recent
lattice efforts and [305-309] for recent efforts using the framework of dispersion relations)
the uncertainty on Aa, will be reduced by a factor of a few in the coming years.
Similarly, for Aa, we expect an order of magnitude improvement in the sensitivity [310].

The anomalous magnetic moment of the tau, a,, is currently only very weakly

constrained. The strongest constraint comes from LEP and reads at 95% C.L. [311]
—0.055 < ar < 0.013. (5.29)

Improvements in sensitivity by an order of magnitude or more might be achieved at
Belle II or future electron positron colliders (see [312] for a review).

Strong experimental constraints exist for the EDM of the electron. The strongest
bound is inferred from the bound on the EDM of ThO obtained by the ACME collab-
oration which gives at 90% C.L. [313]

de] <1.1x10"® ecm. (5.30)

Significant improvements by an order of magnitude or more can be expected from ACME
in the future [313].

Only weak constraints exist for the EDMs of the muon and the tau, d, and d,.
Analyses by the Muon g-2 collaboration [314] and the Belle collaboration [315] give the
following bounds at 95% C.L.

dyl <1.9x107Pecm,  —22x107"eecm<d; <45x10 " eem.  (5.31)

The proposed muon EDM experiment at PSI aims at improving the sensitivity to the

muon EDM by 4 orders of magnitude, d,, <5 x 10~23ecm [316]. Improving the sensi-
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observable SM theory current exp. projected sens.

ae — aSM £2.3 x 10713 [292,297]  (—8.9 4+ 3.6) x 10713 [25] ~ 1071 [310]

a, —aM  £3.8 x 10710 [292] (28.0 £6.3) x 10710 [291] 1.6 x 10710 [298]

ar —a>™M  £3.9 x 1078 [292] (—2.1+1.7) x 1072 [311]
de <107* ecm [320,321] < 1.1x 10" ecm [313] ~1073%ecm [313]
dy <1072 ¢ cm [321] <1.9x 107 ecm [314] ~ 10" ecm [316]
dr <107 ecem [321] (1.15+1.70) x 107" ecm [315] ~ 107 ecm [317]
dn, ~ 10732 e cm [322] <1.8x107%ecm [318] fewx10"28ecm [319]

Table 5.1: Summary of Standard Model theory errors/bounds (first column),
current experimental measurements/limits (second column) and projected preci-
sion of next-generation experiments (third column) of magnetic moment anomalies
and electric dipole moments of the charged leptons and the neutron. For clarity,
for the anomalous magnetic moments, the Standard Model central values have
been subtracted. We are not aware of any experimental analysis for the projected
sensitivity of the tau magnetic moment.

tivity to the tau EDM by roughly two orders of magnitude (d, < 2 x 107 e cm) might
be possible at Belle II or at future ete™ colliders [317].

Turning to quarks, we note that the magnetic and chromo-magnetic dipole moments
of quarks, a, and @y, are very weakly constrained and we therefore do not consider them
in this work. As discussed in the previous section, the EDMs and cEDMs of quarks, d,
and Jq, lead to EDMs of hadronic systems like the neutron and are therefore strongly
constrained. In the following we will focus on the neutron EDM which is bounded at
90% C.L. by [318]

|dp| < 1.8x 107 eccm. (5.32)

Experimental sensitivities should improve by two orders of magnitude to a few 10~28e cm

in the next decade [319].
We collect the SM predictions, the current experimental results, and expected future

experimental sensitivities to the dipole moments in Table 5.1.
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5.4 Flavor Anomalies and Electric Dipole Mo-
ments

In this section, we study the impact of leptoquarks on (¢)EDMs and B-physics

measurements at the benchmark points presented in Sec. 5.2.1.

5.4.1 Probing the Parameter Space Using Tau Measure-

ments

Given the BM1 and BM2 benchmarks for the leptoquark couplings to left-
handed taus, A3 ~ 0.7, A]; ~ 0.6, we begin by turning on the coupling to right-
handed taus \4; while setting the right-handed couplings to muons and electrons
(AL, and M4, respectively) to zero. The coupling A4, will induce the dipole mo-
ments of the tau as in Eqgs. (5.16) and (5.17), as well as transition dipole moments
leading to the lepton flavor violating decay modes 7 — 7y and 7 — ev. In the
limit m., m, < m, < my, the partial width for the U; contribution to 7 — py is

given by

amiNE , At L By’
Ty = nguggggﬁ [<2Qb ~ Qu((1— ry) hl(MUgV) T ))

+ Q@ki(ln<A2‘“’> + §)2

) ty) | 63

This expression is in agreement with [250], when specialized to the vector lep-
toquark model with ky = 1 and Ky = 0. The expression for the decay mode
T — ey is obtained by an appropriate replacement of the lepton flavor index. The
experimental upper limits on the branching ratios of the 7 — py and 7 — ey

decays are 5.0 x 1078 and 5.4 x 1078, respectively [66].
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In addition to inducing lepton flavor violating tau decays, the A%, coupling
will modify the new physics contributions to charged current decays based on the
b — ctv and b — utv transitions and neutral current decays based on b — s77.
The decay modes that are particularly sensitive to right-handed currents are the

helicity suppressed two body decays B, — Tv [323,324], B* — v, and B, —

Tr~. We find
X 2
BR(B. — Tv) 1 > ch)\?s v? nga /\g?)ch (5.34)
BR(B. — mv)sum Ve Mg, \ 2 my(mp + me) T
BR(B* — 1v) LSVl v (X . Amaa\ [ (5.35)
Bl:{(Bi — TI/)SM Vub M[2]1 2 mzmy ’ ‘

Using the expression for the branching ratio in terms of the Wilson coefficients

from [325], we find

BR(By = 1777)
BR(BS — T+T_)SM a

2
4?0 (AzzA s AN, m, A§§A§3+A§§Azg>
62018(%\/[ M(2]1 ‘/1;,5‘/tb mrmp V;f:‘/;fb
2
4m?
L— 2
mBS

(5.36)

1+

ax\d dx\4q
>‘33)‘23 _ )‘33)‘23
VisViw

167 vt my
S

+
1(SMN\2 N 74 2.2
et (C") MU1 mzmy

where we neglected the finite life time difference in the B, system. We use a nor-
malization such that the SM value for the Wilson coefficient is O ~ —4.1 [326].
Renormalization group running from the leptoquark scale down to the b-scale
can be incorporated by evaluating the quark masses in Eqgs. (5.34)-(5.36) at the
scale u ~ 2TeV. Note that the terms containing both left-handed and right-
handed couplings enjoy a mild chiral enhancement by factors m%_/(m-(my+m.)),

mys /(mymy), and m3_/(m,my), respectively.
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The measured BR(B* — 7v) = (1.09 £ 0.24) x 10~ [26] agrees well with the
SM prediction BR(B* — 7v)sy = (0.8380053) x 107 [5], yielding

BR(B* — Tv)
BR(B* — 70)gu

=1.30£0.29. (5.37)

So far no direct measurement of the B. — 7v branching ratio has been per-
formed. We impose the bound BR(B, — 7v) < 30% [324]. The SM branching

ratio is

2

18.G% 2, 2 m; ’ -2
BR(B. = 1v)sm = T5,mp, ——|Vep|"mz | 1 — =(2.21£0.09) x 107=,
8T myg,

(5.38)
with the lifetime of the B, meson 75, = (0.507£0.009) x 10725 [26], the B, decay
constant f5, = (0.427+0.006) GeV [327] and we used |V5| = (41.6+0.56)x 1073 [5].

Similarly, the B, — 77~ decay has not been observed so far. The first
direct limit on the branching ratio was placed by LHCb [328] and is BR(B; —
7T77) < 6.8 x 1073, while the SM branching ratio is BR(By; — 7777 )sm =
(7.73 4 0.49) x 1077 [329]. The projected sensitivity BR(B, — 7777) ~ 5 x 1074
from LHCDb with 50 fb~! [330].

In Fig. 5.2, we show current and projected constraints on the U; leptoquark
in the plane of the complex A%, coupling divided by the leptoquark mass for BM1
and BM2 benchmark points. The figure represents both BM1 and BM2, since the
shown constraints are independent of the muon couplings A,, A\d, and electron
couplings A, \]; and changing from BM1 to BM2 does not affect our results.
The most stringent constraint comes from By — 777~ and is depicted by the gray
shaded region in the figure. The projected sensitivity of LHCb to B, — 777~
is indicated by the dashed gray curve. Constraints from B* — 7v, B, — 71v,

and lepton flavor violating tau decays (7 — p7y for benchmark BM1 and 7 — ey
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Figure 5.2: Constraints on the U; leptoquark parameter space in the plane of
the complex coupling A\, divided by the leptoquark mass, My, and all other
parameters fixed as in BM1 (5.13a) or BM2 (5.13b). The gray region enclosed by
the solid gray curve represents parameter space that is excluded by By, — 7777,
while the dashed gray curve is the projected sensitivity of LHCb to By — 77 77.
The red hatched region is excluded by the bound on the tau lepton anomalous
magnetic moment. The dashed blue line is the projected sensitivity of future
experiments to the tau EDM. The region above the solid purple line is excluded
by bounds on the neutron EDM, and the dashed purple line is the projected
sensitivity of future neutron EDM experiments. The surrounding purple bands
reflect the theoretical uncertainty in the nucleon matrix element 3S. Note that
the observables shown in the figure are independent of My, A%, and A, A\, and
the change from benchmark BM1 to BM2 has no effect on the exclusion curves.
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for BM2) are slightly weaker and exclude values of A4, that are a factor of a few
larger than those excluded by By — 7777 (In Fig. 5.2 we show only the strongest
constraint coming from By — 7777.) Once the bounds are imposed, the allowed
values of the right-handed coupling A4, are sufficiently small such that they do
not affect Ry, Ry in a significant way. Therefore, in all the allowed region in
Fig. 5.2, the anomalies are satisfied.

From the figure, we observe that the current experimental bounds on d, and a.
do not constraint the parameter space in a relevant way. The constraint from a, is
depicted by the red hatched region in Fig. 5.2, while the experimental bound on d,
constrains values of Im(\%;) /My, that are O(10°) TeV~!, and, therefore, beyond
the range of the plot. Projected sensitivities of next-generation experiments to
the tau EDM [317] (shown by the dashed blue line) are still far from being able
to probe the viable new physics parameter space.

In addition to the tau electric and anomalous magnetic dipole moments, the Uy
leptoquark coupling, A\%,, will contribute to the neutron EDM, d,,. The constraint
from the current bound on the neutron EDM is shown by the solid purple line
in Fig. 5.2, where the region above this line is excluded due to the leptoquark
generating a contribution to the neutron EDM that is too large. The surrounding
purple bands reflect the theoretical uncertainty in the nucleon matrix element ﬁf :
We observe that the currend bound on the neutron EDM leads to a constraint that
is weaker than By, — 777~ and is not yet probing the allowed parameter space. On
the other hand, the projected sensitivity of future neutron EDM experiments [319]
(shown by the dashed purple line) will begin probing the new physics parameter
space and can lead to stronger constraints on the amount of CP violation present

in the right-handed couplings of U; to tau leptons.
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5.4.2 Probing the Parameter Space Using Muon Measure-

ments

Next we focus on the BM1 and BM3 benchmarks, and investigate the im-
pact of the leptoquark couplings to right-handed muons, A\%,, while setting the
right-handed tau and electron couplings (A4, and A4, respectively) to zero. The
coupling A%, will lead to a shift in the anomalous magnetic moment of the muon,
Aa,, in the muon EDM, d,, and in the EDM of the bottom quark given in
Egs. (5.16), (5.17), and (5.18), as well as the lepton flavor violating decay mode
T — wy given in Eq. (5.33) with [N %12 — [ALA%5]%. In the presence of the
coupling A\%,, the muon dipole moment enjoys a sizable chiral enhancement by
mp/my,.

In addition, the coupling A4, can also give sizable non-standard effects in the
B, — ptp~ decay. The corresponding expression is analogous to the one for the

Bs — 7777 decay given in Eq. (5.36)

BR(Bs — putpu™) _

BR(B, — /111 )su
2
dr? o? (A§2A%2+A§;A32 - omd, )\gz)‘gz+)‘g§)\gz)‘

1

+
SM 772
e2Cy” M, Uy VisVi my,mp VisViy

2
167 vt mj
S

A(SMN\2 NfA 2,2
et(Cry")? My, m2mj

qxyd d*\4q
)\32)\22 — )\32)\22

_|_
VisVi

(5.39)

The terms that contain both left-handed and right-handed couplings are chirally
enchanced by a factor m¥_/(m,my).

The branching ratio BR(Bs; — pt ™) has been measured at LHCb, CMS and
ATLAS [331-334]. We use the average of these results from [80], that, combined
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Figure 5.3: Constraints on the U; leptoquark parameter space in the plane
of the complex A%, coupling divided by the leptoquark mass for the benchmark
points BM1 (left panel) and BM3 (right panel). The gray region is excluded by
By, — pp~ at the 95% C.L.. The dashed blue line is the projected sensitivity of
future experiments to the muon EDM. The red shaded region corresponds to the
parameter space the can address the anomaly in the anomalous magnetic moment
of the muon. The solid (dashed) purple lines represent the current constraint
(projected sensitivity) from the neutron EDM, with the purple bands reflecting

the uncertainty in the nucleon matrix element 3<.

with the SM prediction [329,335], reads

BR(Bs — putu™)
BR(Bs = ptp)sm

=0.737010 (5.40)

which is in slight tension (~ 20) with the SM prediction. Interestingly enough, in
the region of parameter space where the couplings to left-handed muons A\,, A\,
provide an explanation of Ry, the tension in By, — p*pu~ is largely lifted.

In Fig. 5.3 we show the current and projected constraints on the U; leptoquark
for BM1 (left) and BM3 (right) in the plane of the complex coupling A4, divided
by the leptoquark mass. For both benchmarks, the most stringent constraint
arises from By, — ptp~. The region that is excluded at the 95% C.L. is shaded

in gray. Once the constraints from B, — u™p~ are imposed, the allowed values
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of M, are sufficiently small that they do not affect Ry in a significant way.
The region that is shaded in red is the region of parameter space that is able to
address the anomaly in the anomalous magnetic moment of the muon, while the
blue dashed lines are the projected sensitivities of future experiments to the muon
EDM. Similar to Fig. 5.2, the solid (dashed) purple line is the current constraint
(projected sensitivity) of the neutron EDM. The current bound on the muon EDM,
d,, is very weak and constrains values of Im(\4,) /My, outside from the range of the
plot (Im(\,) /My, ~ O(10%) TeV~! for BM1 and Im(\4,) /My, ~ O(102) TeV~*
for BM3).

In the left plot of Fig. 5.3 we observe that, once the constraints from B, —
ptp~ is imposed, the BM1 benchmark cannot address the a, anomaly. We con-
clude that the U leptoquark can not explain the B anomalies and the (g — 2),
anomaly simultaneously with the parameters fixed to those of BM1. This is mainly
due to limits on lepton flavor violating decays 7 — ¢u and B — K7p that impose
stringent constraints on the size of the left-handed muonic couplings A, and A,
(see discussion in Sec. 5.2.1).

In order to avoid these constraints, we can instead set the U; couplings to
left-handed tau leptons, A; and A\;, to zero as in BM3 in (5.13¢). The decay
rates 7 — ou, B — K7u, and 7 — py mediated by U; then go to zero, allowing
the muonic couplings A1, and A\, to have larger values. However, by switching off
Mg and A we forgo an explanation of R ).

In the right plot of Fig. 5.3 we show that, for BM3, the region of parame-
ter space that can address the a, anomaly (the red shaded region) overlaps with
the region of parameter space that is allowed by B, — utu~, and the U lep-
toquark can therefore address both the (g — 2), anomaly and (at least partially,

cf. discussion in Sec. 5.2.1) the Ry, anomalies. Finally, we notice that, for this
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benchmark, projected sensitivities to the neutron EDM might start to probe the
viable parameter space.

We also explored the region of parameter space with nonzero A4, instead of
A,. In this case, for BM1 and BM3, the neutron EDM is dominated by the
strange quark contribution (5.26), so its projected sensitivity covers larger region
of parameter space. However in this case, we did not find any viable region of

parameter space explaining the anomaly in a,.

5.4.3 Probing the parameter space using electron mea-

surements

Instead of muon specific couplings that address the discrepancies in the LFU
ratios Ry« by new physics that suppresses the b — suu transitions, one can also
entertain the possibility that new physics addresses the anomaly by enhancing the
b — see transitions. This can be achieved with the leptoquark couplings \%;, A\,
as given in Eq. (5.12) and by our benchmark points BM2 and BMA4.

These couplings will also lead to shifts in the anomalous magnetic moment of
the electron, Aa., and, in the presence of CP violation, induce an electron EDM,
d., (see Egs. (5.16) and (5.17), respectively), and the lepton flavor violating
mode 7 — ey (see Eq. (5.33) with Mo\ 2 — A4, M5[%). Note that the chiral
enhancement of the dipole moments m;/m. can be particularly pronounced in the
case of the electron.

In this scenario, potentially important constraints arise from the B, — ete™
decay. The effect of the leptoquark is given by an expression analogous to Eq. (5.39)
with m, — m,. and )\§2, )\52 — )\{;1, )\51, with the SM prediction given by BR(B; —
ete™) = (8.54 £ 0.55) x 1071 [329]. Experimentally, the B, — eTe~ branching
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Figure 5.4: Constraints on the U; leptoquark parameter space in the plane of the
complex coupling A%, divided by the leptoquark mass for the benchmark points
BM2 and BM4, left and right panel, respectively). The gray region is excluded by
B, — ete at the 95% C.L.. The red shaded region corresponds to the parameter
space the can address the anomaly in the anomalous magnetic moment of the
electron. The solid (dashed) blue lines represent the current constraint (projected
sensitivity) from the electron EDM. In the right panel, the dashed purple line
represents the projected sensitivity from the neutron EDM, with the purple band
reflecting the uncertainty in the nucleon matrix element 3<.

ratio is bounded at the 90% C.L. by [336]

BR(B, = ete”) <28 x 107" . (5.41)

The plots in Fig. 5.4 show the current and projected constraints on the U
leptoquark in the plane of the complex coupling A4, divided by the leptoquark
mass for BM2 (left) and BM4 (right). In both panels the gray region is excluded by
the bound from B, — eTe™, while the red shaded region is the region of parameter
space that can address the 2.40 anomaly in the electron magnetic moment, a..
The blue solid (dashed) lines are the current constraint (projected sensitivity) of
the electron electric dipole moment, d.. In the right panel, the dashed purple line

and the surrounding purple band is the projected sensitivity of the neutron EDM,
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dp.

For BM2 (left plot of Fig. 5.4) we observe that the region of parameter space
that is able to address the anomaly in a. is excluded by constraints from By —
eTe” and a simultaneous explanation of all the B anomalies and a, is not possible.
This is due to stringent constraints on the size of A4, from the lepton flavor
violating decays 7 — ¢e and B — KTe (see discussion in Sec. 5.2.1). Constrains
from the 7 — ey are slightly weaker.

To avoid the stringent constraints from lepton flavor violating decays, we can
set all the U; couplings to tau leptons to zero. Then, the 7 — ¢e and B — Kre
rates as well as the 7 — ey rate go to zero, and the left-handed couplings to
electrons can be larger. However, by setting \l; and A; to zero, we forgo an
explanation of Rp. This scenario is given by BM4, and the resulting constraints
are shown in the right plot of Fig. 5.4. We observe that the smaller value of
A, = 0.005 in BM4 leads to weaker constraints on A%, from By, — ete™. In
addition, the larger value of A\, = 0.5 generates a larger contribution to the
electron magnetic moment necessary to explain the slight tension in a.. In moving
from BM2 to BM4 the bound from B, — e*e™ opens up a wide region in parameter
space favorable for the electron magnetic moment, a.. We conclude that BM4 can
address the anomalies in both Ry ) and a..

We also investigated the region of parameter space with nonzero A4, instead
of \d,. We find in BM2 and BM4 that sensitivity to d. is reduced because it is
chirally enhanced by mg rather than m; in Eq. (5.17). We also find no region of
parameter space where the U; leptoquark explains the tension of the measured a,

with theory.
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LHC Bounds on Scalar Leptoquarks

Channel Experiment Limit

First Generation Leptoquarks

. ATLAS [337] 1400 GeV
eejj (B=1) CMS [338] 1435 GeV
. ATLAS [337] 1290 GeV
evjj (8 =0.5) CMS [338] 1270 GeV
Second Generation Leptoquarks
. ATLAS [337] 1560 GeV
pigj (B =1) CMS [339] 1530 GeV
. ATLAS [337] 1230 GeV
pvjj (8 =0.5) CMS [339)] 1285 GeV
Third Generation Leptoquarks
ATLAS [340] 1030 GeV
brbr
CMS [341] 1020 GeV
Reinterpreted SUSY searches
ququ CMS [342] 980 GeV
ATLAS [340] 1000 GeV
tvty CMS [342] 1020 GeV
LHC Bounds on Vector Leptoquarks
Channel Experiment Limit
Reinterpreted SUSY searches
1410 GeV (ks = 0)
quqv CMS [342] 1790 GeV (i, = 1)
1460 GeV (ks = 0)

Table 5.2: LHC bounds on pair-production of scalar and vector leptoquarks. For
scalar leptoquarks, the first three sections correspond to bounds from dedicated
leptoquark searches, while the last section corresponds to bounds derived from
the reinterpretation of squark pair production searches. For vector leptoquarks,
only reintepreted SUSY searches exist. The parameter § denotes the branching
ratio of the leptoquark to a quark and a charged lepton. We do not report the
bounds on the decays of the LQ to down-type quarks and a neutrino since these
decays do not exist in our model.
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5.5 LHC Bounds on the Leptoquark

Low-energy flavor observables like those discussed in the previous sections
provide an indirect probe of the Uy leptoquark. A complementary approach to
probe the existence of U; is direct production at high energy colliders and looking
for signatures of their decay products. The goal of this section is to compute the
lower bound on the leptoquark mass in the allowed regions of parameter space in
Figs. 5.2 -5.4.

The two main production mechanisms are single production in association
with a lepton (gq — ¢ U;), and pair production (gg,qq — Uy U;). For a recent
review see [343,344]. Once produced, the leptoquark will decay into a pair of SM
fermions. The interactions of the U; leptoquark with SM quarks and leptons in
Eq. (5.9) generate the decays of U; into an up-type quark and a neutrino, or a
down-type quark and a charged lepton. In the limit where My, is much larger

than the masses of the decay products, the partial widths of U; are given by

My,

LU, — wyy) = Y Z Vk/\kj , (5.42a)
k=1,2,3
My, 2
DU = dity) = 5 2 ( d ) (5.42b)

where 7,7 = 1,2, 3 label the three generations.

Several dedicated searches for singly and pair produced scalar leptoquarks have
been performed by the LHC, and are classified according to whether the lepto-
quark decays to first, second, or third generation fermions. The strongest bounds
on leptoquark pair-production from ATLAS and CMS have been compiled in Tab.
5.2, where the searches are organized according to whether the branching ratio
into a quark and a charged lepton (denoted by ) is 100% or 50%, with the re-

maining 50% to a quark and a neutrino. In addition, in the table we also report
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the CMS reinterpretation of the squark pair production searches to place con-
straints on pair produced vector leptoquarks decaying to a quark and a neutrino,
tv, or qu (¢ = u,c,d, s) [342]. Similarly, ATLAS have presented reinterpretations
of squark searches [340], although they only consider the decay of a leptoquark
into 3rd generation quarks. We note that the ATLAS and CMS searches also
consider leptoquark decays into down-type quarks and a neutrino (e.g brby final
states), but the corresponding couplings do not exist in our model and, therefore,
we do not consider them here.

Singly produced scalar leptoquarks have been searched in ej, puj, and br fi-
nal states. The bounds on the leptoquark mass from single production depends
on the coupling of the leptoquark to quarks and leptons. For unit couplings, 8
TeV searches for single production of first and second generation scalar lepto-
quarks constrain the leptoquark mass to be above ~ 1700 GeV and ~ 700 GeV,
respectively [345], while the 13 TeV search for third generation scalar leptoquarks
constrains the mass to be above 740 GeV [346]. In our benchmark models, the
leptoquarks are mainly coupled to bottom or strange quarks. For this reason,
the searches for singly produced leptoquarks are less sensitive to our benchmark
models than the searches for pair produced leptoquarks. In the following, we will
discuss in some details the bounds from searches of pair produced leptoquarks in
all benchmarks.

For BM1 and BM2, the dominant non-zero couplings of U; are couplings involv-
ing tau leptons (Ad;, A%;) and the dominant decay modes are U; — br, s7, tv,, cv;.
At small values of A%, (see Fig. 5.2), the branching ratios of the b and Tv, decay
modes are similar in value (~ 0.25) and dominate over the s7 and cv, decays
modes, which themselves have similar branching ratios (~ 0.18). For values of \4,

near the border of the region allowed by By — 777~ (see Fig. 5.2), the decay into
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bt becomes the dominant decay mode with BR(U; — b7) ~ 0.4.

The reinterpreted SUSY search for pair production of vector leptoquarks de-
caying to tv [342] and the CMS search for leptoquarks decaying to br [341] are
the most sensitive searches. We find that these searches yield a similar lower
bound on the mass of U; at around 1.2 TeV in the region of parameter space with
small \4;. The exact bound varies by at most ~100 GeV in the region allowed by
B, = 1771,

In BM3, U; couples dominantly to 2nd generation leptons and the main decay
modes are Uy — bpu, sy, tv,, cv,, with the by and tv, decays modes being the
dominant ones since A}, > A\, BR(U; — tv,) ~ BR(U; — bu) ~ 0.5. The
most stringent LHC constraint on this benchmark comes from the search for pair
produced leptoquarks in final states with two muons and two jets in [339]%. This
search leads to the bound my, 2 1.9 TeV. This bound is valid in the entire
parameter space shown in the right panel Fig. 5.3, since A%, is constrained to be
very small, and therefore does not affect the leptoquark branching ratios.

Finally, in BM4, U; couples dominantly to 1st generation leptons and the
main decay modes are U; — be and U; — tv,. In particular, at small values of A\,
(see Fig. 5.4), the branching ratios of these decay modes are very similar in value
(~ 0.5). At larger values of \%,, the branching ratio into be becomes the dominant
one, with BR(U; — be) ~ 0.7 at the border of the allowed region for A%, as shown
in the right plot of Fig. 5.4. The search for pair produced leptoquarks decaying
in an electron and a jet in [338] provides the strongest constraint on the mass of
U, and gives a lower bound of ~ 1.8 TeV at small values of A4;. The exact bound

varies by at most ~100 GeV in the region allowed by By — ete™.

3The search does not require any anti-b tagging, and, therefore, we can simply apply it to
our benchmark.
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5.6 Conclusions

In this study, we focused on the possible, and quite likely, existence of new
sources of CP violation if the flavor anomalies in b — c and b — s decays are due to
new physics, specifically in the case where the new physics consists of a U; vector
leptoquark. The underpinning of our study is that the U; vector leptoquark is one
of the only (if not the only) new physics scenarios known to us that can provide a
simultaneous explanation of the anomalies observed in lepton flavor universality
ratios in b — clv and b — sll decays, Ry and Ry). Since the couplings of
the U; to quarks and leptons are generically CP violating, they are expected just
as generically to produce potentially observable electric dipole moments (EDMs)
in leptonic and hadronic systems. Here, we have first provided new, original, and
complete formulae for the calculation of the relevant EDMs, and carried out a
phenomenological study of a few benchmark cases of how EDMs can constrain
the U; leptoquark interpretation of the anomalies.

We note that the expressions we provided are the most general expressions for
dipole moments induced by vector leptoquarks at one loop level, accounting for
the most generic set of leptoquark couplings, which can accomodate scenarios for
which the leptoquark may be composite.

We explored the parameter space of the U; leptoquark in the vicinity of 4
benchmark points that explain the Rp. and Ry anomalies (or a subset of
them). We identified viable regions of parameter space where the existing dis-
crepancies in the anomalous magnetic dipole moments of the electron a. and the
muon a, can be explained in addition to Rg). However, we concluded that a
simultaneous explanation of all three classes of discrepancies (Rpe, Ry, Gey)
is not possible.

We found that, in the presence of non-zero CP-violating phases in the lepto-
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quark couplings, EDMs play an important role in probing the parameter space
of the model. Existing bounds on the electron EDM already exclude large parts
of parameter space with CP violating leptoquark couplings to electrons. The
expected sensitivities to the neutron EDM can probe into motivated parameter

space and probe imaginary parts of leptoquark couplings to taus and muons.
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Chapter 6

Conclusion and Outlook

It is an exciting time for particle physics. The advent of the LHC has shown
that the SM is the most successful theoretical description of fundamental particles
and their interactions, with the discovery of the Higgs boson being perhaps the
greatest achievement of experimental and theoretical efforts. However, the SM
faces many theoretical and experimental issues and it was hoped that the LHC
would elucidate many, if not all, of them. Unfortunately, no new fundamental
particles have been observed at the LHC since the discovery of the Higgs boson,
raising doubt on many of ideas that have motivated searches for BSM physics (e.g.
weak scale supersymmetry). Now more than ever it is important to begin exploring
many BSM models that predict phenomenology that are very different from the
standard searches at the LHC, and to motivate experimental collaborations to
begin searching for these unique signatures.

In this thesis we have attempted to address two problems: the SM flavor puzzle
and experimental anomalies in low energy flavor observables. The SM flavor puzzle
is a question about the large hierarchies observed in the fermion masses, but can
be rephrased into our lack of knowledge of the 125 GeV Higgs couplings to light

fermions. From an experimental perspective, it is unknown if the VEV of the
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Higgs is responsible for generating mass for the first and second generations of
fermions. While there is experimental evidence that the 125 GeV couplings to the
weak gauge bosons and the third generations fermions are SM-like, much less is
known about its couplings to the light fermions.

In Part IT we have attempted to answer the question: does the 125 GeV Higgs
give mass to all SM fermions? The traditional approach to answering this question
is to say “Yes! The 125 GeV Higgs give mass to all particle', and to then try to
measure all the Higgs couplings very precisely at high-energy colliders. While
the muon and the charm quark coupling are expected to be measured with great
precision in the future [347], other techniques must be used to measure the Higgs
couplings to the up, down, and strange quarks such as rare Higgs decays h — M~
to mesons M made up of light quarks, di-Higgs production, and deviations of the
Higgs transverse momentum distribution . Even if in the far future the Higgs
couplings to all fermions are measured, the situation is still unsatisfactory: the
question of why there is large hierarchy in the SM Higgs couplings to fermions
has not been answered.

A complimentary approach to answering this question was presented in Ch. 2.
We have investigated a potential solution to the SM flavor puzzle by introducing
an additional source of EWSB that couples exclusively to the first and second
generations. In such a scenario, the SM Higgs generates mass only for the third
generation fermions while a second Higgs doublet generates mass for the light
fermions. In this way, the hierarchy in the couplings of the SM Higgs boson to
quarks and leptons can be reduced to a hierarchy in the VEVs of the two Higgs
doublets. In Ch. 2 we presented the first iteration of so-called ‘Flavorful 2HDMs’
where a suitable choice for the Yukawa matrices of the two Higgs doublets gives

the observed values of the fermion masses and CKM quark mixing matrix. Such a
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scenario has very distinct collider phenomenology compared to standard 2HDMs
(e.g. Type I, II). Among the most interesting signatures are flavor changing de-
cays of the heavy Higgs bosons involving second generation quarks and leptons
(such as H/ — tc,7v and H* — cb, cs, uv,), and decays to second (third) gen-
eration fermions that are enhanced (suppressed) compared to standard 2HDMs.
In particular we found that the decay H — pp in the flavorul 2HDM is many
orders of magnitude larger than, for example, a Type I 2HDM, and that the de-
cay H — 77 is highly suppressed. These collider signatures are very different
than what is traditional searched for at the LHC, and the current searches are
not sensitive probes of our model. We have discussed some of the signatures that
are the most promising in constraining the parameter space of our model, such as
signatures with same-sign top quarks in association with a light jet from processes
like pp — tH — ttc or pp — tH* — tts. In Ch. 3 we presented a UV completion
of the flavorful 2HDM via the flavor-locking mechanism, and we also explored the
effects of tree-level flavor violating Higgs couplings on quark flavor observables.
In Ch. 4 we presented a few variations on the flavorful 2HDM theme. The
flavorful 2HDM discussed above is a variation of the Type I 2HDM where the first
and second generation fermions couple to a different Higgs double than the third
generation; the third generation couples to the same Higgs doublet as in the Type
[ 2HDM. This idea can be extended to the other types of 2HDMs so that we have
flavorful Type II, Flipped, and Lepton Specific 2HDMs. The phenomenology of
these other flavorful 2HDMs with the CKM matrix generated in the down quark
sector has been studied in [224], to which we point the reader for further reading.
In this work we have presented flavorful 2HDMs with an additional variation:
generating the CKM matrix in the up quark sector. The main result presented here

is that this leads to enhanced flavor violating couplings of the SM-like Higgs boson

144



and we have studied the effect of this on rare top quark decays t — hqg. These
decays can be enhanced compared to the SM values by many order of magnitude.
We have shown that this prediction of our model is accessible at future collider
such as the HL-LHC and the FCC. We have also presented a UV completion of
this scenario. The flavor-locking mechanism is not suitable for generating the
CKM matrix in the up quark sector and we instead used the Froggatt-Nielsen
mechanism to generate the Yukawa textures presented in Ch. 4.

In Ch. 5 we studied the effects of a CP-violating leptoquark solution the anoma-
lies observed in B meson decays. The U; leptoquark scenario generically intro-
duces new sources of CP violation and we have explored, for the first time, their
effects on electromagnetic dipole moments. We found that in certain regions of
parameter space the U; leptoquark can can explain the experimental anomalies
observed in the anomalous magnetic moment of the electron a. and the muon
a,, together with the anomalies seen in Ry and Rg~. However, we concluded
that all the anomalies Ry, Rp,ae, can not be simultaneously explained by
this leptoquark scenario. We additionally found that CP violation is constrained
by electric dipole moments. In particular, the current bound on the value of the
electron EDM imposes severe constraints on the amount of CP violation in lep-
toquarks that couple dominantly to electrons. On the other hand, the current
and projected bounds on the EDMs of the muon and tau are not yet probing
the parameter space leptoquarks that couple to dominantly to muons and taus,
respectively. On the other hand, the U; leptquark will contribute the neutron
EDM and future project on d,, are beginning to probe the parameter space of our

model.
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Appendix A

The General Flavon Potential
and the Flavor Basis of the
Flavor-Locked F2HDM

A.1 Analysis of the general flavon potential

In this appendix we determine the global minimum of the flavon potential (3.8).

A.1.1 General flavon potential

The single and pairwise field potentials (3.9), (3.10) are manifestly positive
semidefinite. Noting that the p4 terms can be written in the form Tr([)\a)\gﬁ)\a)\};)
and Tr([)\L)\B]T/\L)\B) and moreover that Tr [ATA} =3 |4i|* = 0 if and only if
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A =0, the global minimum — zero — of Vi¢, Va¢ is attained if and only if

L Tr[(A) (L) =72,
2. (A,) is rank-1, (A1)

3. (ALY (Ag) = 0 and (A, )(A5) = 0 for all a # 8.

These algebraic conditions are equivalent to the set (\,) being simultaneously real

diagonalizable with disjoint unit rank spectra. That is,
(\) = Udiag{r,0,0,...}VT — (\) = Udiag{0,7,0,.. 3V ... ~ (A2)

with U, V generic unitary matrices, the same for all \,, that are flat directions
of the global minimum, and r real. A similar analysis follows immediately for the

down-type potentials, so that
(M) = U diag{7,0,0,.. .} VT, (A5) = Udiag{0,7,0,.. } VT ... (A3)

We refer to this type of aligned structure as ‘flavor-locked’ (It is possible to
switch the rank-1 structure for degeneracy by setting ps < 0 [194], though we do

not consider this possibility in this work.)

A.1.2 Mixing terms: single flavon generation

The first, v, term of the mixed potential (3.11) manifestly respects the vac-

uum of Vi and Vo It follows from the Cauchy-Schwarz inequality and positive
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semidefiniteness of A\ that

Tr (AAL) Tr (AAL) > Tr (AN (A4)

Hence for the case of n = 1 generations of flavons, the 5 term and full potential
is immediately positive semidefinite, with global minimum at V3 = 0. Based on

the flavor-locked configurations in Eqgs. (A.2) and (A.3),

~

[, 5 = Va2 V] 007V ]E

ckm 17’

(A.5)

in which we have momentarily restored the U(N)y x U(N)p indices and Ve, =
UTU is the unitary CKM matrix. Without loss of generality, we can choose the
non-zero eigenvalues of the single up and down flavon being in the first diagonal
entry, at the flavor-locked configuration. One then obtains for the n = 1 mixed

potential

2.2
Vipix = —Vor’r [

VL[ - 1} . (A.6)
This vanishes if and only if Vi, is 1 @ (IV — 1) block unitary, i.e.
Vekm = , (A.7)
0 Vn-1

in which Vy_; isan N —1x N —1 unitary submatrix (as in Eq. (3.14)). Therefore,
the potential has a global minimum if and only if the flavons lie in the flavor-locked

configuration, with a block-unitary mixing matrix.
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A.1.3 Mixing terms: arbitrary flavon generations

For the general case that N > n > 1, the v, term is not positive definite by

itself. The full potential may, however, be reorganized into the form

Va= Ui+ X Us’ + X Ui+ 3 Ut + Ui+ 3 Usic (A.8)

a<f &<,§

in which the pure up-type potentials

Tr (AA,) =72

U = 1y g (m + ';Z) “ Tr (A, )~ T (AaALAaAL)] ,

Us? = ps Tr (AAa) = T (AbA,) ’2 + | Tr (AL ’2
+ 161 Tr (AN ) + (uw - ”jf) Tr (AMANS) (A.9)

and similarly for the down-type potentials, exchanging all unhatted and hatted

couplings. The two mixed potentials

AaAg

22 2
Vor T AL
Unnix = 5 TrKZ—Z = ) ] (A.10)

2
a r o

ao 22
Uls. = (1/1 — 2n>r T

2

Tr (AA]L)/r? = Tr (AAL) /72 (A.11)

Hence each term of the full potential is now positive semidefinite, provided

feo > Va2 /17 figo > vor? 72 and v > 1a/(2n). (A.12)

We write the flavor-locked configuration in the ordered form of Eqgs. (A.2) and

(A.3), so that the first n eigenvalues of ()\,) are non-zero. At the flavor-locked
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configuration, the mixed potential becomes

~ ~ 12
TV = 22 Y [ sl - l/n] ~0. (A.13)
Unitarity ensures that
n ~ 12
> vsal <n, (A.14)
a,&:1

so that on the flavor-locked contour the mixing terms and hence full potential is

minimized, with Vi = 0, if and only if Vi, is n @ (N — n) block unitary. Le.

. Vo 0
Vem = UTU = : (A.15)

0 VN—n

with Vi a k X k unitary matrix. Note that the n or N — n block CKM rotations
are flat directions of the global minimum, and therefore V,, and Vy_, may be
any arbitrary unitary submatrices with generically O(1) entries. We often refer
to Eq. (A.15) in combination with Egs. (A.2) and (A.3) as the ‘flavor-locked’

configuration, too.

A.1.4 Local minimum analysis

So far we have shown that under the conditions (A.12) the global minimum
of the potential is Vi = 0 and it is realized if and only if the flavons are in the
flavor-locked configuration. One may also explore the weaker condition that the
flavor-locked configuration is only a local minimum of the potential, by applying

the general perturbations
(M) = (A\,) +€Xq, and (As) = (As) +eX5. (A.16)
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To this end, it is convenient to define

Ho= 50X+ %00], P= o Y0000, P=5 Y000,
) oA

Observe H, is Hermitian and Tr[P] = n. One may show that Tr[PH,| = Tr[H,],

and, as a consequence of the block unitarity (A.15), that further Tr {ﬁHa} =

Tr[H,]. Under perturbation of the mixing terms, one finds to O(¢?),

1

22
Ul Zmﬁz”irﬁﬂ -y
«

")
+e2<y1—> Z

which is positive semidefinite, provided the condition

2
TrH, —TrH;| , (A.18)

v > 1a/(2n), (A.19)

holds (cf. (A.12)). The vacuum configuration in (3.13) is then a local minimum
of the flavon potential.

More generically, one may also re-organize the potential, such that

vﬁ_Ulf+ZUlf+Z +ZUH+Z +U§HX ZUS?;. (A.20)

a<p a<ﬂ

in which we have defined, for an arbitrary real coefficient, w,

2
1/27'

2] [ i) o]
Uf;:(l w)‘T (M) -

Ujy =

2
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+<M2+w> “Tr( Do (/\a)\LAa/\L)],

B vy 72 t ¥ 2 2
U2f = (:u?) (1 - W)) ’ Tr ()‘a)‘a) —Tr (Aﬁ)\ﬁ)‘ + Ha Tr ()\L)\ﬁ)‘

=2
+ 60 Tr (ALAGARA,) + (uﬁ,z = 1?’;) Tr (A AAGAL) . (A21)

and analogously in the down sector for the @ and B pieces. The mixing terms are

given by

vor?7? A AL AN A AL AN [
=g | (St | (2R )|
U, = | Tr (AAL) /2 = Tr (AAL) /72 (A.22)

This time, under perturbations of the flavor-locked configuration, one finds

5Ugm=2”2w [(ZH %:Ha—];Tr{;Ha—%HaDT, (A.23)

which is positive semidefinite. Hence, no matter the form of the v; term, a local

minimum can also be achieved for the case that

Uy T2 UsT?

v > > A
27’L7“27 W_Ov MG,Q_TTy ( 24)

u12w557 ps > (1 —w)=—=

and similarly for the hatted couplings.

A.1.5 Two-Higgs alignment conditions

The Two-Higgs potential (3.20) is equivalent to the general potential (3.8), but

with the t—c, t—u and b—d, b—s cross-terms effectively vanishing. The vacuum for
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Vit 4+ Vor then has the structure

L Tr[(A) ()] =72,
2. (\,) is rank-1, (A.25)
3. (AD(A\,) =0and (A\)(\) =0
but neither (\} Y{(Aew) nor (A)(AL,) need to vanish, and similarly for the down-
type flavons. The potentials Vg, and Vi) then each have a N = 3 flavor-locked

vacuum, with generation number n = 1 and n = 2, respectively. This leads

immediately to the vacuum in Egs (3.21) and (3.22).

A.2 Flavor basis for the F2HDM Yukawa tex-

ture

Starting from the general parametrization of the flavor-locked Yukawas in (3.25)

we perform the following quark field rotations in flavor space
UL—>Z/{ULUL s DL _>UDLDL , UR%UURUR s DR%UDRDR s <A26)

where the U; are 2 & 1 block unitary matrices

costy, sinfy, O cosfp, P sinfp, 0
Uy, = | —sinfy, cosby, 0| , Up, = | —sindp,e¥Pr cosfp, 0] ,
0 0 1 0 0 1
cosbly, sinfy, O coslp, sinfp, O
Uy, = | —sinby, cosby, 0| , Up, = |—sinfp, cosbp, 0| .(A.27)
0 0 1 0 0 1
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The rotation angels and the phase are chosen such that

tan 0y,
tan QUR
tanfp,,

tanfp,

tan 7~/JDL

sin ng tan 923 s
sin ’1913 tan 1923 s

sin 1913 tan '1923 s

cos B3

sin 643 tan fy3 cos p, — tan 6
cos B3

tan @ sin v,

sin 0oz tan 013 — tan 6 cos ¥,

(A.28)
(A.29)
(A.30)

COSWm + wDL) ) (A31)

(A.32)

In this flavor basis the Yukawas in (3.25) reproduce the F2HDM textures from

Eq. (3.4) with coefficients that depend on the several angles 013,653, U13, Ua3,
U1, D23, 0 and phases Ya, s, Yu, Yo, Yun.
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Appendix B

Yukawa Couplings, Loop
Functions, and Higgs Constraints

on the F2HDM with Up Quark
Sector CKM

B.1 Yukawa Couplings in the Quark Mass Eigen-
state Basis

In this appendix we show that in the considered type IB and lepton-specific B
models, the couplings of the Higgs bosons to the quarks in the quark mass eigen-
state basis are entirely determined by the known quark masses and CKM elements.

The starting point are the Yukawa couplings A? and X7 in Eq. (5.9) that
need to be rotated into the quark mass eigenstate basis. We perform unitary
rotations on the left-handed and right-handed quark fields q./r — U,, /rdL/R SUCh

that U} (vA*+v'X")U,,, = diag(m,, me, m;) = mi*& and analogous for the down
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quarks. Given the structure of \* and A in Eq. (4.4a) we can introduce the matrix
IT = diag(0, 0, 1) that leaves A" invariant and that annihilates \'*: TIA* = A" and
ITAN* = 0 . Using this matrix, we can express A" in the mass eigenstate basis

directly in terms of quark masses and the CKM matrix

V2

f yu 1 w V' t diag _ V2 diag
UuLA UuR == UuLH()\ +Z>\ )UuR = TUULH UuLmu

” —Vexull VCKMm
(B.1)
In the last step we used the definition of the CKM matrix Vogy = UJL Uy, and
the fact that Uy, and IT commute due to the structure of A* and N'® in Eq. (4.4b).
Analogously, we can use the matrix II" = diag(1, 1,0) to get an expression for \'*

in the mass eigenstate basis

V2

U U \u U ia \/5 ia
UJL)\/ UUR = UJLH/(;)\ +)\/ )UUR - VU;ELH/ UUng £ = U VCKMH VCKMmd & .
(B.2)
In the down quark sector we instead get
/
2
Ul \NUy,, = UL TI(A + %Xd)Ud £Ud 10U, m§* = \/U_H deg (B.3)

21 2 )
Ul NUq, = UgLH'(gxd + NN, = \F P11 Uy, m§*e = fn’ myiB.4)

B.2 Loop Functions for b — sv

In this appendix we give the explicit expressions for the loop functions that
enter the results for the charged Higgs contributions to the b — sy decay in

section 4.3.

(2 —3x)*logz 11 — 43z + 382> 1 11

D0t T o Amf) =3lel@) + o (B)

fr(z) =
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o = et MR =+ 00
() = _x(i—(f?it;ga: B 77—2(5137_—5?2 ’ lim g-(z) = —772 , (B.7)
wla) = B 2R liy () =~ . (B.8)
ho(z) = O 6_(13f);;§ = 1;2 - _5‘;’; 5 lim hr(v) = ;1og(x) +i . (B.9)
(o) = 5 + ly () = 5 log(e) +

(B.10)

B.3 Loop Function for t — hgqg

The loop function F that enters our SM expression of the rare top branching

ratios Eq. (4.15) can be written as

Flz,y) =

et x(go(o, 0,1) — Bo(z,0, 1)) + y(Bo(y, 0,0) — By(0,0, 1)>

4(30(33, 0,1) — Bo(y,0, 0)) (24 (Bo(y, 1,1) = Bo(z, 1, 0))
— (4 —-2x+1y)Co(y,x,0,0,0,1)

+(2—y+y*—2(2+y)Coly,z,0,1,1,0) +2(y — 2) By(0, 1,0)

2
+2(x — 2)BY(x,1,0) + 2(2* + y — xy — 2)C(y,7,0,1,1,0)| , (B.11)
with the following definitions of the Passarino-Veltman functions
i dPq 1
Bo(p?, m2, m2 :—4-’3/ B.12
T L U T (R R

i
1672

Co(p?, K2, (p + k)?, m3, m5, m3)

_ [ dY 1
- /(2@4 ) (RS ey (papearys pppe) R )
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The derivatives in Eq. (B.11) act on the last argument of the functions, i.e.

Bi(a,b,c) = aacBo(a,b,c), (B.14)
Cyla,b,c,dye, f) = ;}cC’O(a,b,c,d,e, ) . (B.15)

B.4 Higgs Signal Strength F'it

Away from the alignment limit cos(8 — a) = 0, the couplings of the 125 GeV
Higgs boson differ from their SM predictions. Therefore, signal strength measure-
ments from ATLAS and CMS can be used to constrain the parameter space of our
2HDMs. With respect to our previous signal strength analysis in [224], we include
LHC Run 2 updates of h — WW [348-350], h — 77 [32,351], h — pp [352], the
recent h — bb observations [33,34] and the results for tth production [35, 36].

In Fig. B.1 we show the allowed ranges in the cos(f — «) vs. tan plane in
the type IB model (top left), type IIB model (top right), lepton-specific B model
(bottom left), and flipped B model (bottom right) at 1o (dark green) and 20 (light
green). The dotted lines indicate the 20 constraint in the corresponding 2HDMs

with natural flavor conservation.
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Figure B.1: Constraints in the cos(5 — «) vs. tan 3 plane based on LHC mea-
surements of the 125 GeV Higgs signal strengths. Parameter space of the flavorful
2HDMs that is compatible with the data at the 1o and 20 level is shown in green.
For comparison, the 20 regions in the corresponding 2HDMs with natural flavor
conservation are shown by dashed contours.
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