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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

xiii



that present and future electron and neutron EDM experiments set interesting

constraints on the CP violating phases of the leptoquark couplings.

xiv



This thesis is dedicated to my family whose love and support has made it

possible for me to pursue a career in physics. I can’t thank you enough.

xv



Acknowledgments

The work presented in this thesis would not have been possible without the help

and support of the many people I have had the wonderful opportunity of meeting.

I would like to first give thanks to all of my collaborators for the opportu-

nity to work with you: Wolfgang Altmannshofer, Josh Eby, Stefania Gori, Brian

Maddock, Mario, Martone, H. Patel, Stefano Profumo, and Dean J. Robinson.

Working with all of you has been a pleasure and you have all taught me so much.

Thank you to all the the friends I have made at the University of Cincinnati,

UC Santa Cruz, and Fermilab. I always enjoyed our discussions about physics and

non-physic topics. You have all been important in my professional and personal

growth. A special thanks to two dear friends Josh Eby and Brian Maddock who

have been instrumental in my success in graduate school and in life.

Thanks to Sarah Dill at the University of Cincinnati and Ben Miller at UC

Santa Cruz for making graduate school life more manageable, and making sure

that I was always in good mental health. I really appreciate your support.

I would also like to give thanks to Wolfgang Altmannshofer who I consider to

be a second advisor. Thank for for all the helpful discussions and help you have

given me throughout the years, and for the wonderful opportunities to work with

you.

Thanks to L.C.R. Wijewardhana who reached out to me after I finished un-

dergraduate school and gave me the wonderful opportunity to attend graduate

school at the University of Cincinnati. I am forever indebted to you for giving me

a chance to prove myself, and for mentoring me during my time in Cincinnati

Finally, I would like to give a big thanks to my advisor and mentor Stefania

Gori for giving me the opportunity to work with her and for all the support she

has given me through out the years. It has been wonderful working with you and

xvi



I am grateful for all your help and guidance and for setting me up for success in

the future. I could not have asked for a better advisor. Thank you so much for

everything.

xvii



Part I

The Standard Model

1



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
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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 aµ, 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 ∼ 3−4σ 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 III 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.
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SM Field SU(3)C SU(2)L U(1)Y
Ga
µ 8 1 0

W a
µ 1 3 0

Bµ 1 1 0
QL = (uL, dL)T 3 2 +1/6
LL = (νL, `L)T 1 2 −1/2

uR 3 1 +2/3
dR 3 1 −1/3
eR 1 1 −1
h 1 2 +1/2

Table 1.1: Field content of the SM and their SU(3)C × SU(2)L×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)C × SU(2)L × U(1)Y , where SU(3)C describes the strong interac-

tions between quarks and gluons (i.e Quantum Chromodynamics (QCD)), and

SU(2)L× U(1)Y denotes electroweak interactions of SM particles. The subscript

“C” in SU(3)C denotes the color charge associated with the strong interactions,

the “L” in SU(2)L 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 gluonsGa
µ (a = 1, . . . , 8)

that are in the adjoint representation of SU(3)C , while the electroweak interactions

are mediated by the SU(2)L triplet gauge field W a
µ (a = 1, 2, 3) and the U(1)Y

gauge field Bµ. 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 γ.

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

4



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)L while right-handed fermions are singlets un-

der SU(2)L 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

L ⊃ 1
2m

2
BBµB

µ −mψψ, (1.1)

where ψ 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 experimentally1 and an additional theoretical

ingredient is needed to explain this observation. Preservation of gauge invariance

can be achieved by introducing a single scalar field Φ charged under SU(2)L ×

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 Φ 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
1Except the top quark, the masses of quarks have not been measured experimentally and are

determined using lattice QCD methods.
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group is given in Tab. 1.1, where the SM fields are written in the gauge eigenstate

basis. The SU(3)C , SU(2)L, and U(1)Y gauge bosons are represented by Ga
µ,W

a
µ ,

and Bµ, respectively. The left-handed quark and lepton doublets are denoted by

QL and LL, while the right-handed SU(2)L singlet up quarks, down quarks, and

leptons are denoted by uR, dR, and eR, 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

LSM = Lkinetic + LHiggs + LYukawa (1.2)

where Lkinetic encodes the gauge interactions of SM particles and is given by

Lkinetic = −1
4G

a
µνG

aµν − 1
4W

a
µνW

aµν − 1
4BµνB

µν +
∑
i

ψii /Dψi, (1.3)

where the gauge field strength tensors are

Ga
µν = ∂µG

a
ν − ∂νGa

µ + gsf
abcGb

µG
c
ν (1.4)

W a
µν = ∂µW

a
ν − ∂νW a

µ + g2ε
abcW b

µW
c
ν (1.5)

Bµν = ∂µBν − ∂νBµ, (1.6)

with gs, g2, g1 being the SU(3)C , SU(2)L, and U(1)Y gauge couplings, respectively.

ψi is a SM fermion field with i = 1, 2, 3 denoting the flavor (or generation) of the

fermion and /D = γµDµ is the covariant derivative

Dµ = ∂µ − ig1BµY −
1
2ig2σaW

a
µ − igstaGa

µ (1.7)
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The second term in Eq. (1.2) LHiggs describes gauge and self-interactions of

the SM Higgs boson and is given by

LHiggs = (DµΦ)†DµΦ− V (Φ) (1.8)

where V (Φ) is the Higgs potential. Note that the covariant derivative for the

Higgs field Φ 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

−LYukawa =
∑
i,j

(
yuij(Qi

Lu
j
R)Φ̃ + ydij(Qi

Ld
j
R)Φ + yeij(LiLe

j
R)Φ

)
+ h.c. , (1.9)

where Φ̃ = iσ2Φ∗, yu,d,e are 3× 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 (Φ) = −µ2Φ†Φ + λ(Φ†Φ)2. (1.10)

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

signs of −µ2 and λ.
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1. For −µ2 < 0, λ < 0, the potential is unbounded from below and there is no

stable vacuum state.

2. For −µ2 > 0, λ > 0 the potential has a minimum at Φ = 0 and the

electroweak symmetry of the SM is unbroken. In this case the W± and Z

bosons would remain massless.

3. For −µ2 < 0, λ > 0 the potential has a minimum at Φ 6= 0 and electroweak

symmetry is broken via SU(2)L × U(1)Y → U(1)EM, 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 Φ is an SU(2)L complex scalar field with four degree of

freedom and can be decomposed as

Φ = 1√
2

φ1 + iφ2

φ3 + iφ4

→
 0

1√
2(v + h)

 , (1.11)

where in the last step we perform a gauge transformation (unitary gauge) that

removes the fields φ1,2,4 from the Lagrangian so that we are left with one massive

field φ3 that is expanded about the minimum of the Higgs potential so that φ3 =

v + h. The massless fields φ1,2,4 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

MW = g2v/2 , MZ = v
√
g2

1 + g2
2/2. (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 MW = 80.379± 0.0012 GeV and MZ = 91.187± 0.0021
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GeV [26]. Given the measured value of the MW and the gauge coupling g2, 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 mh = 125.10± 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 gs, g1, g2, the SM Higgs mass mh, 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

− LYukawa ⊃ uiLMu
iju

j
R + diLMd

ijd
j
R + `iLM`

ije
j
R (1.13)

whereM f
ij = v yfij/

√
2, (f = u, d, `) are fermion mass matrices that are, in general,

complex 3× 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

Mu
diag = U †uLM

u
ijUuR =


mu

mc

mt

 , (1.14)
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Md
diag = U †dLM

dUdR =


md

ms

mb

 , (1.15)

M`
diag = U †eLM

`UeR =


me

mµ

mτ

 . (1.16)

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

− g2

2 γ
µQLγ

µW a
µσaQL

mass−−→
basis

−g2

2 ū
i
LγµW

±V ij
CKMd

j
L, (1.17)

where the Cabbibo-Kobayashi-Maskawa (CKM) matrix VCKM is a 3× 3 unitary

matrix defined as

VCKM = U †uLUdL . (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 theW± 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).2 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 [26]

mu ' 2.2× 10−3 GeV , mc ' 1.27 GeV , mt ' 173 GeV

md ' 4.7× 10−3 GeV , ms ' 0.092 GeV , mb ' 4.18 GeV

me ' 5.1× 10−4 GeV , mµ,' 0.105 GeV , mτ ' 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]

|Vud| ' 0.97 , |Vus| ' 0.23 , |Vub| ' 3.7× 10−3

|Vcd| ' 0.23 , |Vcs| ' 0.97 , |Vcb| ' 0.042

|Vtd| ' 8.7× 10−3 , |Vts| ' 0.041 , |Vtb| ' 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

mt

mu

∼ 105 ,
mb

md

∼ 103 ,
mτ

me

∼ 103. (1.22)

In general we see that m3 � m2 � m1 (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 yfhff where yf =
√

2mf/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 2σ and 3σ level, respectively, by

observing the h→ µ+µ− 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→

e+e− 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

e+e− 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/ψγ decay rate [41–44],

inclusive h → cc̄ 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 → φγ, h → ργ, and h → ωγ are sensitive to the Higgs couplings

to strange, down, and up quarks [48, 49]. Also the Higgs pT distribution [50–52]

and the W±h charge asymmetry [53] have sensitivity to the light quark couplings.

While inclusive h→ cc̄ measurements might reach SM sensitivities at a future

100 TeV collider [43] and will be quite precisely determined at future e+e− 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 includeH/A→ cc, tc, µµ, τµ

and H± → cb, cs, µν. 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, γ 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 → `+`− (` = e, µ, τ) 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 LFU [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→ c`ν

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 LFU violation have been observed in the ratios of branching

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

RD, RD∗ , RK , and RK∗ ,

RD(∗) = BR(B → D(∗)τν)
BR(B → D(∗)`ν) , RK(∗) = BR(B → K(∗)µ+µ−)

BR(B → K(∗)e+e−) . (1.23)

The experimental world averages of RD and RD∗ from the heavy flavor averaging

group (HFLAV) are based on measurements from BaBar [60], Belle [61–63], and

LHCb [64,65], and read [66]

RD = 0.340± 0.027± 0.013 , RD∗ = 0.295± 0.011± 0.008 , (1.24)

with an error correlation of ρ = −38%. The corresponding SM predictions are
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known with high precision [67–69]. The values adopted by HFLAV are [66]

RSM
D = 0.299± 0.003 , RSM

D∗ = 0.258± 0.005 . (1.25)

The combined discrepancy between the SM prediction and experimental world

averages of RD and RD∗ is at the 3.1σ level.

The most precise measurement to date of the LFU ratio RK has been per-

formed by LHCb [70]

RK = 0.846+0.060
−0.054

+0.016
−0.014 , for 1.1GeV2 < q2 < 6GeV2 , (1.26)

with q2 being the dilepton invariant mass squared. The SM predicts RSM
K ' 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 2.5σ.

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

that finds

RK∗ =


0.66+0.11

−0.07 ± 0.03 , for 0.045GeV2 < q2 < 1.1GeV2 ,

0.69+0.11
−0.07 ± 0.05 , for 1.1GeV2 < q2 < 6GeV2 .

(1.27)

The result for both q2 bins are in tension with the SM prediction [71], RSM
K∗ ' 1,
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by ∼ 2.5σ each. Recent measurements of RK∗ and RK by Belle [74, 75]3

RK∗ =


0.90+0.27

−0.21 ± 0.10 , for 0.1GeV2 < q2 < 8GeV2 ,

1.18+0.52
−0.32 ± 0.10 , for 15GeV2 < q2 < 19GeV2 ,

(1.28)

RK =


0.98+0.27

−0.23 ± 0.06 , for 1GeV2 < q2 < 6GeV2 ,

1.11+0.29
−0.26 ± 0.07 , for 14.18GeV2 < q2 ,

(1.29)

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]. 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`ν and b→ s`` 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 B0 → K(∗)0`+`− and B± → K(∗)±`+`− decays.
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Part II

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
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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 q = u, c, 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 1σ level, combining results from ATLAS

and CMS [30]. The Higgs coupling to τ 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−1 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→ µµ branching fraction is bounded by a factor of ∼ 2.6 above the SM predic-

tion [91,92]. With 300 fb−1 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 → cc̄ rate is more difficult to

access at the LHC. At present, the most stringent bound arises from the ATLAS

search for Zh, h → cc̄, 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 hcc̄ coupling, at the level of ∼ 4 times the SM expectation [97].

The charm coupling may be determined more precisely at future colliders, such as

e+e− 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→ τµ and t→ ch, have

branching fractions that are constrained to be less than few × 10−3 [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→ τµ at CMS [108]. Other signatures include rare

lepton flavor-violating B meson decays like B → K(∗)τµ with branching ratios

as large as 10−7 and the rare top decay t → ch with branching ratios as large as

10−3 [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 β. The largest production mode of

the neutral Higgs bosons is production from a cc̄ initial state. The charged Higgs

bosons are dominantly produced from a cs initial state. The most interesting decay

modes include H/A → cc, tc, µµ, τµ and H± → cb, cs, µν. 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 Φ and Φ′ and

decompose as

Φ =

 φ+

1√
2(v + φ+ ia)

 , Φ′ =

 φ′+

1√
2(v′ + φ′ + ia′)

 , (2.1)

where v2+v′2 = v2
W = (246 GeV)2 is the SM Higgs vacuum expectation value (vev)

squared and the ratio of Higgs vevs is tan β = tβ = v/v′. Note that in generic

two Higgs doublet models, the Higgs fields Φ and Φ′ 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.1 In this

case, after electroweak symmetry breaking, the components of Φ and Φ′ mix in

the following way to form mass eigenstates

φ+

φ′+

 =

sβ −cβ
cβ sβ


G+

H+

 , (2.2)

a
a′

 =

sβ −cβ
cβ sβ


G0

A

 , (2.3)

φ
φ′

 =

 cα sα

−sα cα


h
H

 , (2.4)

with cx ≡ cosx, sx ≡ sin x for x = α, β. The three states G0, 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 mh ' 125 GeV. The heavy Higgs bosons H, A, and H± are approximately

degenerate in the decoupling limit, mH ' mA ' mH± , with mass splittings of

O(v2
W/m

2
A). In the decoupling limit, the mixing angle α is strongly related to β

with α = β − π
2 +O(v2

W/m
2
A).

Turning to the interactions of the two Higgs doublets with the SM fermions,

the most general Yukawa Lagrangian can be written as

−LY =
∑
i,j

(
λuij(q̄iuj)Φ̃ + λ′uij (q̄iuj)Φ̃′ + λdij(q̄idj)Φ + λ′dij(q̄idj)Φ′

+ λeij(¯̀
iej)Φ + λ′`ij(¯̀

iej)Φ′
)

+ h.c. , (2.5)

1Note 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 Φ̃(′) = iσ2(Φ(′))∗. The qi, `i are the three generations of left-handed quark

and lepton doublets, and the ui, di, ei 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

m
(′)u
qq′ = v(′)

√
2
〈qL|λ(′)u|q′R〉 , for q, q′ ∈ {u, c, t} , (2.6)

m
(′)d
qq′ = v(′)

√
2
〈qL|λ(′)d|q′R〉 , for q, q′ ∈ {d, s, b} , (2.7)

m
(′)
``′ = v(′)

√
2
〈`L|λ(′)`|`′R〉 , for `, `′ ∈ {e, µ, τ} . (2.8)

Notice that in the mass basis the matrices m(′)
xx′ , with x = q, `, are not diago-

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

parameterized as

L ⊃ −
∑
i,j

(ūiPRuj) (h(Y u
h )ij +H(Y u

H)ij + iA(Y u
A )ij)

−
∑
i,j

(d̄iPRdj)
(
h(Y d

h )ij +H(Y d
H)ij + iA(Y d

A)ij
)

−
∑
i,j

(¯̀
iPR`j)

(
h(Y `

h )ij +H(Y `
H)ij + iA(Y `

A)ij
)

+h.c. . (2.9)

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

Y h
` ≡ 〈`L|Y `

h |`R〉 = m`

vW

(
cα
sβ
− m′``
m`

cβ−α
sβcβ

)
, (2.10)

Y H
` ≡ 〈`L|Y `

H |`R〉 = m`

vW

(
sα
sβ

+ m′``
m`

sβ−α
sβcβ

)
, (2.11)
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Y A
` ≡ 〈`L|Y `

A|`R〉 = m`

vW

(
1
tβ
− m′``
m`

1
sβcβ

)
, (2.12)

for ` = e, µ, τ , and analogous for the quark couplings. m` are the mass eigenvalues

that is, from (2.8), m` = m`` + m′``. For the flavor-violating Higgs couplings we

obtain

Y h
``′ ≡ 〈`L|Y `

h |`′R〉 = −m
′
``′

vW

cβ−α
sβcβ

, (2.13)

Y H
``′ ≡ 〈`L|Y `

H |`′R〉 = +m
′
``′

vW

sβ−α
sβcβ

, (2.14)

Y A
``′ ≡ 〈`L|Y `

A|`′R〉 = −m
′
``′

vW

1
sβcβ

, (2.15)

for ` 6= `′ and `, `′ = e, µ, τ . Analogous expressions hold for the flavor-violating

quark couplings.

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

L ⊃ −
√

2
∑
i,j

(
(d̄iPRuj)H−(Y u

± )ij + (ūiPRdj)H+(Y d
±)ij

+ (ν̄iPR`j)H+(Y `
±)ij

)
+ h.c. . (2.16)

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

Y ±qq′ ≡ 〈qL|Y d
±|q′R〉

mq′

vW

Vqq′
tβ
−

∑
x=d,s,b

m′xq′

mq′

Vqx
sβcβ

 , (2.17)

for q ∈ {u, c, t} and q′ ∈ {d, s, b}, and

Y ±qq′ ≡ 〈qL|Y u
± |q′R〉 = mq′

vW

V ∗q′q
tβ
−

∑
x=u,c,t

m′xq′

mq′

V ∗xq
sβcβ

 ,

for q ∈ {d, s, b} and q′ ∈ {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

Y ±` ≡ 〈ν`|Y `
±|`R〉 = m`

vW

(
1
tβ
− m′``
m`

1
sβcβ

)
. (2.18)

The physical couplings of the Higgs bosons to the fermions are completely de-

termined by the two angles α and β, 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 Φ 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 β, well defined and physical.

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

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

λ` ∼
√

2
v


0 0 0

0 0 0

0 0 mτ

 , λ′` ∼
√

2
v′


me me me

me mµ mµ

me mµ mµ

 . (2.19)

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 β � 1. Next we rotate into the mass eigenstate basis. Expanding in
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mµ/mτ and me/mµ we find

m′ee = me +O(m2
e/mτ ) , (2.20)

m′µµ = mµ +O(m2
µ/mτ ) , (2.21)

m′ττ = O(mµ) , (2.22)

m′eµ = O(memµ/mτ ) , m′µe = O(memµ/mτ ) , (2.23)

m′eτ = O(me) , m′τe = O(me) , (2.24)

m′µτ = O(mµ) , m′τµ = O(mµ) . (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 − µ

mixing is not given by an entry of O(me) as one could naïvely expect, but is

additionally suppressed. The reason for this suppression is a global U(2)`×U(2)e

flavor symmetry acting on the first two generation of leptons that is only broken

by a single Yukawa coupling λ′`. This suppression of e − µ mixing is sufficient

to avoid the stringent constraints from flavor-violating low energy transitions like

µ→ eγ or µ→ 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, µ → c,
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and τ → t. The strongly suppressed u − c 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

λd ∼
√

2
v


0 0 0

0 0 0

0 0 mb

 , λ′d ∼
√

2
v′


md λms λ3mb

md ms λ2mb

md ms ms

 , (2.26)

with the Cabibbo angle λ ' 0.23. To a reasonable approximation one has λ2mb ∼

ms, while λ3mb and λms are a factor of few larger than md. We consider this

small missmatch acceptable at the level of Yukawa textures.

Rotating into the mass eigenstate basis we find

m′dd = md +O(msλ
4) , (2.27)

m′ss = ms +O(msλ
2) , (2.28)

m′bb = O(ms) , (2.29)

m′ds = O(msλ
3) , m′sd = O(mdλ

2) , (2.30)

m′db ' −mbV
∗
td , m′bd = O(md) , (2.31)

m′sb ' −mbV
∗
ts , m′bs = O(ms) . (2.32)

Note that them′db andm′sb 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 msλ
3, eases constraints from neutral Kaon

oscillations. Nevertheless, Kaon, Bd, and Bs meson oscillations do put constraints

on the size of the m′sd m′bd, and m′bs parameters and on tan β 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 λ′d Yukawa coupling

λ′d '
√

2
v′


md λms λ3mb

0 ms λ2mb

0 0 ms

 , (2.33)

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

κHτ = Y H
τ

Y SM
τ

= 1
tβ

sα
cβ

+O
(
mµ

mτ

)
× tβ
s2
β

sβ−α , (2.34)

κAτ = Y A
τ

Y SM
τ

= 1
tβ

+O
(
mµ

mτ

)
× tβ
s2
β

, (2.35)

κ±τ = Y ±ντ τ
Y SM
τ

= 1
tβ

+O
(
mµ

mτ

)
× tβ
s2
β

, (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 β

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 β and can

actually dominate in the large tan β 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′µµ/mµ = 1 +O(mµ/mτ ), so we find

κHµ =
Y H
µ

Y SM
µ

= tβ
cα
sβ

+O
(
mµ

mτ

)
× tβ
s2
β

sβ−α , (2.37)

κAµ =
Y A
µ

Y SM
µ

= −tβ +O
(
mµ

mτ

)
× tβ
s2
β

, (2.38)

κ±µ =
Y ±νµµ
Y SM
µ

= −tβ +O
(
mµ

mτ

)
× tβ
s2
β

. (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 β. 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

κHµτ =
Y H
µτ

Y SM
τ

= O
(
mµ

mτ

)
× tβ
s2
β

sβ−α , (2.40)

κAµτ =
Y A
µτ

Y SM
τ

= O
(
mµ

mτ

)
× tβ
s2
β

. (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

κ±st = Y ±st
Y SM
t

' Vts
tβ

+O
(
mc

mt

)
× tβ
s2
β

. (2.42)

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].2 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 β,

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

κt ≡
Yt
Y SM
t

= cα
sβ

+O
(
mc

mt

)
× tβ
s2
β

cβ−α , (2.43)

κb ≡
Yb
Y SM
b

= cα
sβ

+O
(
ms

mb

)
× tβ
s2
β

cβ−α , (2.44)

2See also [?, 126–132] for studies of interesting 2HDM setups with new sources of flavor
violation.
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κτ ≡
Yτ
Y SM
τ

= cα
sβ

+O
(
mµ

mτ

)
× tβ
s2
β

cβ−α . (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 (cα/sβ), 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 β

regime.

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

gauge bosons are given by

κW = κZ ≡ κV = sβ−α . (2.46)

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

The expressions for the second generation read

κµ ≡
Yµ
Y SM
µ

= −sα
cβ

+O
(
mµ

mτ

)
× tβ
s2
β

cβ−α , (2.47)

κc ≡
Yc
Y SM
c

= −sα
cβ

+O
(
mc

mt

)
× tβ
s2
β

cβ−α , (2.48)

κs ≡
Ys
Y SM
s

= −sα
cβ

+O
(
ms

mb

)
× tβ
s2
β

cβ−α . (2.49)

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 α and β 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(β − α) vs. tan β plane from measurements
of the 125 GeV Higgs rates at the LHC. The dark green and light green regions
correspond to the 1σ and 2σ allowed regions, allowing the O(m2nd/m3rd) terms
in the relevant Higgs couplings to float between −3m2nd/m3rd and +3m2nd/m3rd.
The dashed line corresoponds to the 2σ contour in a 2HDM type I.

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 (α = 0), the 125 GeV

Higgs does not couple at all to the first and second generation. For large tan β

and away from the decoupling or alignment limit cos(α− β) = 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 α and β. We use the results for the Higgs signal

strengths given in [30] to construct a χ2 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 tt̄), and

five branching ratios (WW , ZZ, γγ, τ+τ−, bb̄) 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 χ2 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(β − α) vs. tan β plane is shown in Fig. 2.1.

The dark (light) green region correspond to ∆χ2 = χ2 − χ2
SM < 1(4), allow-

ing the O(m2nd/m3rd) terms in the involved Higgs couplings to float between

−3m2nd/m3rd and +3m2nd/m3rd. 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(β − α) vs. tan β plane

coincides with the constraints in a 2HDM type I. The corresponding ∆χ2 = 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 β and away from the decoupling or

alignment limit, cos(β − α) = 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 β, 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 ∆χ2 < 4.

In addition to the modified SM couplings of the light Higgs, our framework

35



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 of3

BR(h→ ff ′) = BR(h→ ff̄ ′) + BR(h→ f̄f ′)

= mh

8πΓh

(
|Yff ′ |2 + |Yf ′f |2

)
, (2.50)

where Γh is the total Higgs width and we have neglected tiny phase space effects.

For h→ τµ and h→ τe this gives generically branching ratios of the order of

BR(h→ τµ) ∼ BR(h→ µ+µ−) ∼
m2
µ

3m2
b

∼ 10−3, (2.51)

BR(h→ τe) ∼ m2
e

m2
µ

× BR(h→ τµ) ∼ 10−7 . (2.52)

This implies that h → τµ can be at an experimentally accessible level and the

model could even explain the observed excess in h → τµ searches at CMS [108].

The decay h → τe, on the other hand, is generically well below the foreseeable

experimental sensitivities. The prediction for h→ µe is even smaller

BR(h→ µe) ∼ m2
e

m2
τ

× BR(h→ τµ) ∼ 10−10 . (2.53)

In the quark sector the h → bs mode has generically the largest branching

ratio

BR(h→ bs) ∼ |Vcb|2 × BR(h→ bb̄) ∼ 10−3 . (2.54)

In view of the large h→ bb̄ 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 f̄f ′+ff̄ ′, 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 λ′ Yukawa couplings for the leptons and up-type quarks (see Eq. (2.19)),

we set

λ′`,u11 = λ′`,u12 = λ′`,u13 = λ′`,u21 = λ′`,u31 , (2.55)

λ′`,u22 = λ′`,u23 = λ′`,u32 = λ′`,u33 . (2.56)

For any given tan β, 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

µ = 500 GeV).

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

Eq. (2.26) with

λ′d11 = λ′d21 = λ′d31 , (2.57)

λ′d22 = λ′d32 = λ′d33 . (2.58)

The down and strange masses, together with the CKM angles fix all entries of

the λ′d matrix for a given value of tan β. With the above assumptions, the Higgs

mixing angle α and tan β completely determine all Higgs couplings.

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

of the λ′1i and λ′i1 parameters. However, some results do depend on the chosen
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Figure 2.2: Ratio of branching ratios H → τ+τ− over H → µ+µ− (left) and
H → tt̄ over H → cc̄ (right) in the tan β vs. cos(β − α) plane for a heavy Higgs
with mass mH = 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 λ′ 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 → tt̄, bb̄, τ+τ−, we are particularly interested in decays involving lighter

fermion flavors like A/H → cc̄, µ+µ− and the flavor-violating decays A/H →

tc, τµ. We assume that the heavy Higgs sector is approximately degenerate, mH '

mA ' mH± , such that no two body decay modes involving heavy Higgses in

the final state are kinematically allowed. We also assume that the triple Higgs

couplingsHhh and Ahh are sufficiently small such that we can neglect theH → hh

and A→ hh decay modes.4 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 β, 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→ τ+τ−)
BR(A→ µ+µ−) = BR(H → τ+τ−)

BR(H → µ+µ−) = m2
τ

m2
µ

' 300 , (2.59)

BR(A→ tt̄)
BR(A→ cc̄) '

BR(H → tt̄)
BR(H → cc̄) '

m2
t

m2
c

' 7× 104 , (2.60)

where, for illustration, we used running MS quark masses at the scale µ = 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→ τ+τ−)
BR(A→ µ+µ−) '

m2
τ

m2
µ

1
t4β

(
1− tβ

sβcβ

m′ττ
mτ

)2

, (2.61)

BR(A→ tt̄)
BR(A→ cc̄) '

m2
t

m2
c

1
t4β

(
1− tβ

sβcβ

m′tt
mt

)2

, (2.62)

where we neglected respectively O(mµ/mτ ) and O(mc/mt) corrections. The ex-

pressions (2.61) and (2.62) also hold for the heavy scalar H, up to corrections

of O(v2
W/m

2
A). For moderate tβ we can neglect the terms proportional to m′ττ

and m′tt and obtain the ratios m2
τ/(m2

µt
4
β) and m2

t/(m2
ct

4
β), respectively. For large

tβ, the terms proportional to m′ττ and m′tt are dominant and we find the ratios

(m′ττ )2/m2
µ and (m′tt)2/m2

c . 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 τ+τ− and µ+µ− branching

mainly on the λ7 quartic coupling that is equal to zero if the two doublets have an opposite Z2
charge (see e.g. [109] for the definition of λ7).
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Figure 2.3: Branching ratios of the scalarH as a function of its massmH for fixed
tan β = 50 (left) and as a function of tan β for fixed Higgs mass mH = 500 GeV
(right). In both plots we set cos(β − α) = 0.05.

ratios (left) as well as of tt̄ and cc̄ branching ratios (right) of the scalar H in the

plane of cos(β − α) vs. tan β for a scalar mass of mH = 500 GeV. The values

of the pseudoscalar branching ratios can be obtained from the figure, by fixing

cos(β − α) = 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 β, these ratios of branching ratios are

not very sensitive to our choice of Yukawa matrices in Eqs. (2.55) and (2.56). For

large tan β, however, they are determined by m′tt and m′ττ which are in general

free parameters. The values shown in Fig. 2.2 in the large tan β 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 τµ and tc final states can
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have sizable branching ratios. For the pseudoscalar A we have approximately

BR(A→ τµ)
BR(A→ µ+µ−) '

1
s4
β

(m′µτ )2 + (m′τµ)2

m2
µ

, (2.63)

BR(A→ tc)
BR(A→ cc̄) '

1
s4
β

(m′ct)2 + (m′tc)2

m2
c

, (2.64)

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

µ+µ− and cc̄, respectively.

The plots in Fig. 2.3 show the branching ratios of the scalar H as a function of

mH for fixed tan β = 50 (left) and as a function of tan β for fixed mH = 500 GeV

(right). In both plots we set cos(β − α) = 0.05 to satisfy constraints from the

125 GeV Higgs coupling measurements as discussed in Sec. 2.3. For low values of

tan β, the decay into the tt̄ final state dominates if kinematically allowed. At large

tan β, decays into tt̄, cc̄ 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 tt̄ 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 H
tt vanishes

at approximately tan β ' 11. The value of tan β where such a cancellation occurs

can shift by a factor of few, depending on the m′tt parameter. For the opposite

sign of m′tt, the cancellation does not occur instead. A similar, but less prominent,

phenomenon happens for the bb̄ branching ratio: for our choices of parameters,

the coupling Y H
bb vanishes at tan β ' 5.6.

For cos(β − α) = 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 β,
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these decays can even dominate. Concerning the leptonic decay modes τ+τ−,

µ+µ−, and τµ, for moderate and large values of tan β we find typical branching

ratios at the level of 10−3 to 10−2. Branching ratios involving second and third

generation down-type quarks (only bb̄ and ss̄ are shown in the plots) are generically

at a comparable level. For moderate and large tan β, the values of the flavor-

violating partial widths and the partial width to tt̄, bb̄, and τ+τ− depend on the

m′ mass matrices. Therefore, perturbing the m′ matrices around the ansatz based

on Eqs. (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 tt̄ threshold, the tt̄ branching ratio is dominant for low tan β, while

for large tan β also the decay to the cc̄ 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 × 10−3. 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 cos2(β − α). For cos(β − α) = 0.05, the

A → Zh branching ratio is around a few %. For heavy pseudoscalar masses and

moderate values of tan β, 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 cc̄ 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 cc̄); Center and Right: production in association with
a top/bottom with the main contributions coming from flavor-changing diagrams
where the initial state q is a charm/strange quark.
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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 mH for fixed tan β = 50 (left) and as a
function of tan β for fixed scalar mass mH = 500 GeV (right). The cc+ cH curves
include both the cc̄ and the associated cH and c̄H production cross sections. In
both plots we set cos(β − α) = 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 β 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 cos2(β −α), 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 cos2(β − α). 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: qq̄ → Z∗ → Ah. The corresponding cross section is proportional to

cos2(β − α) 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 cc̄ initial state. Produc-

tion in association with a c or c̄ 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 c̄ as a separate production chan-

nel but as a NLO correction to cc̄. 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 MadGraph5 [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 mH for fixed tan β = 50 (left) and

as a function of tan β for fixed mH = 500 GeV (right). In both plots we set

cos(β − α) = 0.05. For a heavy Higgs mass of mH = 500 GeV the inclusive pro-

duction cross section can be few × 100 fb over a broad range of tan β. The most

important production modes are gluon fusion (denoted with ggF in the plots) and

from processes where the Higgs couples to charm quarks cc̄ → H, gc → Hc, and

gc̄ → Hc̄ (the sum of these modes is denoted with cc + cH in the plots). Gluon

fusion is dominant for small tan β, while charm initiated production can dominate

over the gluon fusion cross section for moderate and large values of tan β. The

strong suppression of the gluon fusion cross section for tan β ' 11 is due to the

same accidental cancellation in Y H
tt which leads to the suppression of BR(H → tt̄)

at this value of tan β (see discussion in the previous subsection).

We find that production from ss̄ (not shown in the plots) is suppressed by

almost 2 orders of magnitude compared to cc̄. The larger strange quark PDF

cannot compensate for the much smaller coupling to the heavy Higgs proportional

to ms vs. mc. For cos(β − α) = 0.05, production in vector-boson fusion is very

small, with production cross sections ranging from 5.7 fb at a mass of mH =

200 GeV to 0.22 fb at a mass of mH = 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 mH = 500 GeV, over

a broad range of tan β. In the bottom initiated production we include bg → Hb,
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b̄g → Hb̄, bb̄→ H, bs̄→ H, sb̄→ H, sg → Hb, and s̄g → Hb̄, 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 bq+ 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. TheHt 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 β, charm initiated production dominates for

moderate and large values of tan β. 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 τν

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 µνµ. 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 τντ and µνµ decay modes, as

opposed to the relation BR(H± → τντ )/BR(H± → µνµ) = m2
τ/m

2
µ, 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 τντ
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Figure 2.6: Branching ratios of the charged HiggsH± as a function of the charged
Higgs mass mH± for fixed tan β = 50 (left) and as a function of tan β for fixed
Higgs mass mH± = 500 GeV (right). For both panels, we fix cos(β − α) = 0.05.

obeys the relation

BR(H± → tb)
BR(H± → τντ )

= 3×O
(
m2
c

m2
µ

)
= O(100), (2.65)

valid in the regime of large tan β, as opposed to the ratios 3m2
t/m

2
τ ∼ 6 × 106,

3m2
b/m

2
τ ∼ 1800, as arising in type I and type II 2HDM, respectively. For this

reason, in our model, we expect the τντ 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 β = 50, and on the right

panel as a function of tan β, having fixed the mass of the charged Higgs to 500 GeV.

For both panels, we fix cos(β − α) = 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 β 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 β, instead, the decays to second and third generation quarks have comparable
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proton collisions as a function of the charged Higgs mass mH± for fixed tan β = 50
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these cross sections depend on the value of cos(β − α).

branching ratios, and the decay to leptons (µνµ and τντ ) 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 β,

the Wh decay mode can be the dominant one, having fixed cos(β − α) = 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 (mH± > mt) for fixed

tan β = 50 (left) and as a function of tan β for fixedmH± = 500 GeV (right). None

of these cross sections depend on the value of cos(β − α). 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 β, as at small values of tan β 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 β, 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 β = 50 and cos(β − α) =
0.05. Shown are the currently most strigent constraints coming from searches
for τ+τ−, ZZ/WW , jj, and µ+µ− final states (neutral scalar) and cb, cs, τν,
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 × 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(β − α) = 0.05.

For mH± < mt, 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 β = 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],

(iii) A/H → τ+τ− [157–161],

(iv) A/H → µ+µ− [162],

(v) A/H → tt̄ [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 mH . A ratio smaller than 1 indicates exclusion. In the plots we set

tan β = 50 and cos(β − α) = 0.05. For a given Higgs mass we show the strongest

constraint of a specific category of final states (τ+τ−, ZZ/WW , jj, µ+µ−). The

solid (dashed) lines indicate 13 (8) TeV analyses.
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The 8 TeV inclusive search for H → µ+µ− [162] is the most sensitive at

low masses. At higher masses mH & 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 → µ+µ− searches exclude the

heavy scalar with mass mH . 360 GeV for tan β = 50. For lower tan β, this

constraint becomes weaker, due to the smaller production cross sections, and it

does not extend the LEP bound for tan β . 12.

Searches for H → τ+τ− give strong constraints on 2HDMs of type II in the

large tan β regime. In our model, on the other hand, the small branching ratio

of H → τ+τ− renders these searches less relevant. Even for tan β = 50, we find

that current experimental sensitivities do not yet allow to probe the heavy scalar

using this channel.

Searches forH → ZZ 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 β and larger cos(β − α).

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 → cc̄ (see Fig. 2.3) also searches for light

di-jet resonances might be interesting. The ATLAS di-jet search performed with

3.4 fb−1 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 pT 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 mH) to the constraints from the most studied

H → τ+τ− searches.

Finally, in the figure we do not show the constraints from A/H → tt̄ [163], as

they are very weak. This is due to the interference of the signal with the SM tt̄

continuum [125,176–178].

For the charged Higgs we consider searches for

(i) (t)H± → τν [179–182], for both the charged Higgs mass below and above

the top mass.

(ii) H± → tb: [183], both for pp → tH± and qq′ → H± production; [180, 184]

for pp→ (b)tH±,

(iii) H± → cs [185], for mH± < mt,

(iv) H± → cb [186] for mH± < mt,

(v) H± → Wh [187–191],

(vi) H± → µνµ [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± → τν,

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 mH± & 800 GeV and lead only to very weak constraints on the

parameter space of our model. Also bounds from µνµ searches are not shown.

They do not lead to interesting constraints since the H± → µνµ 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]5. For tan β = 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 mH± < mt). However, the bound gets significantly weaker

for intermediate values of tan β, as the charged Higgs production cross section

gets smaller: as shown by the dotted lines obtained for tan β = 10, the entire

mass range below the top mass opens up. For even smaller values of tan β the

charged Higgs production increases again, leading to stronger bounds, if compared

to tan β = 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 qq′ → H± → tb [183] (denoted by tbqq′ in the figure) is

presently probing cross sections up to∼ 10 bigger than the cross sections predicted

by our model for tan β = 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 qq′ → 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 mH± < mt 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, cb, 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 → τµ 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

mH − tan β plane in the upper and lower left panels of Fig. 2.9, having fixed

cos(β − α) = 0.

Compared to a 2HDM type II, a much larger region of the mH− tan β plane is

not yet probed by existing searches. In a 2HDM type II, searches forH/A→ τ+τ−

are sensitive to neutral Higgs bosons with masses of 300-400 GeV as long as

tan β & 15 [157–161]. For tan β & 50, neutral Higgs bosons above 1 TeV can

be probed. In our setup, the sensitivity of H/A → τ+τ− 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 β ∼ 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 → τµ 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 parametersm′tc andm′ct that control the size of theHtc coupling. Interestingly

enough, generically one half of this cross section corresponds to same sign tops

pp → tH → ttc̄ or pp → t̄H → t̄t̄c, 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 β (= 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 mH± > mt (see lower right panel

of Fig. 2.9). Additionally, the cross section for the flavor conserving signature

pp → tH± 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± → µ±νµ, but the cross section is at the fb level even for

tan β = 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

byO(1). We find that the searches for h→ µ+µ− provide the strongest constraints

on deviations from the decoupling limit cos(β − α) = 0 for moderate and large

values of tan β. The framework predicts generically a O(0.1%) flavor-violating

branching ratio h→ τµ.

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 β, while their couplings to the third generation are suppressed. For large

tan β, we generically find that the dominant decay modes are into cc̄, tt̄, 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

for moderate values of tan β. Decays into µ+µ−, τ+τ−, and τµτ are typically also

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 β, 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 II 2HDMs, as they are dominated

by flavor-violating cb, ts decays and by decays to second generation cs. Also the

hierarchy between the decay rate into µνµ and into τντ 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 τντ .

56



Due to the non-standard branching ratios and production modes of H, A,

and H±, 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 → τµ or pp →

H/A → tc, as well as final states with same sign tops pp → tH → ttc̄ or pp →

t̄H → t̄t̄c. 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 → τµ (upper left), pp → H → tc (upper right) and pp → tH,H → tc
(lower left) at 13 TeV in the mH vs. tan β plane in the decoupling or alignment
limit, cos(β − α) = 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 mH± vs. tan β 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 → τµ

or b → sτµ and large branching ratios for t → ch, as well as heavy Higgs or

pseudoscalar decays H/A → cc̄, tc̄, µµ, τµ and charged Higgs decays H± → bc̄,

sc̄, µν.

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’ –
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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)Q,U,D – 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

60



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

−LY =
∑
i,J

[
Y u
iJ(Q̄i

LH̃1U
J
R) + Y ′uiJ (Q̄i

LH̃2U
J
R)
]

+
∑
i,Ĵ

[
Y d
iĴ

(Q̄i
LH1D

Ĵ
R) + Y ′d

iĴ
(Q̄i

LH2D
Ĵ
R)
]

+
∑
i,Ĵ

[
Y `
iĴ

(L̄iLH1E
Ĵ
R) + Y ′`

iĴ
(L̄iLH2E

Ĵ
R)
]

+ h.c. , (3.1)

with two Higgs doublets H1 and H2 coupling to the left-handed and right-handed

quarks (QL, UR, DR) and leptons (LL and ER), and H̃ ≡ εH∗. The indices

i = 1, 2, 3 and J, Ĵ = 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

H1 =

 G+ sin β −H+ cos β
1√
2

(v sin β + h cosα +H sinα + iG0 sin β − iA cos β)

 , (3.2)

H2 =

 G+ cos β +H+ sin β
1√
2

(v cos β − h sinα +H cosα + iG0 cos β + iA sin β)

 , (3.3)

where v = 246 GeV is the vacuum expectation value of the SM Higgs, G0 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

α parametrizes diagonalization of the scalar Higgs mass matrix and tan β is the

ratio of the vacuum expectation values of H1 and H2. 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(v2/mH,A,H±).

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

and Y ′ were chosen,

Y u ∼
√

2
v sin β


0

0
mt

 , Y ′u ∼
√

2
v cos β


mu mu mu

mu mc mc

mu mc mc

 , (3.4a)

Y d ∼
√

2
v sin β


0

0
mb

 , Y ′d ∼
√

2
v cos β


md λms λ3mb

md ms λ2mb

md ms ms

 , (3.4b)

where each entry in the Y ′u, Y ′d 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

Y u ∼
√

2
v sin β


0

0
mt

 , Y ′u ∼
√

2
v cos βUu


mu

mc

0

V †u , (3.5a)

Y d ∼
√

2
v sin β


0

0
mb

 , Y ′d ∼
√

2
v cos βUd


md

ms

0

V †d , (3.5b)

in which Uu,d and Vu,d 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 h 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 β, while the couplings to first and second

generation are enhanced by tan β. Therefore, the decays of H, A, and H± to the

third generation – t, b quarks and the τ lepton – are not necessarily dominant. For

large and moderate tan β 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 Eqs. (3.4) and Eqs. (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(β − α) = 0. However, flavor-violating couplings of the heavy Higgs

bosons persist in this limit and they are proportional to tan β. Therefore, for

large tan β 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)5

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 Eqs. (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 |Vcb| and |Vub|.

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 quarksQL, UR, DR

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

− LY ⊃ Q̄i
L

λαiJ
ΛF

sα
ΛH

H̃UJ
R + Q̄i

L

λα̂iĴ
ΛF

sα̂
ΛH

HDĴ
R . (3.6)

The λ’s are bifundamentals of the appropriate U(3)Q×U(3)U,D flavor groups for up

and down quarks, respectively. The subscripts1, α = u, c, t and α̂ = d, s, b, denote

an arbitrary transformation property under a symmetry or set of symmetries,

G and Ĝ, that enforces the structure of Eq. (3.6). In the original flavor-locking

study [194], G × Ĝ was chosen to be a set of discrete Zpqq or U(1)q ‘quark flavor

number’ symmetries, for q = d, s, b, u, c, t. Here, we similarly choose each flavon

λα (λα̂) to be charged under a gauged U(1)α (U(1)α̂), but assert a S3 permutation

symmetry among the up (down) flavons and the corresponding U(1)α (U(1)α̂)

gauge bosons, fixing the gauge couplings gα = g (gα̂ = ĝ). 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

Eqs. (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 × Ĝ 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
1We 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 sα and sα̂ do not carry the quark U(3)Q×U(3)U,D flavor symmetries, i.e., they

do not carry flavor indices i, J, Ĵ . Moreover, the hierarchon scale ΛH need not be

the same as the flavon scale ΛF, 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, Qi
L, U

J
R, D

Ĵ
R with i, J, Ĵ = 1, . . . , N ,

charged under the symmetry U(N)Q × U(N)U × U(N)D. We introduce n ≤ N

pairs of flavons λα, λα̂, with α, α̂ = 1, . . . , n, that generate Yukawa couplings to

the quarks as in Eq. (3.6). The flavons for this theory then transform as

λα ∼N ⊗ N̄ ⊗ 1 , λα̂ ∼N ⊗ 1⊗ N̄ . (3.7)

We suppress hereafter the U(N)Q×U(N)U,D indices, keeping in mind that matrix

products only take the form λαλ
†
β or λ

†
βλα, and correspondingly in the down sector.
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Up-down matrix products can only take the form λ†αλα̂ or λ†
α̂
λα, but not λαλ

†
α̂
nor

λ
α̂
λ†α.

The most general, renormalizable and CP conserving potential for the flavons

can then be written in the form

Vfl =
∑
α

V α
1f +

∑
α<β

V αβ
2f +

∑
α̂

V α̂
1f +

∑
α̂<β̂

V α̂β̂
2f +

∑
α, α̂

V αα̂
mix . (3.8)

Here, the single and pairwise field potentials are

V α
1f = µ1

∣∣∣∣Tr
(
λαλ

†
α

)
− r2

∣∣∣∣2 + µ2

[∣∣∣Tr
(
λαλ

†
α

)∣∣∣2 − Tr
(
λαλ

†
αλαλ

†
α

)]
, (3.9)

V αβ
2f = µ3

∣∣∣∣Tr
(
λαλ

†
α

)
− Tr

(
λβλ

†
β

)∣∣∣∣2 + µ4

∣∣∣∣Tr
(
λαλ

†
β

)∣∣∣∣2
+ µ6,1 Tr

(
λ†αλαλ

†
βλβ

)
+ µ6,2 Tr

(
λαλ

†
αλβλ

†
β

)
, (3.10)

and similarly for V α̂
1f and V α̂β̂

2f , hatting all coefficients (the labeling and notation

follows the choices of Ref. [194]). Note that the pairwise potentials respect the

U(1)α and U(1)α̂ symmetries. The mixed potential is

V αα̂
mix = ν1r

2r̂2
∣∣∣∣Tr

(
λαλ

†
α

)
/r2 − Tr

(
λ
α̂
λ†
α̂

)
/r̂2

∣∣∣∣2
− ν2

[
Tr
(
λαλ

†
αλα̂λ

†
α̂

)
− 1
n

Tr
(
λαλ

†
α

)
Tr
(
λ
α̂
λ†
α̂

)]
. (3.11)

The Sn symmetry ensures that all potential coefficients are the same for all fields

α, α̂, β, β̂ singly and pairwise. All µi and νi coefficients, as well as r and r̂, 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

µ6,2 ≥ ν2r̂
2/r2 , µ̂6,2 ≥ ν2r

2/r̂2 , and ν1 ≥ ν2/(2n) , (3.12)
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the potential has a global minimum if and only if the flavons have the vacuum

configuration

〈λ1〉 = U


r

0 . . .

V † , 〈λ2〉 = U


0

r . . .

V † , . . . (3.13a)

〈λ1̂〉 = Û


r̂

0 . . .

 V̂ † , 〈λ2̂〉 = Û


0

r̂ . . .

 V̂ † , . . . (3.13b)

with U , V , Û , V̂ unitary matrices – crucially, the matrices U , V (Û , V̂ ) are the

same for all λα (λα̂) – and the CKM mixing matrix has the form

Vckm = U †Û =

Vn 0

0 VN−n

 , (3.14)

with Vk a k × k unitary matrix. These n or N − n block CKM rotations are flat

directions of the global minimum, and therefore Vn and VN−n may be any arbitrary

unitary submatrices with generically O(1) entries. We refer to the configuration

in Eqs. (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

Q̄L
r

ΛF


su/ΛH

sc/ΛH

st/ΛH

 H̃UR+Q̄L
r̂

ΛF
Vckm


sd/ΛH

ss/ΛH

sb/ΛH

HDR ,

(3.15)
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under a suitable unitary redefinition of the QL, UR and DR fields. From these ex-

pressions, taking the natural choice r, r̂ ∼ ΛF, it is clear that it is the physics

of the hierarchon vev’s, 〈sα〉, that generates the quark mass hierarchies, i.e.

〈sα〉/ΛH ∼ yα, the quark Yukawa for flavor α. This physics may operate at

scales vastly different to the flavor breaking scale, ΛF. In Eq. (3.15) the CKM

matrix Vckm is an arbitrary 3× 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
[
λ†αλα

]
s†αsα (Tr

[
λ†αλβ

]
s†αsβ) may be present, which can produce

(mixed) mass terms that disrupt the Vmix (V2f) vacuum once the hierarchons, sα,

obtain vev’s. Mixed mass terms may disrupt the alignment between the different

〈λα〉, 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 χαi

and a scalar Φα, with interactions

λαiJ χ̄αiU
J
R + ΦαQ̄

i
Lχαi + µΦ†αsαH̃ , (3.16)
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with mχ ∼ ΛF and µ ∼ mΦ ∼ ΛH. This produces the Yukawa portal (3.6) via

UR

χα

Q̄L

λαsα

Φα

H̃

(3.17)

As 〈sα〉/ΛH ∼ yα, the quark Yukawa for flavor α, the corresponding (mixed) mass

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

One finds

δm2
αβ ∼

Λ2
H

Λ2
F

yαyβ
(16π2)2 log(ΛH/ΛF) r2 , (3.18)

once again taking the natural choice r ∼ ΛF. A suitable hierarchy between ΛH

and ΛF, 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,

Q̄L

[
λt
ΛF

st
ΛH

H̃1 + λc,u
ΛF

sc,u
ΛH

H̃2

]
UR + Q̄L

[
λb
ΛF

sb
ΛH

H1 + λs,d
ΛF

ss,d
ΛH

H2

]
DR , (3.19)

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 λt, st, and H1 belonging to a different UV sector (or
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brane) than λc,u, sc,u, and H2, so that terms of the form λtstH̃2 or λc,usc,uH̃1 are

heavily suppressed in the effective field theory. Similarly, one can also generate this

structure via adding an additional symmetry to sc,u, ss,d and H2 such that sc,uH̃2

and sd,sH2 are singlets. Such terms (symmetries) will, ultimately, be generated

(softly broken) via the µ2H1H
†
2 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 S3

flavon-hierarchon symmetry has been replaced with a Z2 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 tα
2f , V bα̂

2f , V tα̂
mix, V bα

mix vanish, for

α = c, u and α̂ = s, d (or they obtain their own, independent, and suppressed

coefficients, identical for α = c, u and α̂ = 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

Vfl = Vfl,h + Vfl,l (3.20)

in which the ‘h’ and ‘l’ 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 µ2H1H
†
2 portal combined with the Yukawas (3.19)

only at the five-loop level, along with a µ4/Λ4
F factor.) The potentials Vfl,h and

Vfl,l 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

〈λt〉 = Ut

0
0

r

V †t , 〈λc〉 = U

0
r

0

V † , 〈λu〉 = U

r 0
0

V † ,
〈λb〉 = Ûb

0
0

r̂

 V̂ †b , 〈λs〉 = Û

0
r̂

0

 V̂ † , 〈λd〉 = Û

r̂ 0
0

 V̂ † .
(3.21)

We call this a ‘1 + 2’ flavor-locked vacuum. Note that the rotation matrices for

the third generation quarks (Ut, Vt, Ûb, V̂b) differ in general from the corresponding

rotations for the first and second generation quarks.

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

minimum in Eq. (3.14) enforces U †Û and U †t Ûb to each be 2⊕ 1 block unitary, i.e.

U †Û =
(
V2

1

)
, U †t Ûb =

(
W2

1

)
, (3.22)

where V2 and W2 are 2 × 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

Q̄L
r

ΛF


0

0
zt

 H̃1 + U

zu zc
0

V †H̃2

UR
+ Q̄L

r̂

ΛF


0

0
zb

H1 + U

(
V2

1

)zd zs
0

 V̂ †H2

DR , (3.23)

with zα = 〈sα〉/ΛH and zα̂ = 〈sα̂〉/ΛH. The unitary matrices U , V and V̂ have been

redefined to absorb the other unitary matrices, such that Eq. (3.22) is still satisfied,

and we have written Û = Udiag{V2, 1} accordingly. Matching the structure of

Eq. (3.5), Eq. (3.23) is the key result of this section: The dynamical generation of

72



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 |Vcb| and |Vub|. 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 〈sα〉. 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 |Vcb| and |Vub|, 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 H1-generated component of the third generation, the Q, U

and D quarks have a maximal U(2)3 × 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

(zt,u,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 + 1 + 3 = 7 real parameters (zb,d,s, and the SO(2)

and SO(3) rotations of V2 and V̂ , respectively) and 3 + 6− 2− 1 = 6 imaginary

parameters (the phases of V2 and V̂ , less the phases commuted or annihilated

by the rank-2 diagonal matrix). This counting implies that the total number of

physical parameters is 9+8+7+6−12 = 18, corresponding to 6 masses, 7 angles

and 5 phases.

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

form

U =

e
iφ1

eiφ2

1

RU(θ12)RU(θ13, φ)RU(θ23)

e
iφ4

eiφ5

eiφ6

 , (3.24)

with RU rotation matrices in the 3×3 flavor space, and θ12, θ13, θ23 and φ, φ1,2,4,5,6

generic angles and phases, respectively. Here the indices of the angles label the

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

Q̄L
r

ΛF


0

0
zt

 H̃1+RU(θ13, 0)RU(θ23)

zue
iψu

zce
iψc

0

R†V (ϑ23)R†V (ϑ13, 0)H̃2

UR
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+ Q̄L
r̂

ΛF


0

0
zb

H1 +RU(θ13, 0)RU(θ23)

e
iψm

1
0

(R(θ)
1

)

×

zde
iψd

zse
iψs

0

R†
V̂

(ϑ̂23)R†
V̂

(ϑ̂13, 0)H2

DR . (3.25)

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 θ, ϑ, ϑ̂.

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

3.4.2 CKM phenomenology

The unitary V2 matrix in Eq. (3.23) is a flat direction of the flavon potential,

as are U , V and V̂ . 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

Vckm ∼


1 O(θ) O(md/mb)
O(θ) 1 O(ms/mb)

O(md/mb) O(ms/mb) 1

 , (3.26)

where θ is the rotation angle in the V2 matrix (see Eq. (3.25)), that is a priori a free

parameter ofO(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(β − α) = 0, flavor-violating processes

from heavy Higgs exchange vanish in the largemH,A limit. However, from Eqs. (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 1+2 flavor-locked configuration is compatible with data, we heuristically

identified the following example input parameters,

zt
r

ΛF

v1√
2
' 173 GeV , zc

r

ΛF

v2√
2
' 1.9 GeV , zu

r

ΛF

v2√
2
' 7 MeV ,

zb
r̂

ΛF

v1√
2
' 4.8 GeV , zs

r̂

ΛF

v2√
2
' 240 MeV , zd

r̂

ΛF

v2√
2
' 21 MeV , (3.27a)

θ13 ' −0.2 , θ23 ' −0.1 , ϑ13 ' 1.0 , ϑ23 ' 1.0 , ϑ̂13 ' 0.4 , ϑ̂23 ' 1.5 ,

θ ' 0.1 , ψd ' −2.1 , ψs ' −0.2 , (3.27b)

and ψu = ψc = ψm = 0, where we have defined the two vevs, v1 ≡ v cos β and

v2 ≡ v sin β. The phases ψu, ψc, ψm are set to zero for simplicity, as they have

negligible impact on all the observables that we are considering. (The phases

ψu, ψc enter in D0–D̄0 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

λC ' 0.22506 ± 0.00050 [3], θ 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
mt 173.5± 1.5 GeV ' 173 GeV |Vus| 0.225± 0.023 ' 0.23
mb 4.8± 0.5 GeV ' 4.8 GeV |Vcd|
mc 1.7± 0.2 GeV ' 1.7 GeV |Vcb| (40.5± 4.1)× 10−3 ' 40× 10−3

ms 100± 10 MeV ' 100 MeV |Vub| (4.1± 0.4)× 10−3 ' 4.1× 10−3

mu 2.0± 2.0 MeV ' 2 MeV γ 73.2± 7.3◦ ' 71◦

md 5.0± 5.0 MeV ' 5 MeV

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, c, 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 θ. 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 χ2-like function, X2
tree, for the six quark masses and CKM

elements measured from tree-level processes,

X2
tree =

∑
i=u,c,t,d,s,b

(mFL
i −mi)2

(σmi)2

+
∑

i=us,cd,cb,ub

(|Vi|FL − |Vi|)2

(σVi)2

+ (γFL − γ)2

(σγ)2 .

(3.28)

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 aX2 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 X2

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
tree 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 Eqs. (3.27), except for the two parameters

corresponding to the plot axes. The number of degrees of freedom (dof) in the

X2
tree 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 θ13, θ23, ϑ13, ϑ23, ϑ̂13, ϑ̂23 around the benchmark point are pos-

sible, without worsening the agreement substantially. Only the angle θ 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.
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Figure 3.1: X2
tree/dof regions on various two-dimensional slices of the 1+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

MNP
12 = m3

K

f 2
K

v2
1

s2
βc

2
β

1
4B4η4

(
c2
β−α

m2
h

+
s2
β−α

m2
H

+ 1
m2
A

)
m′sd

∗m′ds
m2
s

−
(

5
48B2η2 −

1
48B3η3

)(
c2
β−α

m2
h

+
s2
β−α

m2
H

− 1
m2
A

)
(m′sd∗)2 + (m′ds)2

m2
s

 .
The m′ parameters are the off-diagonal entries of the contribution to the down

quark mass matrix from theH2 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 mH and mA,

the ratio of the two Higgs vacuum expectation values tan β and the scalar mixing

angle α. As additional parametric input in Eq. (3.29), we have the kaon decay

constant fK ' 155.4 MeV [203]. The bag parameters B2 ' 0.46, B3 ' 0.79,

B4 ' 0.78 are evaluated at the scale µK = 3 GeV and are taken from Ref. [204] (see

also Refs. [205, 206]). The parameters ηi encode renormalization group running

effects. From 1-loop RGEs we find

η2 ' 0.68 , η3 ' −0.03 , η4 = 1 . (3.29)

The relevant observables that are measured in the neutral kaon system are

the mass difference ∆MK and the CP violating parameter εK . 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

∆MK = ∆MSM
K + 2Re(MNP

12 ) , εK = εSMK + κε
Im(MNP

12 )√
2∆MK

. (3.30)

In the expression for εK we use κε = 0.94 [207] and the measured value of ∆MK

80



Data SM Prediction NP Contribution

∆MK
(5.294± 0.002)×

10−3 ps−1 [3]
(4.7± 1.8)×

10−3 ps−1 [208] ' −2× 10−6 ps−1

∆MBd
0.5055±

0.0020 ps−1 [209] 0.63± 0.07 ps−1 [210] ' 0.01 ps−1

∆MBs
17.757±

0.021 ps−1 [209] 19.6± 1.3 ps−1 [210] ' −1.8 ps−1

εK
(2.288± 0.011)×

10−3 [3]
(1.81± 0.28)×

10−3 [208] ' 0.025× 10−3

φd 43.7± 2.4◦ [5] 47.5± 2.0◦ [5] ' −2.4◦

φs −1.2± 1.8◦ [209] −2.12± 0.04◦ [5] ' 0.26◦

Table 3.2: Experimental measurements and SM predictions for meson mixing
observables. The SM prediction for ∆MK and its uncertainty refers to the short
distance contribution. To account for long distance effects, we use ∆MSM

K =
∆M exp

K (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 Bs mixing we find

MNP
12

MSM
12

=
m2
Bs

s2
βc

2
β

16π2

g2
2

1
S0

[
2ξ4

(c2
β−α
m2
h

+
s2
β−α
m2
H

+ 1
m2
A

)
m′bs

∗m′sb
m2
b(VtbV ∗ts)2

+
(
ξ2 + ξ3

)(c2
β−α
m2
h

+
s2
β−α
m2
H

− 1
m2
A

)(m′bs∗)2 + (m′sb)2

m2
b(VtbV ∗ts)2

]
. (3.31)

A completely analogous expression holds for Bd oscillations. The SM loop function

S0 ' 2.3, and the ξi factors contain QCD running as well as ratios of hadronic matrix

elements. At 1-loop we find

ξ2 ' −0.47 (−0.47) , ξ3 ' −0.005 (−0.005) , ξ4 ' 0.99 (1.03) , (3.32)

where the first (second) value corresponds to Bs (Bd) 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

∆Ms = ∆MSM
s ×

∣∣∣∣1 + MNP
12

MSM
12

∣∣∣∣ , φs = −2βs + Arg
(

1 + MNP
12

MSM
12

)
, (3.33)

∆Md = ∆MSM
d ×

∣∣∣∣1 + MNP
12

MSM
12

∣∣∣∣ , φd = 2β + Arg
(

1 + MNP
12

MSM
12

)
. (3.34)

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(β − α) = 0, mA,mH → ∞. The NP effects in D0–D̄0 oscillations are suppressed

by the tiny up quark mass. We have explicitly checked that D0–D̄0 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, mH = mA = 500 GeV. We use a moderate value of tan β = 5, and work in

the alignment limit β − α = π/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 X2
loop function, that compares the NP contri-

butions to the difference of the data and SM predictions, for the three mass differences

∆MK , ∆Md, and ∆Ms, as well as the CP violating observables εK , φd, and φs. That

is,

X2
loop =

∑
i=K,d,s

[
(∆MNP

i −∆M exp-SM
i )2

(σ∆Mexp
i

)2 + (σ∆MSM
i

)2

]
+
∑
i=d,s

[
(φNPi − φexp-SMi )2

(σφexp
i

)2 + (σφSM
i

)2

]
+ (εNPK − εexp-SMK )2

(σεexp
K

)2 + (σεSM
K

)2 ,

(3.35)

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: X2
loop/dof regions on various two-dimensional slices of the 1+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 X2

loop−X2
loop(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 X2
loop/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

X2
loop 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 X2
loop function, X2

loop(SM) ' 10.8.

We observe that ranges of model parameters exist for which X2 is mildly better than

in the SM: At our benchmark X2
loop−X2

loop(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
tree/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

θ23 and θ13 in the standard CKM parametrization, that produce small |Vcb| and |Vub|,

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 ∼ mH ∼ 500 GeV) and

moderate tan β (e.g. tan β ∼ 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(10−15) 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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Vus ∼ md/ms, Vcb ∼ ms/mb, Vub ∼ md/mb. 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 → sγ. 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 t → 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 F2HDMs 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, Φ and Φ′ (with vevs

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

−LYuk =
∑
i,j

(
λuij(Qiuj)Φ̃ + λdij(Qidj)Φ + λeij(¯̀

iej)Φ

+ λ′uij (Qiuj)Φ̃′ + λ′dij(Qidj)Φ′ + λ′eij(¯̀
iej)Φ′

)
+ h.c. , (4.1)

where Φ̃(′) = iσ2(Φ(′))∗, qi, `i are the three generations of the left-handed quark and

lepton doublets, and ui, di, ei are the three generations of right-handed up quark, down

quark, and charged lepton singlets. Generically, the Yukawa matrices λ(′)u,d,` will con-

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 Z2

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)5 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 Z2

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 d, s b e, µ τ

Type 1B Φ′ Φ Φ′ Φ Φ′ Φ

Type 2B Φ′ Φ Φ Φ′ Φ Φ′

Flipped B Φ′ Φ Φ Φ′ Φ′ Φ

Lepton-Specific B Φ′ Φ Φ′ Φ Φ Φ′

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)FN – 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)FN charge QS = +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 ε = 〈S〉/ΛS , where

ΛS � v, v′ is the scale associated with the breaking of U(1)FN. In the resulting effective

theory, the Yukawa Lagrangian is given by 1

− LeffYuk ⊃
∑
i,j

[(〈S〉
ΛS

)|xuij |
(Qiuj)Φ̃ +

(〈S〉
ΛS

)|x′uij |
(Qiuj)Φ̃′

]
, (4.2)

where the powers x(′)u
ij are determined from the charge assignments of the Higgs and

1Here 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)FN, and we have omitted model dependent prefactors of O(1).

In terms of the parameter ε ≈ 0.22 we aim for the following relations for the quark

masses and the CKM matrix elements

mu

vw
∼ ε8 , mc

vw
∼ ε3 , mt

vw
∼ ε0 , md

vw
∼ ε7 , ms

vw
∼ ε5 , mb

vw
∼ ε3 ,

|Vus| ∼ λc ∼ ε , |Vub| ∼ λ3
c ∼ ε3 , |Vcb| ∼ λ2

c ∼ ε2 , (4.3)

with the electroweak breaking vev in the SM vw =
√
v2 + v′2 ' 246 GeV and the

Cabibbo angle λc ' 0.22.

In order to obtain the rank 1 structure of the Yukawa couplings of Φ required by the

F2HDM scenario, we introduce an additional U(1)′ symmetry. A rank 1 Yukawa cou-

pling λu and simultaneous generation of the CKM matrix by λ′u is possible by charging

either the left-handed quark doublet Q3 or the right-handed top U3 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

Q′Φ = −Q′Q3
= +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 β = 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 Φ 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 Q′d3
= −2. While

all other quarks remain uncharged under the U(1)′. For a given value of tan β, the

scaling in (4.3) fixes all U(1)FN Froggatt-Nielsen charges up a few discrete choices. In

Tab. 4.2 we show all inequivalent charge assignments in the cases tan β ∼ 1/ε ∼ 5 and

tan β ∼ 1/ε2 ∼ 25. The charge assignments lead to the following structure for the
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S Φ Φ′ Q1 Q2 Q3 u1 u2 u3 d1 d2 d3

tan β ∼ 1/ε U(1)FN 1 0 0 2 1 0 5 or -9 1 0 4 or -8 3 ±3

tan β ∼ 1/ε2 U(1)FN 1 0 0 1 0 0 5 or -7 1 0 4 or -6 3 ±3

U(1)′ 0 1 0 0 0 1 0 0 0 0 0 -2

Table 4.2: Charges of the Froggatt-Nielsen scalar S, the two Higgs doublets Φ
and Φ′ and quark fields under the U(1)FN and U(1)′ symmetries in the type IB
and lepton-specific B models for the two choices of tan β ∼ 1/ε and tan β ∼ 1/ε2.

Yukawa couplings

vλu ∼ vw



0 0 0

0 0 0

ε|a| ε1 1


, v′λ′u ∼ vw



ε8 ε4 ε3

ε|b| ε3 ε2

0 0 0


, (4.4a)

vλd ∼ vw



0 0 0

0 0 0

0 0 ε3


, v′λ′d ∼ vw



ε7 ε6 0

ε|c| ε5 0

0 0 0


, (4.4b)

with the powers |a| = 5 or 7 or 9, |b| = 7 or 9, and |c| = 6 or 8, depending on the charge

assignments and tan β. 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

−LYuk ⊃
∑
i,j

(d̄iPRdj)
(
h(Y d

h )ij +H(Y d
H)ij − iA(Y d

A)ij
)

+ h.c.

+
∑
i,j

(ūiPRuj)
(
h(Y u

h )ij +H(Y u
H)ij + iA(Y u

A )ij
)

+ h.c. (4.5)

+
√

2
∑
i,j

(
(d̄iPRuj)H−(Y u

±)ij − (ūiPRdj)H+(Y d
±)ij

)
+ h.c. .

For all charge assignments we find for the up quark couplings

vwY
u
h = cα

sβ



0 0 0

0 0 0

0 0 mt


− sα
cβ



mu 0 0

0 mc 0

0 0 0


+ cβ−α
sβcβ

M̂u , (4.6a)

vwY
u
H = 1

tβ

sα
cβ



0 0 0

0 0 0

0 0 mt


+ tβ

cα
sβ



mu 0 0

0 mc 0

0 0 0


− sβ−α
sβcβ

M̂u , (4.6b)

vwY
u
A = − 1

tβ



0 0 0

0 0 0

0 0 mt


+ tβ



mu 0 0

0 mc 0

0 0 0


− 1
sβcβ

M̂u , (4.6c)

vwY
u
± = − 1

tβ



0 0 0

0 0 0

muV
∗
ub mcV

∗
cb mtV

∗
tb


+ tβ



muV
∗
ud mcV

∗
cd mtV

∗
td

muV
∗
us mcV

∗
cs mtV

∗
ts

0 0 0


, (4.6d)
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and for the down quark couplings

vwY
d
h = cα

sβ



0 0 0

0 0 0

0 0 mb


− sα
cβ



md 0 0

0 ms 0

0 0 0


, (4.7a)

vwY
d
H = 1

tβ

sα
cβ



0 0 0

0 0 0

0 0 mb


+ tβ

cα
sβ



md 0 0

0 ms 0

0 0 0


, (4.7b)

vwY
d
A = − 1

tβ



0 0 0

0 0 0

0 0 mb


+ tβ



md 0 0

0 ms 0

0 0 0


, (4.7c)

vwY
d
± = − 1

tβ



0 0 Vubmb

0 0 Vcbmb

0 0 Vtbmb


+ tβ



Vudmd Vusms 0

Vcdmd Vcsms 0

Vtdmd Vtsms 0


, (4.7d)

The angle α in the above expressions parameterizes the mixing between the neutral

scalar Higgs bosons h and H. The mass matrix M̂u that enters the up quark couplings

is given by

M̂u =



mu|Vub|2 mcVubV
∗
cb mtVubV

∗
tb

muVcbV
∗
ub mc|Vcb|2 mtVcbV

∗
tb

muVtbV
∗
ub mcVtbV

∗
cb −mt(|Vcb|2 + |Vub|2)


. (4.8)

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 Φ Φ′ Q1 Q2 Q3 u1 u2 u3 d1 d2 d3

tan β ∼ 1/ε U(1)FN 0 0 0 0 +1 +2 -7 -3 -2 -7 -6 -4

U(1)′ 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 Φ and Φ′ and quark fields under the U(1)FN and U(1)′ symmetries in the
type IIB and lepton-specific B models for tan β ∼ 1/ε.

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 β and the

Higgs mixing angle α, 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 Φ to the up type quarks

and the coupling of Φ′ to the down type quarks are rank 1. We find that with our

U(1)′×U(1)FN 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 λd and λ′d

exchanged.

However, we find that the λ′d couplings can still be made rank 1, with a consistent

flavor structure as long as tan β ∼ 1/ε ∼ 5. In contrast to the type IB and lepton-

specific B setups discussed above, we find that λd and λ′d 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

vλu ∼ vw



0 0 0

0 0 0

ε5 ε1 ε0


, v′λ′u ∼ vw



ε8 ε4 ε3

ε7 ε3 ε2

0 0 0


, (4.9a)
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vλd ∼ vw



ε7 ε6 ε4

ε6 ε5 ε3

0 0 0


, v′λ′d ∼ vw



0 0 0

0 0 0

ε6 ε5 ε3


. (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 → Xsγ 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→ sγ decay. We find that 1-loop contributions

from charged Higgs bosons can lead to sizable NP effects in the b → sγ transition.2

Both the SM prediction [227] and the experimental measurements of the B → Xsγ

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 Bs → µ+µ− decay and tree level

charged Higgs contributions to the B → τν and B → D(∗)τν decays and found that they are
negligible in regions of parameter space that are allowed by b→ sγ.
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fications of the Wilson coefficients C7 and C8 of an effective Hamiltonian

HNP
eff = −4GF√

2
VtbV

∗
ts

e2

16π2 (∆C7Q7 + ∆C8Q8) , (4.10)

with the dipole operators

Q7 = 1
e
mb(s̄σµνPRb)Fµν , Q8 = gs

e2 (s̄σµνT aPRb)Gµνa , (4.11)

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

and lepton-specific B scenarios

∆C7 = m2
t

m2
H±

f7

(
m2
t

m2
H±

)
, (4.12a)

∆C8 = m2
t

m2
H±

f8

(
m2
t

m2
H±

)
. (4.12b)

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

to model dependent O(1) factors

∆C7 = O(1)×
(
m2
t

m2
H±

g7

(
m2
t

m2
H±

)
+ tan2 β

m2
t

m2
H±

h7

(
m2
t

m2
H±

))
, (4.13a)

∆C8 = O(1)×
(
m2
t

m2
H±

g8

(
m2
t

m2
H±

)
+ tan2 β

m2
t

m2
H±

h8

(
m2
t

m2
H±

))
. (4.13b)

The loop functions f7,8, g7,8, and h7,8 are given in appendix B.2. Note that in our

type IB and lepton-specific B scenarios the contributions are independent of tan β,

while the contributions in the type IIB and flipped B scenarios contain terms that

are proportional to tan2 β and can become extremely large in regions of parameter

space with large tan β. This is in contrast to 2HDMs with natural flavor conservation,

where the contributions are proportional to 1/ tan2 β (type I and lepton-specific) and

independent of tan β (type II and flipped).

Using the constraints on the Wilson coefficients from b → sγ 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 → sγ transition in the charged Higgs mass
mH± vs. tan β 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 < η
16
23 ∆C7 + 8

3
(
η

14
23 − η

16
23
)

∆C8 < 0.027 , (4.14)

with η = αs(mt)/αs(mb) ' 0.52.

The corresponding constraints are shown in the plots of Fig. 4.1 in the charged Higgs

mass mH± vs. tan β plane. In the case of the type IB and lepton-specific B models,

we find a tan β independent bound on the charged Higgs mass of mH± & 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 → sγ constraint

is highly dependent on tan β, e.g. mH± & 800 GeV for tan β = 1, but mH± & 15 TeV

for tan β = 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)L gauge symmetry, the masses of the heavy scalar

and pseudoscalar Higgs differ from the charged Higgs mass only by a small amount:

mH ' mA ' mH± with splittings of the order of v2/m2
H± . 10%. The bounds on the
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charged Higgs mass from b → sγ 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 β ∼ 1/λc ∼ 5 or tan β ∼ 1/λ2
c ∼ 25. In the type IIB and

flipped B models, we see that the b → sγ 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 t → 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 Γ(t → hq) and normalizing to the t → Wb decay

width which dominates the total top width, we derive the following compact expression

for the branching ratios

BR(t→ hq)SM = G2
Fm

4
b

4π4 |Vqb|
2

(
1−m2

h/m
2
t,pole

)2(
1−m2

W /m
2
t, pole

)2(1 + 2m2
W /m

2
t, pole

)F
(
m2
t

m2
W

,
m2
h

m2
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 mb(mt) = 2.73GeV. 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 mh = 125.18GeV [26] and the top MS mass

mt(mt) = 163.4GeV (corresponding to a top pole mass of mt, pole = 173.0GeV [26]) we

find F ' 0.48. By far the largest uncertainties in the rare top branching ratios are due

to the CKM factors |Vcb| = (42.2± 0.8)× 10−3 [26] and |Vub| = (3.94± 0.36)× 10−3 [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→ hc (top) and t→ hu (bottom) as a function
of tan β 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 mb(µ) in the range mt/2 < µ < 2mt. We obtain

BR(t→ hu)SM =
(
3.66+0.94

−0.70 ± 0.67
)
× 10−17 , (4.16a)

BR(t→ hc)SM =
(
4.19+1.08

−0.80 ± 0.16
)
× 10−15 , (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−1 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−1 at 14 TeV are O(10−4) [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 t→ 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

BR(t→ hq) ' 2|Vqb|2
cos2(β − α)
sin2 β cos2 β

(
1−m2

h/m
2
t, pole

)2(
1−m2

W /m
2
t,pole

)2(1 + 2m2
W /m

2
t, pole

)
' cos2(β − α)

sin2 β cos2 β
×


9.2× 10−4 for t→ hc ,

8.0× 10−6 for t→ hu .

(4.18)

As long as cos(β − α) 6= 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(β − α) = 0 (the so called alignment limit) the

couplings of the 125GeV Higgs are exactly SM-like. Deviations of cos(β − α) from 0

are constrained by measurements of Higgs production and decays at the LHC. The

constraints depend strongly on tan β. In the appendix B.4 we show the allowed regions
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in the cos(β − α) vs. tan β 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 β 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 β & 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) ' 6×10−5 and BR(t→ hc) ' 7×10−3

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 t→ 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 10−5.

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 β & 10. Projections

from the HL-LHC and CLIC will be also sensitive to parameter space with much lower

choices of tan β.

4.5 Related Signatures

Although the primary motivation for this model is to explore enhanced t → hq

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, H±), identifying the most prominent

production and decay modes.

4.5.1 Enhanced D Meson Mixing from Flavorful Higgs

Bosons

In the SM, D0 − D̄0 mixing proceeds through loop diagrams and is parameterized

by the absolute values of the dispersive and absorptive part of the mixing amplitude,

x12 = 2|MD
12|τD, y12 = |ΓD12|τD, and their relative phase φ12 = Arg(MD

12/ΓD12), where τD

is the lifetime of the D0 meson.

The current world averages for the mixing parameters are [209]

xexp12 = (0.43+0.10
−0.11)% , yexp12 = (0.63± 0.06)% , φexp12 = (−0.25+0.96

−0.99)◦ . (4.19)

In our model, we generically predict tree level Higgs contributions to D0 − D̄0 mixing.

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

MD
12 = m3

D

f2
D

v2
w

(VcbV ∗ub)2

s2
βc

2
β

[1
4B4η4

(c2
β−α
m2
h

+
s2
β−α
m2
H

+ 1
m2
A

)
mu

mc

−
( 5

24B2η2 −
1
48B3η3

)(c2
β−α
m2
h

+
s2
β−α
m2
H

− 1
m2
A

)]
, (4.20)

where the decay constant of the D0 meson is fD ' 212MeV [232], the bag parameters

are B2 ' 0.65, B3 ' 0.96, B4 ' 0.91 [204], and the 1-loop renormalization group factors

are η2 ' 0.68, η3 ' −0.03, η4 = 1 [224]. The absorptive part Γ12 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 D0 − D̄0 mixing at

tree level, the approximate SU(2)5 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 β as large as 100, we

find that the NP contribution to D0−D̄0 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 F2HDMs 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 2HDMs.

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 β with the masses mH and mH± fixed to
1 TeV and cos(β − α) = 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 β for fixed

Higgs masses of 1TeV and cos(β − α) = 0.05 are shown in the upper plots of Fig. 4.4.

Small values of cos(β − α) � 1 are motivated by the constraints from Higgs signal

strength measurements (see appendix B.4).

For the neutral scalarH, associated production with a top and gluon-gluon fusion are

the dominant production modes. At low tan β gluon-gluon fusion is largest because the

coupling to tops is unsuppressed. As tan β increases the gluon-gluon fusion rate drops

and is overtaken by top associated production which is enhanced for large tan β. 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 β 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 ττ branching ratio at the level of few percent, which is strongly suppressed

in the type IB model.

As expected, for moderate to large tan β the dominant decay mode of H is the

flavor-changing H → ct. The branching ratio to tt̄ can be substantial, however this

decay mode primarily plays a role for small tan β which is less motivated by the quark

mass hierarchy. For moderate tan β 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 β tb dominates. Once tan β

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

µµ, ττ , V V , 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 τν

channel hardly constrain our parameter space, due to the strongly reduced branching

ratios H± → τν. 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

105



��� ��� ���� ���� ���� ���� ���� ����

��

��

��

��

��

��[���]

��
�
β

σ(�� → �� → ���) [��]

��-�

��-�

���

���

�→ �γ

���� ���� ����

��� ��� ���� ���� ���� ���� ���� ����

��

��

��

��

��

��±[���]

��
�
β

σ(�� → ��± → ���) [��]

��-�

��-�

���

���

�→ �γ

���� ���� ����

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 β. The gray shaded regions
for light Higgs masses are excluded by b → sγ constraints (see Sec. 4.3). The
triangle shaped gray region for large tan β is excluded by existing searches for
same-sign tops [2]. Throughout the plots we set cos(β − α) = 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 tt̄ system is not a b-jet but a strange jet. The cross section for the tt̄ + jet

signature as a function of tan β and charged Higgs mass is shown in the right plot

of Fig. 4.5. We find cross sections that can easily exceed 100 fb for Higgs masses of

O(1TeV) and sizable tan β. The shaded region to the left of the vertical line at Higgs

masses of around 800GeV is excluded by the constraint from b→ sγ. 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− → tt̄s 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 β. 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 800GeV is

excluded by the constraint from b→ sγ assuming that mH ' mH± .

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 β 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 mH ' mH± . Keeping in mind that our pp→ Ht→ ttc̄ cross section approximately

scales as tan2 β, we expect that parameter space with tan β 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 t → 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 CKMmixing 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) ∼ 10−2 and BR(t → hu) ∼ 10−4

(see Fig. 4.2) without violating constraints from Higgs signal strength measurements

at the LHC. Existing bounds on BR(t → 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 t→ hc and t→ 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→ sγ lead to

strong constraints on the masses of the additional Higgs bosons of at least ∼ 800GeV.

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− → tt̄s, i.e. opposite sign tops + jet,

and in particular pp → tH → ttc̄, 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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Part III

Anomalies in Low Energy Physics
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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, multipleB-physics experiments, including BaBar, LHCb,

and Belle, have reported anomalies in decays associated with the b→ c`ν and b→ s``

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, RD, RD∗ , RK , and RK∗ ,

RD(∗) = BR(B → D(∗)τν)
BR(B → D(∗)`ν)

, RK(∗) = BR(B → K(∗)µ+µ−)
BR(B → K(∗)e+e−)

. (5.1)

The experimental world averages of RD and RD∗ from the heavy flavor averaging group

(HFLAV) are based on measurements from BaBar [60], Belle [61–63], and LHCb [64,65],
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and read [66]

RD = 0.340± 0.027± 0.013 , RD∗ = 0.295± 0.011± 0.008 , (5.2)

with an error correlation of ρ = −38%. The corresponding SM predictions are known

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

RSM
D = 0.299± 0.003 , RSM

D∗ = 0.258± 0.005 . (5.3)

The combined discrepancy between the SM prediction and experimental world averages

of RD and RD∗ is at the 3.1σ level.

The most precise measurement to date of the LFU ratio RK has been performed by

LHCb [70]

RK = 0.846+0.060
−0.054

+0.016
−0.014 , for 1.1GeV2 < q2 < 6GeV2 , (5.4)

with q2 being the dilepton invariant mass squared. The SM predicts RSM
K ' 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 2.5σ.

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

RK∗ =


0.66+0.11

−0.07 ± 0.03 , for 0.045GeV2 < q2 < 1.1GeV2 ,

0.69+0.11
−0.07 ± 0.05 , for 1.1GeV2 < q2 < 6GeV2 .

(5.5)

The result for both q2 bins are in tension with the SM prediction [71], RSM
K∗ ' 1, by
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∼ 2.5σ each. Recent measurements of RK∗ and RK by Belle [74,75]1

RK∗ =


0.90+0.27

−0.21 ± 0.10 , for 0.1GeV2 < q2 < 8GeV2 ,

1.18+0.52
−0.32 ± 0.10 , for 15GeV2 < q2 < 19GeV2 ,

(5.6)

RK =


0.98+0.27

−0.23 ± 0.06 , for 1GeV2 < q2 < 6GeV2 ,

1.11+0.29
−0.26 ± 0.07 , for 14.18GeV2 < q2 ,

(5.7)

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 U1

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 U1 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 U1

1Here we quote the isospin average of B0 → K(∗)0`+`− and B± → K(∗)±`+`− decays.

112



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 U1 Vector Leptoquark Model

We consider the vector leptoquark U1 = (3,1)2/3 (triplet under SU(3)c, singlet

under SU(2)L, and with hypercharge +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 MU1 is

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

LU1 = −1
2U
†
µνU

µν +M2
U1U

†
µU

µ

+igsU †µTaUν
(
κsG

µν
a + κ̃sG̃

µν
a

)
+ ig′

2
3U
†
µUν

(
κYB

µν + κ̃Y B̃
µν
)
,

+
∑
i,j

(
λqij(Q̄iγµPLLj)U

µ + λdij(D̄iγµPREj)Uµ
)

+ h.c. , (5.8)

where Uµν = DµUν − DνUµ is the leptoquark field strength tensor in terms of its

vector potential Uµ and gauge covariant derivative Dµ = ∂µ + igsTaG
µ
a + ig′ 23B

µ. Gµa

and Bµ, and Gµνa and Bµν are the gluon and hypercharge vector potentials and field

strengths, respectively. The dual field strength tensors are G̃µνa = 1
2ε
µνρσGa ρσ and

B̃µν = 1
2ε
µνρσBρσ.

The third line in Eq. (5.8) contains couplings of U1 with the SM quarks and leptons.

Specifically, Qi and Li are the left-handed quark and lepton doublets, while Dj and

Ej 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 U1 with right-handed neutrinos and right-handed

up quarks are possible [270].) The couplings λqij and λdij are in general complex and are

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

eigenstate basis and define the leptoquark couplings λqij and λdij in a way such that

LU1 ⊃
∑
ijk

(Vikλqkj)(ūiγµPLνj)U
µ +

∑
ij

λqij(d̄iγµPL`j)U
µ +

∑
ij

λdij(d̄iγµPR`j)Uµ + h.c. ,

(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 U1 leptoquark.

If the leptoquark arises from the spontaneous breakdown of a gauge symmetry,

gauge invariance requires these couplings to be fixed to κs = κY = 1, κ̃s = κ̃Y = 0.

In more generic scenarios where U1 is composite, the values of κs, κ̃s, κY , κ̃Y are free

parameters. Non-zero values for κ̃s and κ̃Y 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 λqij and λdij (even though in Sec. 5.3 we will

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

κ̃Y ).

5.2.1 Leptoquark Effects in B-meson Decays

The U1 leptoquark can simultaneously address the hints for LFU violation in charged

current decays RD(∗) and in neutral current decays RK(∗)
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
2Note that the small anomaly in the low q2 bin of R∗K in (5.5) cannot be fully addressed by

the U1 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 RD(∗) by non-standard effects in the b → cτν

transition is possible if the leptoquark has sizable couplings to the left-handed tau.

Avoiding strong constraints from leptonic tau decays τ → ντ `ν̄` and the B → Xsγ

decay is possible in a well defined parameter space around the benchmark point with

λq33 ' 0.7, λq23 ' 0.6 with a leptoquark mass of MU1 = 2TeV [80]. This corresponds to

the following non-standard value for RD(∗)

RD(∗)

RSM
D(∗)

=
∣∣∣∣∣1 + v2

2M2
U1

λq∗33λ
q
23

VcsVcb

∣∣∣∣∣
2

' 1.2 , (5.10)

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

GeV).

The results for RK(∗) can be accommodated by a non-standard effect in the b→ sµµ

transition if the couplings to the left-handed muon obey Re(λq22 × λ
q
32) ' −2.5 × 10−3

for MU1 = 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 → s``

transitions (see e.g. [80] for the precise definition)

Cbsµµ9 = −Cbsµµ10 = −4π2

e2
v2

M2
U1

λq32λ
q∗
22

V ∗tsVtb
' −0.4 . (5.11)

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

The muonic couplings λq22, λ
q
32 (that can explain the RK(∗) anomalies) in combination

with the tauonic couplings λq23, λ
q
33 (that are required to explain the RD(∗) anomalies)

lead to lepton flavor violating decays. The strongest constraints arise from the decays

τ → φµ and B → Kτµ. For the λq33, λ
q
23 benchmark mentioned above, existing limits

on those decay modes result in the bounds on the leptoquark couplings |λq22| . 0.16 and

|λq32| . 0.40 for MU1 = 2TeV [80].

The experimental values of RK(∗) may also be explained by new physics in the
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b → see transition as opposed to modifying the b → sµµ transition. Focusing on

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

Cbsee9 = −Cbsee10 = −4π2

e2
v2

M2
U1

λq31λ
q∗
21

V ∗tsVtb
' +0.4 , (5.12)

corresponding to the couplings Re(λq21 × λq31) ' +2.5 × 10−3 for MU1 = 2TeV. The

experimental bounds on the lepton flavor violating processes τ → φe and B → Kτe are

comparable to those of τ → φµ and B → Kτµ [275–277]. We therefore expect that the

constraints on the left-handed electron couplings |λq21| and |λ
q
31| are similar to the muon

couplings mentioned above, i.e. |λq21| . 0.16 and |λq31| . 0.40 for MU1 = 2TeV.

Motivated by this discussion, in the next sections we will explore the leptoquark

parameter space in the neighborhood of four benchmark scenarios:

BM1: λq33 = 0.7 , λq23 = 0.6 , λq32 = −0.25 , λq22 = 0.01 , λq31 = λq21 = 0 , (5.13a)

BM2: λq33 = 0.7 , λq23 = 0.6 , λq32 = λq22 = 0 , λq31 = 0.05 , λq21 = 0.05 , (5.13b)

BM3: λq33 = λq23 = 0 , λq32 = −1.4 , λq22 = 10−3 , λq31 = λq21 = 0 , (5.13c)

BM4: λq33 = λq23 = 0 , λq32 = λq22 = 0 , λq31 = 0.5 , λq21 = 5.0× 10−3 , (5.13d)

MU1 = 2 TeV, κY,s = 1, κ̃Y,s = 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 RD(∗) and RK(∗) anomalies are addressed. The RK(∗) explanations

involve new physics in the b→ sµµ transition (BM1) or in the b→ see transition (BM2).

For benchmark points BM3 and BM4 we forgo an explanation of RD(∗) . 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 RK(∗) anomalies

are only partially addressed. For BM3 we have RK ' R∗K ' 0.88 which is in good

agreement with the latest RK measurement, but ∼ 2σ away from the measured RK∗

value. As we discuss below in Sec. 5.4.2 benchmark BM3 is motivated because it can

116



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 λq32 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 λd33, muons λd32, and electrons λd31 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 λd23, λd22 and λd21 will

also influence the dipole moments; we comment on λd22 and λd21 in Secs. 5.4.2 and

5.4.3, but we do not consider λd23 since it does not play any role in explaining the flavor

anomalies. The couplings λd3i 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

Leff =
∑
f

(
af
eQf
4mf

(f̄σµνf)Fµν −
idf
2 (f̄σµνγ5f)Fµν

)
, (5.14)

where af is the anomalous magnetic dipole moment, and df is the electric dipole moment

of SM fermion f . In the absence of right-handed neutrinos, the U1 leptoquark does not

generate dipole moments for neutrinos.

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

and chromoelectric, d̂q, dipole moments of quarks

Leff =
∑
q

(
âq

4mq
(q̄σµνT aq)Gaµν −

id̂q
2 (q̄σµνT aγ5q)Gaµν

)
. (5.15)

5.3.1 Leptoquark Contribution to Dipole Moments of SM

Leptons and Quarks

In the large MU1 limit, the leptoquark contribution to the anomalous magnetic

moment of the muon is

aµ = NC

16π2

∑
i

[
2Re(λqi2λ

d∗
i2 )mdimµ

M2
U1

(
2Qd +QU

(
(1− κY ) ln

(
Λ2
UV

M2
U1

)
+ 1− 5κY

2
))

+ 2QU κ̃Y Im(λqi2λ
d∗
i2 )mdimµ

M2
U1

(
ln
(

Λ2
UV

M2
U1

)
+ 5

2
)

− (|λqi2|
2 + |λdi2|2)

m2
µ

M2
U1

(4
3Qd +QU

(
(1− κY ) ln

(
Λ2
UV

M2
U1

)
− 1 + 9κY

6
))]

, (5.16)

where Qd = −1/3, QU = +2/3 is the leptoquark electric charge, and NC = 3. Our

formula is in agreement with [280,281] when specialized to the vector leptoquark model
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with κY = 1 and κ̃Y = 0. Note that if κY 6= 1 or κ̃Y 6= 0, relevant for scenarios in which

the leptoquark is not a gauge boson, the dipole moment exhibits logarithmic dependence

on the cut-off scale ΛUV 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

dµ = eNC

16π2

∑
i

[
Im(λqi2λ

d∗
i2 ) mdi

M2
U1

(
2Qd +QU

(
(1− κY ) ln

(
Λ2
UV

M2
U1

)
+ 1− 5κY

2
))

+QU κ̃YRe(λqi2λ
d∗
i2 ) mdi

M2
U1

(
ln
(

Λ2
UV

M2
U1

)
+ 5

2
)

+QU κ̃Y (|λqi2|
2 + |λdi2|2) mµ

M2
U1

(1
2 ln

(
Λ2
UV

M2
U1

)
+ 3

4
)]
. (5.17)

CP violation is provided either by the imaginary part of the fermion coupling combina-

tion λqi2λd∗i2 , or by the CP violating hypercharge coupling κ̃Y . Dipole moments of other

charged leptons are obtained by the appropriate replacement of the muon mass, mµ,

and leptoquark couplings to muons, λi2.

The bottom quark electric dipole moment induced by the leptoquark is

db = e

16π2

∑
i

[
Im(λq3iλ

d∗
3i )

m`i

M2
U1

(
2Q` +QU

(
(1− κY ) ln

(
Λ2
UV

M2
U1

)
+ 1− 5κY

2
))

+QU κ̃YRe(λq3iλ
d∗
3i )

m`i

M2
U1

(
ln
(

Λ2
UV

M2
U1

)
+ 5

2
)

−QU κ̃Y (|λq3i|
2 + |λd3i|2) mb

M2
U1

(1
2 ln

(
Λ2
UV

M2
U1

)
+ 3

4
)]
, (5.18)

and the chromoelectric dipole moment (cEDM) is
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d̂b = gs
16π2

∑
i

[
Im(λq3iλ

d∗
3i )

m`i

M2
U1

(
(1− κY ) ln

(
Λ2
UV

M2
U1

)
+ 1− 5κY

2
)

+ κ̃YRe(λq3iλ
d∗
3i )

m`i

M2
U1

(
ln
(

Λ2
UV

M2
U1

)
+ 5

2
)

− κ̃Y (|λq3i|
2 + |λd3i|2) mb

M2
U1

(1
2 ln

(
Λ2
UV

M2
U1

)
+ 3

4
)]
. (5.19)

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 λqij → Vikλ
q
kj , λdij → 0, m` → mν = 0, mb → mu

yielding

du = − e

16π2QU κ̃Y
∑
i

|(V λq)1i|2
mu

M2
U1

(1
2 ln

(
Λ2
UV

M2
U1

)
+ 3

4
)
, (5.20)

and

d̂u = − gs
16π2 κ̃Y

∑
i

|(V λq)1i|2
mu

M2
U1

(1
2 ln

(
Λ2
UV

M2
U1

)
+ 3

4
)
. (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 tt̄ production at the LHC. Current bounds

of ât ∼ 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 αs ln
(
M2
U1
/M2

n

)
≈ 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, di, and cEDMs, d̂i, given by

dn ∼ −
v√
2

[
βuGn d̂u + βdGn d̂d + βsGn d̂s + βuγn du + βdγn dd + βsγn ds

]
, (5.22)

where the β(k)
i are the hadronic matrix elements. Estimates from quark cEDM are given

by βuGn ≈ 4+6
−3 × 10−4 e fm and βdGn ≈ 8+10

−6 × 10−4 e fm [283]. The most recent lattice

evaluations of the matrix elements involving the electromagnetic EDMs are [284, 285]

− v√
2β

uγ
n ≈ −0.233(28), − v√

2β
dγ
n ≈ 0.776(66) and − v√

2β
sγ
n ≈ 0.008(9).

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

quark, Q = c, b, to generate the three gluon Weinberg (gluon cEDM) operator,

L =
cG̃
m2
Q

gsf
abc

3 G̃aµνG
b
νρG

c µ
ρ , (5.23)

where the Wilson coefficient is given by [286–288]

cG̃ = g2
s

32π2mQd̂Q . (5.24)

Contributions to cG̃ from CP-violating leptoquark gluon interactions proportional to

κ̃s are also present, but we do not consider them since they are unrelated to flavor

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

dn = v2

m2
Q

βG̃n cG̃ (5.25)

where βG̃n ≈ [2, 40] × 10−20 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 κY = 1, κ̃Y = 0. We also assume MU1 ∼ 2 TeV for the leptoquark scale.

Putting together Eqs. (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

dstrange
n ≈ − 5

24π2M2
U1

cm

[
mτ Im(λq23λ

d∗
23) +mµIm(λq22λ

d∗
22)
]
× 0.008 e cm

∼ −
(
Im(λq23λ

d∗
23) + 0.06 Im(λq22λ

d∗
22)
)
× 1.5× 10−24 e cm . (5.26)

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

dbottom
n ≈ − g3

sv
2

(16π2)2mbM
2
U1

[
mτ Im(λq33λ

d∗
33) +mµIm(λq32λ

d∗
32)
]
× [2, 40]× 10−20

∼ −
(
Im(λq33λ

d∗
33) + 0.06 Im(λq32λ

d∗
32)
)
× [2, 40]× 5× 10−27 e cm . (5.27)

For generic O(1) sized leptoquark couplings λqik and λdik 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, ae, and the muon,

aµ, 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])

∆aµ = (28.0±6.3exp±3.8th)×10−10 , ∆ae = (−8.9±3.6exp±2.3th)×10−13 , (5.28)

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

significance of more than 3σ, 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 ∼ 2.4σ. 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 ∆aµ will be reduced by a factor of a few in the coming years.

Similarly, for ∆ae we expect an order of magnitude improvement in the sensitivity [310].

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

constrained. The strongest constraint comes from LEP and reads at 95% C.L. [311]

− 0.055 < aτ < 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| < 1.1× 10−29 e cm . (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, dµ and dτ .

Analyses by the Muon g-2 collaboration [314] and the Belle collaboration [315] give the

following bounds at 95% C.L.

|dµ| < 1.9× 10−19 e cm , −2.2× 10−17 e cm < dτ < 4.5× 10−17 e cm . (5.31)

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

muon EDM by 4 orders of magnitude, dµ . 5 × 10−23e cm [316]. Improving the sensi-
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observable SM theory current exp. projected sens.

ae − aSMe ±2.3× 10−13 [292,297] (−8.9± 3.6)× 10−13 [25] ∼ 10−14 [310]

aµ − aSMµ ±3.8× 10−10 [292] (28.0± 6.3)× 10−10 [291] 1.6× 10−10 [298]

aτ − aSMτ ±3.9× 10−8 [292] (−2.1± 1.7)× 10−2 [311]

de < 10−44 e cm [320,321] < 1.1× 10−29 e cm [313] ∼ 10−30 e cm [313]

dµ < 10−42 e cm [321] < 1.9× 10−19 e cm [314] ∼ 10−23 e cm [316]

dτ < 10−41 e cm [321] (1.15± 1.70)× 10−17 e cm [315] ∼ 10−19 e cm [317]

dn ∼ 10−32 e cm [322] < 1.8× 10−26 e cm [318] few×10−28e cm [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 (dτ < 2× 10−19 e cm) might

be possible at Belle II or at future e+e− colliders [317].

Turning to quarks, we note that the magnetic and chromo-magnetic dipole moments

of quarks, aq and âq, 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, dq

and d̂q, 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]

|dn| < 1.8× 10−26 e cm . (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 (c)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, λq33 ' 0.7, λq23 ' 0.6, we begin by turning on the coupling to right-

handed taus λd33 while setting the right-handed couplings to muons and electrons

(λd32 and λd31, respectively) to zero. The coupling λd33 will induce the dipole mo-

ments of the tau as in Eqs. (5.16) and (5.17), as well as transition dipole moments

leading to the lepton flavor violating decay modes τ → µγ and τ → eγ. In the

limit me,mµ � mτ � mb, the partial width for the U1 contribution to τ → µγ is

given by

Γτ→µγ = αm3
τN

2
C

256π4M4
U1

m2
b |λ

q
32λ

d∗
33|2

(2Qb −QU

(
(1− κY ) ln

(
Λ2
UV

M2
U1

)
+ 1− 5κY

2
))2

+Q2
U κ̃

2
Y

(
ln
(

Λ2
UV

M2
U1

)
+ 5

2
)2
. (5.33)

This expression is in agreement with [250], when specialized to the vector lep-

toquark model with κY = 1 and κ̃Y = 0. The expression for the decay mode

τ → eγ is obtained by an appropriate replacement of the lepton flavor index. The

experimental upper limits on the branching ratios of the τ → µγ and τ → eγ

decays are 5.0× 10−8 and 5.4× 10−8, respectively [66].
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In addition to inducing lepton flavor violating tau decays, the λd33 coupling

will modify the new physics contributions to charged current decays based on the

b → cτν and b → uτν transitions and neutral current decays based on b → sττ .

The decay modes that are particularly sensitive to right-handed currents are the

helicity suppressed two body decays Bc → τν [323, 324], B± → τν, and Bs →

τ+τ−. We find

BR(Bc → τν)
BR(Bc → τν)SM

=
∣∣∣∣∣1−

∑
j Vcjλ

q
j3

Vcb

v2

M2
U1

(
λq∗33
2 + λd∗33m

2
Bc

mτ (mb +mc)

)∣∣∣∣∣
2

, (5.34)

BR(B± → τν)
BR(B± → τν)SM

=
∣∣∣∣∣1−

∑
j Vujλ

q
j3

Vub

v2

M2
U1

(
λq∗33
2 + λd∗33m

2
B±

mτmb

)∣∣∣∣∣
2

, (5.35)

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

from [325], we find

BR(Bs → τ+τ−)
BR(Bs → τ+τ−)SM

=∣∣∣∣∣∣1 + 4π2

e2CSM
10

v2

M2
U1

(
λq∗33λ

q
23 + λd∗33λ

d
23

V ∗tsVtb
−

m2
Bs

mτmb

λq∗33λ
d
23 + λd∗33λ

q
23

V ∗tsVtb

) ∣∣∣∣∣∣
2

+ 16π4

e4(CSM
10 )2

v4

M4
U1

m4
Bs

m2
τm

2
b

∣∣∣∣∣∣λ
q∗
33λ

d
23 − λd∗33λ

q
23

V ∗tsVtb

∣∣∣∣∣∣
21− 4m2

τ

m2
Bs


(5.36)

where we neglected the finite life time difference in the Bs system. We use a nor-

malization such that the SM value for the Wilson coefficient is CSM
10 ' −4.1 [326].

Renormalization group running from the leptoquark scale down to the b-scale

can be incorporated by evaluating the quark masses in Eqs. (5.34)-(5.36) at the

scale µ ' 2TeV. Note that the terms containing both left-handed and right-

handed couplings enjoy a mild chiral enhancement by factors m2
Bc/(mτ (mb+mc)),

m2
B±/(mτmb), and m2

Bs/(mτmb), respectively.
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The measured BR(B± → τν) = (1.09± 0.24)× 10−4 [26] agrees well with the

SM prediction BR(B± → τν)SM = (0.838+0.039
−0.029)× 10−4 [5], yielding

BR(B± → τν)
BR(B± → τν)SM

= 1.30± 0.29 . (5.37)

So far no direct measurement of the Bc → τν branching ratio has been per-

formed. We impose the bound BR(Bc → τν) < 30% [324]. The SM branching

ratio is

BR(Bc → τν)SM = τBcmBc

f 2
BcG

2
F

8π |Vcb|2m2
τ

(
1− m2

τ

m2
Bc

)2

= (2.21± 0.09)× 10−2 ,

(5.38)

with the lifetime of the Bc meson τBc = (0.507±0.009)×10−12 s [26], the Bc decay

constant fBc = (0.427±0.006)GeV [327] and we used |Vcb| = (41.6±0.56)×10−3 [5].

Similarly, the Bs → τ+τ− decay has not been observed so far. The first

direct limit on the branching ratio was placed by LHCb [328] and is BR(Bs →

τ+τ−) < 6.8 × 10−3, while the SM branching ratio is BR(Bs → τ+τ−)SM =

(7.73± 0.49)× 10−7 [329]. The projected sensitivity BR(Bs → τ+τ−) ∼ 5× 10−4

from LHCb with 50 fb−1 [330].

In Fig. 5.2, we show current and projected constraints on the U1 leptoquark

in the plane of the complex λd33 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 λq32, λ
q
22 and electron

couplings λq31, λ
q
21 and changing from BM1 to BM2 does not affect our results.

The most stringent constraint comes from Bs → τ+τ− and is depicted by the gray

shaded region in the figure. The projected sensitivity of LHCb to Bs → τ+τ−

is indicated by the dashed gray curve. Constraints from B± → τν, Bc → τν,

and lepton flavor violating tau decays (τ → µγ for benchmark BM1 and τ → eγ
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Figure 5.2: Constraints on the U1 leptoquark parameter space in the plane of
the complex coupling λd33 divided by the leptoquark mass, MU1 , 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 Bs → τ+τ−,
while the dashed gray curve is the projected sensitivity of LHCb to Bs → τ+τ−.
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 βG̃n . Note that
the observables shown in the figure are independent of λq32, λ

q
22 and λq31, λ

q
21, 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 λd33 that are a factor of a few

larger than those excluded by Bs → τ+τ−. (In Fig. 5.2 we show only the strongest

constraint coming from Bs → τ+τ−.) Once the bounds are imposed, the allowed

values of the right-handed coupling λd33 are sufficiently small such that they do

not affect RD(∗) , RK(∗) 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 dτ and aτ

do not constraint the parameter space in a relevant way. The constraint from aτ is

depicted by the red hatched region in Fig. 5.2, while the experimental bound on dτ

constrains values of Im(λd33)/MU1 that are O(105) TeV−1, 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 U1

leptoquark coupling, λd33, will contribute to the neutron EDM, dn. 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 βG̃n .

We observe that the currend bound on the neutron EDM leads to a constraint that

is weaker than Bs → τ+τ− 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 U1 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, λd32, while setting the

right-handed tau and electron couplings (λd33 and λd31, respectively) to zero. The

coupling λd32 will lead to a shift in the anomalous magnetic moment of the muon,

∆aµ, in the muon EDM, dµ, and in the EDM of the bottom quark given in

Eqs. (5.16), (5.17), and (5.18), as well as the lepton flavor violating decay mode

τ → µγ given in Eq. (5.33) with |λq32λ
d∗
33|2 → |λd32λ

q∗
33|2. In the presence of the

coupling λd32, the muon dipole moment enjoys a sizable chiral enhancement by

mb/mµ.

In addition, the coupling λd32 can also give sizable non-standard effects in the

Bs → µ+µ− decay. The corresponding expression is analogous to the one for the

Bs → τ+τ− decay given in Eq. (5.36)

BR(Bs → µ+µ−)
BR(Bs → µ+µ−)SM

=∣∣∣∣∣∣1 + 4π2

e2CSM
10

v2

M2
U1

λq∗32λ
q
22 + λd∗32λ

d
22

V ∗tsVtb
−

m2
Bs

mµmb

λq∗32λ
d
22 + λd∗32λ

q
22

V ∗tsVtb

∣∣∣∣∣∣
2

+ 16π4

e4(CSM
10 )2

v4

M4
U1

m4
Bs

m2
µm

2
b

∣∣∣∣∣∣λ
q∗
32λ

d
22 − λd∗32λ

q
22

V ∗tsVtb

∣∣∣∣∣∣
2

. (5.39)

The terms that contain both left-handed and right-handed couplings are chirally

enchanced by a factor m2
Bs/(mµmb).

The branching ratio BR(Bs → µ+µ−) 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 U1 leptoquark parameter space in the plane
of the complex λd32 coupling divided by the leptoquark mass for the benchmark
points BM1 (left panel) and BM3 (right panel). The gray region is excluded by
Bs → µ+µ− 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 βG̃n .

with the SM prediction [329,335], reads

BR(Bs → µ+µ−)
BR(Bs → µ+µ−)SM

= 0.73+0.13
−0.10 , (5.40)

which is in slight tension (∼ 2σ) with the SM prediction. Interestingly enough, in

the region of parameter space where the couplings to left-handed muons λq22, λq32

provide an explanation of RK(∗) , the tension in Bs → µ+µ− is largely lifted.

In Fig. 5.3 we show the current and projected constraints on the U1 leptoquark

for BM1 (left) and BM3 (right) in the plane of the complex coupling λd32 divided

by the leptoquark mass. For both benchmarks, the most stringent constraint

arises from Bs → µ+µ−. The region that is excluded at the 95% C.L. is shaded

in gray. Once the constraints from Bs → µ+µ− are imposed, the allowed values
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of λd32 are sufficiently small that they do not affect RK(∗) 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,

dµ, is very weak and constrains values of Im(λd32)/MU1 outside from the range of the

plot (Im(λd32)/MU1 ∼ O(103) TeV−1 for BM1 and Im(λd32)/MU1 ∼ O(102) TeV−1

for BM3).

In the left plot of Fig. 5.3 we observe that, once the constraints from Bs →

µ+µ− is imposed, the BM1 benchmark cannot address the aµ anomaly. We con-

clude that the U1 leptoquark can not explain the B anomalies and the (g − 2)µ

anomaly simultaneously with the parameters fixed to those of BM1. This is mainly

due to limits on lepton flavor violating decays τ → φµ and B → Kτµ that impose

stringent constraints on the size of the left-handed muonic couplings λq32 and λq22

(see discussion in Sec. 5.2.1).

In order to avoid these constraints, we can instead set the U1 couplings to

left-handed tau leptons, λq33 and λq23, to zero as in BM3 in (5.13c). The decay

rates τ → φµ, B → Kτµ, and τ → µγ mediated by U1 then go to zero, allowing

the muonic couplings λq32 and λq22 to have larger values. However, by switching off

λq33 and λq23 we forgo an explanation of RD(∗) .

In the right plot of Fig. 5.3 we show that, for BM3, the region of parame-

ter space that can address the aµ anomaly (the red shaded region) overlaps with

the region of parameter space that is allowed by Bs → µ+µ−, and the U1 lep-

toquark can therefore address both the (g − 2)µ anomaly and (at least partially,

cf. discussion in Sec. 5.2.1) the RK(∗) 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 λd22 instead of

λd32. 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 aµ.

5.4.3 Probing the parameter space using electron mea-

surements

Instead of muon specific couplings that address the discrepancies in the LFU

ratios RK(∗) by new physics that suppresses the b→ sµµ 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 λd31, λd21

as given in Eq. (5.12) and by our benchmark points BM2 and BM4.

These couplings will also lead to shifts in the anomalous magnetic moment of

the electron, ∆ae, and, in the presence of CP violation, induce an electron EDM,

de, (see Eqs. (5.16) and (5.17), respectively), and the lepton flavor violating

mode τ → eγ (see Eq. (5.33) with |λq32λ
d∗
33|2 → |λd31λ

q∗
33|2). Note that the chiral

enhancement of the dipole moments mb/me can be particularly pronounced in the

case of the electron.

In this scenario, potentially important constraints arise from the Bs → e+e−

decay. The effect of the leptoquark is given by an expression analogous to Eq. (5.39)

with mµ → me and λf32, λ
f
22 → λf31, λ

f
21, with the SM prediction given by BR(Bs →

e+e−) = (8.54 ± 0.55) × 10−14 [329]. Experimentally, the Bs → e+e− branching
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Figure 5.4: Constraints on the U1 leptoquark parameter space in the plane of the
complex coupling λd31 divided by the leptoquark mass for the benchmark points
BM2 and BM4, left and right panel, respectively). The gray region is excluded by
Bs → e+e− 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 βG̃n .

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

BR(Bs → e+e−) < 2.8× 10−7 . (5.41)

The plots in Fig. 5.4 show the current and projected constraints on the U1

leptoquark in the plane of the complex coupling λd31 divided by the leptoquark

mass for BM2 (left) and BM4 (right). In both panels the gray region is excluded by

the bound from Bs → e+e−, while the red shaded region is the region of parameter

space that can address the 2.4σ anomaly in the electron magnetic moment, ae.

The blue solid (dashed) lines are the current constraint (projected sensitivity) of

the electron electric dipole moment, de. 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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dn.

For BM2 (left plot of Fig. 5.4) we observe that the region of parameter space

that is able to address the anomaly in ae is excluded by constraints from Bs →

e+e− and a simultaneous explanation of all the B anomalies and ae is not possible.

This is due to stringent constraints on the size of λq31 from the lepton flavor

violating decays τ → φe and B → Kτe (see discussion in Sec. 5.2.1). Constrains

from the τ → eγ are slightly weaker.

To avoid the stringent constraints from lepton flavor violating decays, we can

set all the U1 couplings to tau leptons to zero. Then, the τ → φe and B → Kτe

rates as well as the τ → eγ rate go to zero, and the left-handed couplings to

electrons can be larger. However, by setting λq33 and λq23 to zero, we forgo an

explanation of RD(∗) . 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

λq21 = 0.005 in BM4 leads to weaker constraints on λd31 from Bs → e+e−. In

addition, the larger value of λq31 = 0.5 generates a larger contribution to the

electron magnetic moment necessary to explain the slight tension in ae. In moving

from BM2 to BM4 the bound fromBs → e+e− opens up a wide region in parameter

space favorable for the electron magnetic moment, ae. We conclude that BM4 can

address the anomalies in both RK(∗) and ae.

We also investigated the region of parameter space with nonzero λd21 instead

of λd31. We find in BM2 and BM4 that sensitivity to de is reduced because it is

chirally enhanced by ms rather than mb in Eq. (5.17). We also find no region of

parameter space where the U1 leptoquark explains the tension of the measured ae

with theory.
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LHC Bounds on Scalar Leptoquarks
Channel Experiment Limit

First Generation Leptoquarks

eejj (β = 1) ATLAS [337] 1400 GeV
CMS [338] 1435 GeV

eνjj (β = 0.5) ATLAS [337] 1290 GeV
CMS [338] 1270 GeV

Second Generation Leptoquarks

µµjj (β = 1) ATLAS [337] 1560 GeV
CMS [339] 1530 GeV

µνjj (β = 0.5) ATLAS [337] 1230 GeV
CMS [339] 1285 GeV

Third Generation Leptoquarks

bτbτ
ATLAS [340] 1030 GeV
CMS [341] 1020 GeV

Reinterpreted SUSY searches
qνqν CMS [342] 980 GeV

tνtν
ATLAS [340] 1000 GeV
CMS [342] 1020 GeV

LHC Bounds on Vector Leptoquarks
Channel Experiment Limit

Reinterpreted SUSY searches

qνqν CMS [342] 1410 GeV (κs = 0)
1790 GeV (κs = 1)

tνtν CMS [342] 1460 GeV (κs = 0)
1780 GeV (κs = 1)

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 β 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 U1 leptoquark. A complementary approach to

probe the existence of U1 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 → ` U1), and pair production (gg, qq̄ → U1 U1). For a recent

review see [343,344]. Once produced, the leptoquark will decay into a pair of SM

fermions. The interactions of the U1 leptoquark with SM quarks and leptons in

Eq. (5.9) generate the decays of U1 into an up-type quark and a neutrino, or a

down-type quark and a charged lepton. In the limit where MU1 is much larger

than the masses of the decay products, the partial widths of U1 are given by

Γ(U1 → uiνj) = MU1

24π

∣∣∣∣∣ ∑
k=1,2,3

Vikλ
q
kj

∣∣∣∣∣
2

, (5.42a)

Γ(U1 → di`j) = MU1

24π

(∣∣∣λqij∣∣∣2 +
∣∣∣λdij∣∣∣2) , (5.42b)

where i, j = 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 β) 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,

tν, or qν (q = 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 bνbν 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, µj, and bτ 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 U1 are couplings involv-

ing tau leptons (λq33, λ
q
23) and the dominant decay modes are U1 → bτ, sτ, tντ , cντ .

At small values of λd33 (see Fig. 5.2), the branching ratios of the bτ and τντ decay

modes are similar in value (∼ 0.25) and dominate over the sτ and cντ decays

modes, which themselves have similar branching ratios (∼ 0.18). For values of λd33

near the border of the region allowed by Bs → τ+τ− (see Fig. 5.2), the decay into
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bτ becomes the dominant decay mode with BR(U1 → bτ) ∼ 0.4.

The reinterpreted SUSY search for pair production of vector leptoquarks de-

caying to tν [342] and the CMS search for leptoquarks decaying to bτ [341] are

the most sensitive searches. We find that these searches yield a similar lower

bound on the mass of U1 at around 1.2 TeV in the region of parameter space with

small λd33. The exact bound varies by at most ∼100 GeV in the region allowed by

Bs → τ+τ−.

In BM3, U1 couples dominantly to 2nd generation leptons and the main decay

modes are U1 → bµ, sµ, tνµ, cνµ, with the bµ and tνµ decays modes being the

dominant ones since λq32 � λq22, BR(U1 → tνµ) ∼ BR(U1 → bµ) ∼ 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]3. This

search leads to the bound mU1 & 1.9 TeV. This bound is valid in the entire

parameter space shown in the right panel Fig. 5.3, since λd32 is constrained to be

very small, and therefore does not affect the leptoquark branching ratios.

Finally, in BM4, U1 couples dominantly to 1st generation leptons and the

main decay modes are U1 → be and U1 → tνe. In particular, at small values of λd31

(see Fig. 5.4), the branching ratios of these decay modes are very similar in value

(∼ 0.5). At larger values of λd31, the branching ratio into be becomes the dominant

one, with BR(U1 → be) ∼ 0.7 at the border of the allowed region for λd31, 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

U1 and gives a lower bound of ∼ 1.8 TeV at small values of λd31. The exact bound

varies by at most ∼100 GeV in the region allowed by Bs → e+e−.
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 U1 vector

leptoquark. The underpinning of our study is that the U1 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 → c`ν and b → s`` decays, RD(∗) and RK(∗) . Since the couplings of

the U1 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 U1 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 U1 leptoquark in the vicinity of 4

benchmark points that explain the RD(∗) and RK(∗) 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 ae and the

muon aµ can be explained in addition to R
(∗)
K . However, we concluded that a

simultaneous explanation of all three classes of discrepancies (RD(∗) , RK(∗) , ae,µ)

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 II 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→Mγ

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, τν and H± → cb, cs, µνµ), and decays to second (third) gen-

eration fermions that are enhanced (suppressed) compared to standard 2HDMs.

In particular we found that the decay H → µµ in the flavorul 2HDM is many

orders of magnitude larger than, for example, a Type I 2HDM, and that the de-

cay H → ττ 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

I 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 CKMmatrix 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
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and we have studied the effect of this on rare top quark decays t → hq. 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 U1 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 U1 leptoquark can can explain the experimental anomalies

observed in the anomalous magnetic moment of the electron ae and the muon

aµ, together with the anomalies seen in RK and RK∗ . However, we concluded

that all the anomalies RK(∗) , RD(∗) , ae,µ 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 U1 leptquark will contribute the neutron

EDM and future project on dn are beginning to probe the parameter space of our

model.

145



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 µ6 terms can be written in the form Tr
(
[λαλ

†
β]†λαλ

†
β

)
and Tr

(
[λ†αλβ]†λ†αλβ

)
and moreover that Tr

[
A†A

]
= ∑

ij |Aij|2 = 0 if and only if
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A = 0, the global minimum – zero – of V1f, V2f is attained if and only if

1. Tr
[
〈λα〉〈λ†α〉

]
= r2,

2. 〈λα〉 is rank-1,

3. 〈λ†α〉〈λβ〉 = 0 and 〈λα〉〈λ
†
β〉 = 0 for all α 6= β.

(A.1)

These algebraic conditions are equivalent to the set 〈λα〉 being simultaneously real

diagonalizable with disjoint unit rank spectra. That is,

〈λ1〉 = U diag{r, 0, 0, . . .}V † , 〈λ2〉 = U diag{0, r, 0, . . .}V † , . . . , (A.2)

with U , V generic unitary matrices, the same for all λα, that are flat directions

of the global minimum, and r real. A similar analysis follows immediately for the

down-type potentials, so that

〈λ1̂〉 = Û diag{r̂, 0, 0, . . .} V̂ † , 〈λ2̂〉 = Û diag{0, r̂, 0, . . .} V̂ † , . . . . (A.3)

We refer to this type of aligned structure as ‘flavor-locked’. (It is possible to

switch the rank-1 structure for degeneracy by setting µ2 < 0 [194], though we do

not consider this possibility in this work.)

A.1.2 Mixing terms: single flavon generation

The first, ν1, term of the mixed potential (3.11) manifestly respects the vac-

uum of V1f and V2f. It follows from the Cauchy-Schwarz inequality and positive
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semidefiniteness of λαλ†α, that

Tr
(
λαλ

†
α

)
Tr
(
λ
α̂
λ†
α̂

)
≥ Tr

(
λαλ

†
αλα̂λ

†
α̂

)
. (A.4)

Hence for the case of n = 1 generations of flavons, the ν2 term and full potential

is immediately positive semidefinite, with global minimum at Vfl = 0. Based on

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

[〈λ†α〉〈λα̂〉]IĴ = Vαα̂ckmrr̂ [V ]IJδαJδα̂Î [V̂ ]†
ÎĴ
, (A.5)

in which we have momentarily restored the U(N)U × U(N)D indices and Vckm =

U †Û 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

Vmix = −ν2r
2r̂2
[∣∣∣V 1̂1

ckm

∣∣∣2 − 1
]
. (A.6)

This vanishes if and only if Vckm is 1⊕ (N − 1) block unitary, i.e.

Vckm =


1 0

0 VN−1

 , (A.7)

in which VN−1 is an N−1×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 ν2 term is not positive definite by

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

Vfl =
∑
α

Uα
1f +

∑
α<β

Uαβ
2f +

∑
α̂

U α̂
1f +

∑
α̂<β̂

U α̂β̂
2f + U0

mix +
∑
α, α̂

Uαα̂
mix . (A.8)

in which the pure up-type potentials

Uα
1f = µ1

∣∣∣∣Tr
(
λ†αλα

)
− r2

∣∣∣∣2 +
(
µ2 + ν2

2
r̂2

r2

)[∣∣∣Tr
(
λ†αλα

)∣∣∣2 − Tr
(
λαλ

†
αλαλ

†
α

)]
,

Uαβ
2f = µ3

∣∣∣∣Tr
(
λ†αλα

)
− Tr

(
λ†βλβ

)∣∣∣∣2 + µ4

∣∣∣∣Tr
(
λ†αλβ

)∣∣∣∣2
+ µ6,1 Tr

(
λ†αλαλ

†
βλβ

)
+
(
µ6,2 −

ν2r̂
2

r2

)
Tr
(
λαλ

†
αλβλ

†
β

)
, (A.9)

and similarly for the down-type potentials, exchanging all unhatted and hatted

couplings. The two mixed potentials

U0
mix = ν2r

2r̂2

2 Tr
[(∑

α

λαλ
†
α

r2 −
∑
α̂

λ
α̂
λ†
α̂

r̂2

)2]
, (A.10)

Uαα̂
mix =

(
ν1 −

ν2

2n

)
r2r̂2

∣∣∣∣∣Tr
(
λαλ

†
α

)
/r2 − Tr

(
λ
α̂
λ†
α̂

)
/r̂2

∣∣∣∣∣
2

. (A.11)

Hence each term of the full potential is now positive semidefinite, provided

µ6,2 ≥ ν2r̂
2/r2 , µ̂6,2 ≥ ν2r

2/r̂2 , and ν1 ≥ ν2/(2n) . (A.12)

We write the flavor-locked configuration in the ordered form of Eqs. (A.2) and

(A.3), so that the first n eigenvalues of 〈λα〉 are non-zero. At the flavor-locked
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configuration, the mixed potential becomes

∑
α,α̂

V αα̂
mix = −ν2r

2r̂2∑
α,α̂

[∣∣∣Vαα̂ckm∣∣∣2 − 1/n
]

= 0 . (A.13)

Unitarity ensures that
n∑

α,α̂=1

∣∣∣Vαα̂ckm∣∣∣2 ≤ n , (A.14)

so that on the flavor-locked contour the mixing terms and hence full potential is

minimized, with Vfl = 0, if and only if Vckm is n⊕ (N − n) block unitary. I.e.

Vckm = U †Û =


Vn 0

0 VN−n

 , (A.15)

with Vk a k × k unitary matrix. Note that the n or N − n block CKM rotations

are flat directions of the global minimum, and therefore Vn and VN−n may be

any arbitrary unitary submatrices with generically O(1) entries. We often refer

to Eq. (A.15) in combination with Eqs. (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 Vfl = 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

〈λα〉 → 〈λα〉+ εXα , and 〈λα̂〉 → 〈λα̂〉+ εXα̂ . (A.16)
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To this end, it is convenient to define

Hα = 1
r2

[
〈λα〉X†α +Xα〈λ†α〉

]
, P = 1

r2

∑
α

〈λα〉〈λ†α〉 , P̂ = 1
r̂2

∑
α̂

〈λ
α̂
〉〈λ†

α̂
〉 ,

(A.17)

Observe Hα is Hermitian and Tr[P ] = n. One may show that Tr[PHα] = Tr[Hα],

and, as a consequence of the block unitarity (A.15), that further Tr
[
P̂Hα

]
=

Tr[Hα]. Under perturbation of the mixing terms, one finds to O(ε2),

δ[U0
mix +

∑
α,α̂

Uαα̂
mix] = ε2

ν2r
2r̂2

2 Tr
[(∑

α

Hα −
∑
α̂

Hα̂

)2
]

+ ε2
(
ν1 −

ν2

2n

)
r2r̂2∑

α,α̂

∣∣∣∣TrHα − TrHα̂

∣∣∣∣2 , (A.18)

which is positive semidefinite, provided the condition

ν1 ≥ ν2/(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

Vfl = Ū0
1f +

∑
α

Ūα
1f +

∑
α<β

Ūαβ
2f +

∑
α̂

Ū α̂
1f +

∑
α̂<β̂

Ū α̂β̂
2f + Ū0

mix +
∑
α, α̂

Ūαα̂
mix . (A.20)

in which we have defined, for an arbitrary real coefficient, ω,

Ū0
1f = ω

ν2

2n
r̂2

r2

∣∣∣∣∣∑
α

[
Tr
(
λ†αλα

)
− r2

]∣∣∣∣∣
2

Ūα
1f =

(
µ1 − ω

ν2

2
r̂2

r2

)∣∣∣∣Tr
(
λ†αλα

)
− r2

∣∣∣∣2
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+
(
µ2 + ν2

2
r̂2

r2

)[∣∣∣Tr
(
λ†αλα

)∣∣∣2 − Tr
(
λαλ

†
αλαλ

†
α

)]
,

Ūαβ
2f =

(
µ3 − (1− ω) ν2

2n
r̂2

r2

)∣∣∣∣Tr
(
λ†αλα

)
− Tr

(
λ†βλβ

)∣∣∣∣2 + µ4

∣∣∣∣Tr
(
λ†αλβ

)∣∣∣∣2
+ µ6,1 Tr

(
λ†αλαλ

†
βλβ

)
+
(
µ6,2 −

ν2r̂
2

r2

)
Tr
(
λαλ

†
αλβλ

†
β

)
, (A.21)

and analogously in the down sector for the α̂ and β̂ pieces. The mixing terms are

given by

Ū0
mix = ν2r

2r̂2

2

{
Tr
[(∑

α

λαλ
†
α

r2 −
∑
α̂

λ
α̂
λ†
α̂

r̂2

)2]
− 1
n

∣∣∣∣∣Tr
(∑

α

λαλ
†
α

r2 −
∑
α̂

λ
α̂
λ†
α̂

r̂2

)∣∣∣∣∣
2}
,

Ūαα̂
mix = ν1r

2r̂2
∣∣∣Tr

(
λαλ

†
α

)
/r2 − Tr

(
λ
α̂
λ†
α̂

)
/r̂2

∣∣∣2 . (A.22)

This time, under perturbations of the flavor-locked configuration, one finds

δŪ0
mix = ε2

ν2r
2r̂2

2 Tr
[(∑

α

Hα −
∑
α̂

Hα̂ −
P

n
Tr
[∑

α

Hα −
∑
α̂

Hα̂

])2]
, (A.23)

which is positive semidefinite. Hence, no matter the form of the ν1 term, a local

minimum can also be achieved for the case that

µ1 ≥ ω
ν2

2
r̂2

r2 , µ3 ≥ (1− ω) ν2

2n
r̂2

r2 , ω ≥ 0 , µ6,2 ≥
ν2r̂

2

r2 , (A.24)

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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V1f + V2f then has the structure

1. Tr
[
〈λ†α〉〈λα〉

]
= r2,

2. 〈λα〉 is rank-1,

3. 〈λ†c〉〈λu〉 = 0 and 〈λc〉〈λ†u〉 = 0

(A.25)

but neither 〈λ†t〉〈λc,u〉 nor 〈λt〉〈λ†c,u〉 need to vanish, and similarly for the down-

type flavons. The potentials Vfl,h and Vfl,l 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 Eqs (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 → UULUL , DL → UDLDL , UR → UURUR , DR → UDRDR , (A.26)

where the Ui are 2⊕ 1 block unitary matrices

UUL =


cos θUL sin θUL 0
− sin θUL cos θUL 0

0 0 1

 , UDL =


cos θDLeiψDL sin θDL 0
− sin θDLeiψDL cos θDL 0

0 0 1

 ,

UUR =


cos θUR sin θUR 0
− sin θUR cos θUR 0

0 0 1

 , UDR =


cos θDR sin θDR 0
− sin θDR cos θDR 0

0 0 1

 . (A.27)
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The rotation angels and the phase are chosen such that

tan θUL = sin θ13 tan θ23 , (A.28)

tan θUR = sinϑ13 tanϑ23 , (A.29)

tan θDR = sin ϑ̂13 tan ϑ̂23 , (A.30)

tan θDL = sin θ13 tan θ23 cosψDL − tan θcos θ13

cos θ23
cos(ψm + ψDL) , (A.31)

tanψDL = tan θ sinψm
sin θ23 tan θ13 − tan θ cosψm

. (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 θ13, θ23, ϑ13, ϑ23,

ϑ̂13, ϑ̂23, θ and phases ψd, ψs, ψu, ψc, ψm.
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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 λq and λ′q 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 qL/R → UqL/RqL/R such

that U †uL(vλu + v′λ′u)UuR = diag(mu,mc,mt) ≡ mdiag
u and analogous for the down
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quarks. Given the structure of λu and λ′u in Eq. (4.4a) we can introduce the matrix

Π = diag(0, 0, 1) that leaves λu invariant and that annihilates λ′u: Πλu = λu and

Πλ′u = 0 . Using this matrix, we can express λu in the mass eigenstate basis

directly in terms of quark masses and the CKM matrix

U †uLλ
uUuR = U †uLΠ(λu+ v′

v
λ′u)UuR =

√
2
v
U †uLΠUuLm

diag
u =

√
2
v
VCKMΠV †CKMm

diag
u .

(B.1)

In the last step we used the definition of the CKM matrix VCKM = U †uLUdL and

the fact that UdL and Π commute due to the structure of λd and λ′d in Eq. (4.4b).

Analogously, we can use the matrix Π′ = diag(1, 1, 0) to get an expression for λ′u

in the mass eigenstate basis

U †uLλ
′uUuR = U †uLΠ′( v

v′
λu+λ′u)UuR =

√
2
v′
U †uLΠ′ UuLmdiag

u =
√

2
v′
VCKMΠ′ V †CKMm

diag
u .

(B.2)

In the down quark sector we instead get

U †dLλ
dUdR = U †dLΠ(λd + v′

v
λ′d)UdR =

√
2
v
U †dLΠUdLm

diag
d =

√
2
v

Πmdiag
d ,(B.3)

U †dLλ
′dUdR = U †dLΠ′( v

v′
λd + λ′d)UdR =

√
21
v′

U †dLΠ′ UdLm
diag
d =

√
2
v′

Π′mdiag
d .(B.4)

B.2 Loop Functions for b→ sγ

In this appendix we give the explicit expressions for the loop functions that

enter the results for the charged Higgs contributions to the b → sγ decay in

section 4.3.

f7(x) = (2− 3x)2 log x
12(1− x)4 + 11− 43x+ 38x2

72(1− x)3 , lim
x→0

f7(x) = 1
3 log(x) + 11

72 , (B.5)
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f8(x) = (2− 3x) log x
4(1− x)4 + 16− 29x+ 7x2

24(1− x)3 , lim
x→0

f8(x) = 1
2 log(x) + 2

3 , (B.6)

g7(x) = −x(2− 3x) log x
12(1− x)4 − 7− 5x− 8x2

72(1− x)3 , lim
x→0

g7(x) = − 7
72 , (B.7)

g8(x) = − x log x
4(1− x)4 −

2 + 5x− x2

24(1− x)3 , lim
x→0

g8(x) = − 1
12 , (B.8)

h7(x) = (2− 3x) log x
6(1− x)3 + 3− 5x

12(1− x)2 , lim
x→0

h7(x) = 1
3 log(x) + 1

4 , (B.9)

h8(x) = log x
2(1− x)3 + 3− x

4(1− x)2 , lim
x→0

h8(x) = 1
2 log(x) + 3

4 .

(B.10)

B.3 Loop Function for t→ hq

The loop function F that enters our SM expression of the rare top branching

ratios Eq. (4.15) can be written as

F(x, y) = 1
16(x− y)2

∣∣∣∣∣∣x
(
B0(0, 0, 1)−B0(x, 0, 1)

)
+ y

(
B0(y, 0, 0)−B0(0, 0, 1)

)

4
(
B0(x, 0, 1)−B0(y, 0, 0)

)
+ (2 + y)

(
B0(y, 1, 1)−B0(x, 1, 0)

)
− (4− 2x+ y)C0(y, x, 0, 0, 0, 1)

+ (2− y + y2 − x(2 + y))C0(y, x, 0, 1, 1, 0) + 2(y − x)B′0(0, 1, 0)

+ 2(x− 2)B′0(x, 1, 0) + 2(x2 + y − xy − 2)C ′0(y, x, 0, 1, 1, 0)

∣∣∣∣∣∣
2

, (B.11)

with the following definitions of the Passarino-Veltman functions

i

16π2B0(p2,m2
1,m

2
2) = µ̄4−D

∫ dDq
(2π)D

1
(q2 −m2

1)((q + p)2 −m2
2) , (B.12)

i

16π2C0(p2, k2, (p+ k)2,m2
1,m

2
2,m

2
3)

=
∫ d4q

(2π)4
1

(q2 −m2
1)((q + p)2 −m2

2)((q + p+ k)2 −m2
3) . (B.13)
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The derivatives in Eq. (B.11) act on the last argument of the functions, i.e.

B′0(a, b, c) = ∂

∂c
B0(a, b, c) , (B.14)

C ′0(a, b, c, d, e, f) = ∂

∂f
C0(a, b, c, d, e, f) . (B.15)

B.4 Higgs Signal Strength Fit

Away from the alignment limit cos(β − α) = 0, the couplings of the 125GeV

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→ ττ [32, 351], h→ µµ [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(β − α) vs. tan β 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 1σ (dark green) and 2σ (light

green). The dotted lines indicate the 2σ constraint in the corresponding 2HDMs

with natural flavor conservation.
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Figure B.1: Constraints in the cos(β − α) vs. tan β plane based on LHC mea-
surements of the 125GeV Higgs signal strengths. Parameter space of the flavorful
2HDMs that is compatible with the data at the 1σ and 2σ level is shown in green.
For comparison, the 2σ regions in the corresponding 2HDMs with natural flavor
conservation are shown by dashed contours.
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