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chosen as n = 8 and m = 4. Note there are two different best fitting points

for the choice s =1 and s = 4. As in all other cases k; = ks = 0. Due to that

sin o and sin 5 are not only coinciding in magnitude (coming from the choice

m=mn/2), but alsoinsign.|. . . . ... ... Lo
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ABSTRACT OF THE DISSERTATION

Probing New Physics Beyond the Standard Model via New Neutrino Interactions
by
Garv Chauhan
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Professor Bhupal Dev (Chair)

The Standard Model (SM) of Particle Physics provides a self-consistent quantum field
theoretic framework to explain three of the four known fundamental forces (electromagnetic,
weak, strong) along with classifying all known elementary particles. Since its conception in
the 1960s, the SM has been one of the most tested theories of physics and has withstood all
experimental batterings. In spite of these successes, there are compelling indications, both
experimental and theoretical, that require us to expand our understanding of the nature
beyond the SM (BSM). Arguably the most glaring indication of BSM physics is the observa-
tion of neutrino oscillations, which implies that neutrinos are massive. The underlying BSM
physics responsible for neutrino mass must necessarily involve new BSM interactions of neu-
trinos. In this dissertation, we focus on some case studies of the theory and phenomenology
of these new BSM neutrino interactions. On the theoretical side, we consider a class of BSM
scenarios for neutrino masses with extra gauge groups, whose generators contribute to the
electric charge, and studied the effect of perturbativity constraints on these models, assum-
ing them to be valid up to higher energy scales. In particular, we have derived lower bounds
on the new gauge bosons and their couplings from perturbativity considerations, which have
important implications for future searches of these BSM particles. In our second work, we
have developed analytic techniques to study the vacuum stability and spontaneous symmetry

breaking for generic multi-Higgs potential, with application to the well-motivated Left-Right
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Symmetric Model (LRSM) as an example study. We found that requiring vacuum stability
in conjunction with other phenomenological constraints significantly reduces the available
parameter space for low-scale LRSM. On a more phenomenological side, we study the effect
of Non-standard interactions (NSI) of neutrinos with matter mediated by a scalar field. We
develop general techniques to study matter effects and long-range force effects consistently
in all media. We show that observable scalar NSI effects, although precluded in terrestrial
experiments, are still possible in future solar and supernovae neutrino data, and in cos-
mological observations such as cosmic microwave background and big bang nucleosynthesis
data. In another project, we study the experimental prospects for a scenario with neutrino
interactions with right-handed neutrinos vg charged under a hidden U(1) gauge group. We
investigate the loop-induced couplings and find that the vgz-philic dark photon is not inac-
cessibly dark and can be of potential importance to future dark photon searches. In our final
project, we explore the production of baryon asymmetry through resonant leptogenesis and
phenomenological signatures of the type-I seesaw scenario with a given flavor and CP sym-
metry group. We find that requiring successful baryon asymmetry generation via resonant
leptogenesis imposes interesting constraints for the detection prospects of heavy neutrinos

at colliders, as well as in future neutrinoless double beta decay experiments.
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Chapter 1

Introduction

“You take the blue pill...the story ends, you wake up in your bed
and believe whatever you want to believe. You take the red
pill...you stay in Wonderland, and I show you how deep the

rabbit hole goes."

- Morpheus, The Matrix (1999)
In ancient times, the world was believed to be composed of four basic elements - fire, earth,
water, air. This understanding of physical world in those times came from the distillation of
direct experiences with nature everyday. This was the ultimate scale that could be probed
in those times. Since then the story has progressed a couple thousand pages. We can now

probe nature at length scales of attometer [[] to billions of light-year{? away.
In our current understanding of the entire observable natural world, simply referred to as
"The Universe", composed of 17 fundamental particles and governed by four natural forces:

electromagnetic force, weak nuclear force, strong nuclear force and gravityﬂ

1.1 Standard Model of Particle Physics

Standard Model (SM) of Particle Physics governs the physics in everyday life except gravity.

It was brought to life by Steven Weinberg in 1967 in his landmark paper, "A Model of

'lam =107 m

211y =9.4607 x 10* m

3 The definition of what constitutes a fundamental force has delved into a fuzzy territory. More appropri-
ately, it can be phrased mathematically as 3 fundamental gauge groups with addition of general relativity.
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UR
dr
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-1
-2

SU(3

0 3
3
3
1
1
1

Tab. 1.1: Gauge charge assignments for the particle content of the Standard Model, Gsyy =
SU(3)e x SU(2), x U(1)y
Leptons' [I4]. Since then SM has been one of the most tested theories of physics and has
withstood all experimental batterings. It can explain three of the four known fundamental
forces (electromagnetic force, weak nuclear force, strong nuclear force) along with classifying
all known elementary particles.

Standard Model is a non-abelian Yang-Mills gauge theory invariant under a local internal
symmetry group :

SU(3)C X SU(Z)L X U(l)y (11)

where the conserved charge corresponding to SU(3), is the color charge, for SU(2) is the

weak isospin and weak hypercharge for U(1)y. The particle content is detailed in Fig. .
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1.1.1 Electroweak Sector

The symmetry group for the Electroweak (EW) sector is SU(2), x U(1)y, where L denotes

interactions only with left-handed fermions and Y denotes the weak hypercharge.
Lew =Y Uy Dy — {WHWe, — BB, (1.2)
P

where the three contributions are the gauge-invariant kinetic terms for fermion field ¢ and

the gauge bosons (W, B,,) and,
Dy = (i0, — g'3YwB, — g37.W,,) (1.3)

denotes the covariant derivative that handles the gauge transformations of the fermionic
fields. B, is the U(1)y gauge field, W¢ is the three component SU(2) gauge field (where
a = (1,2,3)) , Y and 7}, are the group generators for U(1)y and SU(2); with coupling
constants ¢’ and g respectively. Note that in eq. (and further in this section), Einstein

summation convention is being followed and the variable a is summed over.

1.1.2 Quantum Chromodynamics

The symmetry group for the quantum chromodynmics (QCD) sector is SU(3)., where ¢
denotes interactions only with particle species carrying the color charge.

_ g qm (1.4)

Laco = 30 (1"(9,0, — ig.GLTE)) vy — 1Ci
(4

where the two contributions are the gauge-invariant kinetic terms for fermion field ¢ and
the gauge bosons G+, (which denotes the 8 component SU(3) gauge field) and T}) are 3 x 3

Gell-Mann matrices which are the group generators for SU(3). with coupling constants g;.
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1.1.3 Higgs Mechanism

It is important to note that until now all the degrees of freedom in the gauge theory are
massless, which is in conflict with the observations of the natural world. Therefore, we need
a way to provide masses to particles in the theory, which is exactly what is accomplished by
the addition of the Higgs mechanism']

The Higgs mechanism is based on addition of a scalar Higgs field which undergoes spon-
taneous symmetry breaking. In the Standard model, the Higgs field is a complex scalar of
the group SU(2),

o = i (1.5)
9
with weak hypercharge Y = +1 and no color charge. The gauge symmetry of the SM and

renormalizability requires the Lagrangian for ® as follows :

1 1
Liiiges = (D, ®)(D"®) + §u2<b<1> - th@cp)? (1.6)
If 4 > 0, the scalar field ® develops a non-zero vacuum expectation value (VEV) which

spontaneously breaks the symmetry. Since the electric charge should be conserved after

breaking, only the neutral scalar field can develop a non-zero VEV.
(@) = (1.7)
This leads to the breaking of the electroweak sector to electromagnetism, which is now the

only remaining unbroken symmetry of the vacuum.

After SSB, three out of four scalar degrees of freedom acts as the longitudinal polarization

4 More appropriately should be referred as "Anderson-Englert-Brout-Higgs-Guralnik-Hagen-Kibble"
mechanism
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for the three linear combinations of the gauge fields, hence making them massive.

B \/5 P TR /—gz + g7 VK /—gz + g2 )
with masses given by :
w ST
My =55, Mz = ————), ma =0 (1.9)

The fourth leftover degree of freedom of the scalar Higgs field is identified as the Higgs boson

hﬂ In the unitary gauge, the scalar doublet is written as :

o = (1.10)

Hv+th

1.1.4 Yukawa sector

Now we can generate the masses for all the fermions with the VEV of a single Higgs doublet

with use of ® and ®, where

1
- - 55U
b; = ¢, 0%, () = | V2 (1.11)
0
To show how SSB generates fermion masses in the SM, we look at the first generation as an

example :

Ly = f.L®er+ fudr Pup + faqr ®dr + h.c. (1.12)
After SSB, the Lagrangian takes the form :

@(e‘LeR + éner) + M(u‘LuR "V dgur) + @(d}d,% + dpdy) (1.13)

b =" NG V2

5 It was Steven Weinberg who correctly incorporated the Higgs mechanism in the electroweak theory by
identifying the Higgs field as a SU(2), doublet of the electroweak gauge group. For this reason, SM Higgs
boson might also be referred as the "Weinberg" boson.
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from which the fermion masses can be directly read off.

1.2 Motivations for BSM Physics

The successful experimental predictions of the SM places it on a grand pedestal as a powerful
theory of nature. Inspite of these successes, there are indeed few cracks through which we
can gain insight to build further on. In this section, we discuss few of the most motivated
theoretical and experimental hints for looking beyond the Standard Model (BSM). We dis-
cuss experimental motivations, for e.g. explanation for small neutrino masses, neutrino mass
mechanism and generation of matter-antimatter asymmetry of the Universe. Few of the the-
oretical motivations include the issue of vaccum stability in SM and prospects of unification
of the couplings at higher energies, for which we will look and offer theoretical guidance by
analyzing the limits of our most motivated BSM models like Left-Right Symmetric Model
and U(1)p_r model.

1.2.1 Experimental Motivations
1.2.1.1 Neutrino Oscillations and Masses

In the late 1960s, the solar neutrino problem arose from observations in Homestake Exper-
iment led by Ray Davis and John Bahcall, in which there were a lot fewer neutrino events
reported than expected theoretically assuming the standard solar model. This problem was
only resolved later in around 2002 after measurements of other experiments involving solar,
atmospheric and reactor neutrinos, which could be effectively explained if neutrinos of dif-
ferent flavors could change into each other. This mechanism for neutrino flavor conversion
during propagation is now known as "Neutrino oscillations" . An important implication of
neutrino oscillations is that neutrinos can only oscillate in vacuum if they have non-zero
masses. Although the absolute mass scale is still unknown but the associated mass split-

tings have been measured to sub-eV precision along with the mixing angles. In addition, the
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absolute sign for one of the mass splitting is unknown and this leads to two possible mass
hierarchy for neutrinos : Normal ordering, NO (m3 > my > m;) and Inverted ordering, 10
(mg > my > mg).

For neutrinos following NO, the three masses m; are parametrized as

mp=moy , Mg = V m% + ATngol , M3 = V m% + ATn?itm (114)

with mg denoting the lightest neutrino mass and from the global fit 2020 [15]

AmZy =m3 —mi = (742503) x 1077 eV2,  AmZy, =m} - mi = (251750 038) x 1073 V2,

6.82 x 107° eV2 < Am?2 <8.04 x 107° eV?,

sol

2.435 x 1073 V2 < Am? < 2.598 x 1073 eV2. (1.15)

atm

at the 3o level.

For neutrino with 10, the masses m; are written as

my = \/m% + [Am2| — AmZ, ma = \md + [AmZ.|, m3 =mg (1.16)

where

Am2, =m3 —m? = (7.42:’8:%(1)) x107°eVZ,  AmZ,, =m3 —m3 = (—2.498f8:8%2) x 1073 eV?

6.82 x 107° V2 < Am? < 8.04 x 107% eV?

sol

—2.581 x 1072 eV2 < Am2,, < 2414 x 1073 eV? (1.17)
at the 3o level.
The lepton flavor eigenstates of neutrino vy (f = e,p,7) can be written as a linear

combination of the mass eigenstates v; (i = 1,2, 3),

vy =3 Ui, (1.18)
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where U is the 3 x 3 unitary mixing matrix for neutrinos, known as Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix.

As parametrization of the PMNS mixing matrix we take

@0

C12C13 512€13 S13€
o . . . /2 _i(B/2+6
UpMNs = | —812023 — €12523513€%°  ClaCoz — S12523513¢°  Sa3Ci3 diag(1, e / >€( / ))
_ i _ i6
5128523 — C12€23513€ C12523 — 512€23513€ C23C13

(1.19)
and s;; = sinf;; and ¢;; = cosf;;. The mixing angles 6,; range from 0 to /2, while the
Majorana phases a, 5 as well as the Dirac phase ¢ take values between 0 and 27. Note one
of the Majorana phases becomes unphysical, if the lightest neutrino mass mq vanishes.

As experimental constraints on the lepton mixing angles and the CP phase § we use the

results from the global fit 2020 [I5]. These read for NO (I0)

sin? 013 = 0.02219(38) 70 000ca) and  0.02032(52) < sin? 035 < 0.02410(28) ,

sin® 6y = 0.3047 00126 and  0.269 < sin®6;, < 0.343
sin? B3 = 0.573(5) 0300 10) and  0.415(9) < sin® 6y < 0.616(7)
§ = 3.43(4.98)1047 and  2.09(3.36) < & < 6.44(15) (1.20)

for best fit value, 10 level and 3 o range, respectively.
To sum up, SM neutrinos do not have a right-handed partner and hence are massless to
all orders in perturbation theory. But the presence of oscillations between different flavors

indicates massive neutrinos and hence directly points to physics beyond the SM.

1.2.1.2 Matter-Antimatter Asymmetry

One of the most important questions in physics is, why there is more matter than antimatter
? This asymmetry between matter and antimatter can be precisely stated in terms of a

ratio np defined as the number density of net baryons over photons. This ratio has been
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determined experimentally using the abundance of light elements at the time of Big Bang
Nucleosynthesis. Most recent precise measurement done by Planck Collaboration (2018) [16]

sets the matter-antimatter asymmetry parameter ng
ny — Ny .

np = " = (6.1240.08) x 107" (1.21)
Y

This can be explained through the dynamical generation of baryon asymmetry for which
required basic ingredients includes the 3 Sakharov conditions for a model: presence of C
& CP violation, baryon number violation and departure from thermal equilibrium for the
baryon number violating processes.

A very closely related idea for baryon asymmetry generation is the leptogenesis mech-
anism. The central idea of leptogenesis is the production of leptonic asymmetry in early
Universe which is then converted to baryonic asymmetry of the Universe (BAU) through
B-L conserving electroweak sphaleron interactionﬂ More details on the leptogenesis mech-

anism are covered in Chapter [6]

1.2.1.3 Dark Matter

In 1930s while observing the Coma Cluster, Swiss astrophysicist Fritz Zwicky noticed that
the observed luminous mass of the cluster was less than then the mass inferred from the
virial motion of the galaxies near the edge of the clusterl/| He inferred that most of the mass
of the cluster is dark and called it “dunkle Materie” ("dark matter’). A turning point in
missing matter problem occurred in 1970-1980s. Vera Rubin along with Ken Ford measured
the galactic rotation curves for numerous spiral galaxies. They found that rotation curves
tend to flattening out at far enough distances from the center of the galaxy compared to the

Newtonian expectation of gradual decrease in radial velocity at larger radii. They showed

6 SM Sphaleron interactions are non-perturbative processes that violate net baryon + lepton B+ L number
but conserve the total B — L charge.

7 Zwicky had estimated amount of missing matter to be 400 times more than luminous mass of the cluster.
It is now known that his estimate was off by an order of magnitude mainly due to (then known) value of the
Hubble constant.
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that galaxies must contain six times more dark matter than luminous matter. These ob-
servations were monumental in convincing the larger community for the existence of Dark
Matter (DM).

It has been shown through studies on Big Bang nucleosynthesis and gravitational lensing
that bulk of the DM in the universe cannot be made up of currently known SM particles.
Thus, presence of missing mass constitutes one of the most direct push for BSM physics.
Although the experimental searches for various DM candidates have been done since late
1980s, all of these searches have turned empty handed. Ome of the most popular earlier
choices for DM called Weakly Interacting Massive Particles (WIMPS) have been ruled out
(although more convoluted models might still survive). For now this has motivated the
search for light dark matter candidates such as axion-like particles (with SM axion being
ruled out).

There is an another interesting class of DM candidates such as Bose-Einstein Condensate
DM, fuzzy DM and Superfluid DM. In these scenarios, the point-particle behaviour of the
DM is lost at short scales and instead manifests in form of a condensate (can be classical or

quantum based on the model) at the galactic scales.

1.2.2 Theoretical Motivations
1.2.2.1 Vacuum Stability

An important problem with the SM is the stability of the scalar Higgs potential at high-
energies. The condition for stability of the scalar potential in the SM is the positivity of
the Higgs quartic coupling A, (see Eq. . However, renormalization group equation (RGE)
analysis shows that )\, becomes negative at a scale of around 10'° GeV for experimentally
measured value of the Higgs mass [I7]. Thus, the potential in the SM is unbounded from

below around this scale and makes the theory unstableﬂ This motivates us to to look beyond

8 Technically, the SM vacuum is metastable i.e. the average time to tunnel to true vacuum state is longer
than the age of the Universe

10
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the SM and also ensure to ensure the stability of the scalar Higgs potential in these candidate

theories for physics beyond the SM.

1.2.2.2 GUT Unification

Motivated by the unification of electromagnetism and weak force as a two different manifes-
tion of a single electroweak force, points to an obvious question : Can all of the fundamental
forces in the SM be unified into one fundamental force ? This can more concretely be de-
scribed in language of gauge groups : Does there exist a simplified gauge symmetry group
structure that breaks down to SM at lower energies 7 The coupling constants in any QFT
depend on the energy scale and termed as "running" couplings. The unification at higher
energies might be reflected indirectly if the gauge couplings of the SM unify at some higher
scale, often dubbed as GUT scale where GUT stands for the Grand Unified Theory. Although
the SM couplings do not unify exactly near GUT scale but this scenario might change with
introduction of new particles/gauge symmetries at between TeV to GUT scale. The system

of equations governing the running of the coupling constants are known as Renormalization

Group Equations (RGEs).

1.3 Towards BSM Physics

In this dissertation, we explore the new physics beyond the SM motivated by the theoretical
and experimental reasoning as described in the previous section.

In Chapter [2| we derive perturbativity constraints on beyond standard model scenarios
with extra gauge groups, such as SU(2) or U(1), whose generators contribute to the elec-
tric charge, and show that there are both upper and lower limits on the additional gauge
couplings, from the requirement that the couplings remain perturbative up to the grand
unification theory (GUT) scale. This leads to stringent constraints on the masses of the

corresponding gauge bosons and their collider phenomenology.

11
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In Chapter [3] we derive analytic necessary and sufficient conditions for the vacuum
stability of the left-right symmetric model as an example by using the concepts of copositivity
and gauge orbit spaces. We also derive the conditions sufficient for successful symmetry
breaking and the existence of a correct vacuum. We also discuss the renormalization group
analysis of the scalar quartic couplings through an example study that satisfies vacuum
stability, perturbativity, unitarity and experimental bounds on the physical scalar masses.

BSM physics of neutrino masses entail new interactions and thus motivates to carefully
study them for minute effects. In Chapter [4 we study the effect of Nonstandard interactions
(NSI) of neutrinos with matter mediated by a scalar field. We develop general techniques to
study matter effects and long range force effects consistently even in relativistic backgrounds,
and discuss various limiting cases applicable to the neutrino propagation in different media,
such as the Earth, Sun, supernovae and early Universe.

In Chapter [5, We consider a generic dark photon that arises from a hidden U(1) gauge
symmetry imposed on right-handed neutrinos vz. Such a vg-philic dark photon is naturally
dark due to the absence of tree-level couplings to normal matter. However, loop-induced
couplings to charged leptons and quarks are inevitable, provided that vz mix with left-handed
neutrinos via Dirac mass terms. We investigate the loop-induced couplings and find that
the vg-philic dark photon is not inaccessibly dark, which could be of potential importance
to future dark photon searches.

In Chapter [0, we discuss about the production of baryon asymmetry through resonant
leptogenesis and phenomological signatures of type-I seesaw scenario with a flavour and a
CP symmetry that strongly constrain lepton mixing angles, and both low- and high-energy
CP phases. We specially focus on the effect of these symmetries on the collider signals in
minimal U(1)z_;, model and effective neutrino mass (mgg) in neutrinoless double beta decay
(OvBB), while also requiring production of the experimentally observed baryon asymmetry

(nB)-
We finally conclude in Chapter. [7]

12



Chapter 2

Perturbativity and Unitarity in
U(1)p_1 and Left-Right Model

“I don’t want to believe. I want to know."

- Carl Sagan

2.1 Introduction

BSM physics could of course be at any scale; however, from an experimental point of view,
it is interesting if it is at the TeV scale so that it could be tested by current and planned
experiments. Many TeV-scale BSM extensions proposed to remedy the above shortcomings
of the SM introduce extended gauge groups, such as extra U(1) or SU(2) x U(1) groups at
the TeV scale, which are usually derived from a higher symmetry group, such as SO(10) [I8],
19, 20, 211, 22] at the grand unification theory (GUT) scale. Such extensions broadly fall into

two classes:

(i) The generators of the extra gauge groups contribute to the electric charge [23, [24].
Two widely discussed examples are (a) the models based on the gauge group SU(2) x
U(1),, x U(1)p_r [25, 26] and (b) the left-right symmetric model (LRSM) based on

the gauge group SU(2), x SU(2)g x U(1)p_r [27, 28, 29], both of which are useful

9 This chapter is based on [10]

13
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and motivated in order to understand neutrino masses via the seesaw mechanism [30,

31, 132, 133, 134).

(ii) The extra gauge groups do not contribute to electric charge. Examples of this class are
the dark photon [35], 36l B7], U(1)_ [38,89], and more generic U(1)x [40] 41} 42} [43]
models, which have been discussed extensively in connection with dark matter [44] and

collider signatures [45].

In both these classes of models, demanding that gauge couplings remain perturbative i.e.
g; < V4w up to the GUT or Planck scale imposes severe constraints on the allowed values of
the extra gauge couplings, as well as on the masses of the additional gauge bosons. In case
(i), where the additional group generators contribute to the electric charge, we find both
upper and lower limits on the gauge couplings, whereas in case (ii), where the additional
gauge couplings are not related to the electric charge, we only get upper limits and no lower
limits. In this chapter, we only focus on the case (i) models and derive the perturbativity

bounds on the gauge couplings gr and gg, corresponding to the SU(2)g (or U(1),,,,) and

I3r
U(1)p_1 gauge groups, respectively.

Our results have far-reaching implications for collider searches for extra gauge bosons.
In particular, they have to be taken into consideration, while interpreting the current direct
search constraints on the Wy [40, 6] and Zg [I], 2] bosons from the Large Hadron Collider
(LHC) data, or the prospects [7, 47, [8, [5, 48] at the High-Luminosity LHC (HL-LHC) and a
future 100 TeV collider [49, 50]. In particular, if the measured gauge couplings fall outside
the limits derived from perturbativity up to the GUT (or Planck) scale, that would imply
that there is new physics at the TeV or intermediate scale which allows this to happen. That
would have interesting implications for new BSM physics.

There is another important implication of our results for the LRSM. Due to the stringent

flavor-changing neutral current (FCNC) constraints in the high-precision electroweak data

such as Ky — Ky, By — By and B, — B, mixings [51], the parity partner of the SM doublet
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scalar is required to be very heavy, i.e. = 10 TeV [52, 53], 54} 5] H Then one of the quartic
couplings (as) in the scalar potential [see Eq. (2.17))] is of order one, if the right-handed
(RH) scale vg lies in the few-TeV range. As a result, the perturbativity of the quartic
couplings up to the GUT scale imposes a lower bound on the vy scale, i.e. vg = 10 TeV. The
renormalization group (RG) running of a3 and other quartic couplings involves the gauge
couplings gr and/or ggr. Hence, the perturbativity constraints in the scalar sector of LRSM
do not only narrow down significantly the allowed ranges for the gauge couplings g and
gL, but also supersede the current W and Zr mass limits from the LHC, and even rule
out the possibility of finding them at the HL-LHC (see Fig. . Therefore, if a heavy Wg
and/or Zr boson was to be found at the later stages of LHC, then either it does not belong
to the LRSM, or the minimal LRSM has to be further extended at the TeV-scale or a higher
intermediate scale, such that all the gauge, scalar and Yukawa couplings are perturbative
up to the GUT scale.

Though we focus on the minimal U(1)g_, and LRSM gauge groups in this chapter, the
basic arguments and main results could easily be generalized to other gauge groups at the
TeV scale, such as the SU(3), x U(1)x [56, 57, 58, 59], SU(3), x SU(3)r x U(1)x [60, 61,
62, 63, 64], and alternative left-right models with universal seesaw mechanism for the SM
quarks and charged leptons [65] 66} (67, 68, 69, [70} [7T], [72, 73], [74] or with a stable right-handed
neutrino (RHN) dark matter [75], [76]. However, our results do not apply to situations where
the extra U(1) groups emerge out of non-Abelian groups at an intermediate scale, since they
will completely alter the ultraviolet (UV) behavior of the TeV scale U(1) gauge couplings.
String theories provide many examples where extra U(1)’s persist till the string scale without
necessarily being embedded in intermediate scale non-Abelian groups [45, [77]. However, if
the extra TeV-scale gauge group in question is valid up to the GUT scale, where it gets
embedded into a non-Abelian GUT group, SO(10) [18, 19, 20, 21], 22] or higher rank groups,

our results will be applicable and give useful information on the particle spectrum at the

10 Due to sizable hadronic uncertainties, the FCNC constraints on the heavy bidoublet scalars might go
up to ~ 25 TeV.
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TeV scale.

This chapter is organized as follows: In Section [2.2] we sketch the basic theoretical
arguments behind the perturbativity constraints on the gauge couplings that contribute to
the electric charge. The application to the SU(2)r x U(1),, x U(1)p-L gauge group is
detailed in Section [2.3] along with the implications for searches of the heavy Zg boson and
the vg scale at the LHC and future 100 TeV colliders. The analogous study for the LRSM
gauge group SU(2)p, x SU(2)g x U(1)p_ is performed in Section [2.4] where we also include
the phenomenological implications on the Wg, Zi searches at colliders. We conclude in
Section [2.5] The state-of-the-art two-loop RG equations for the gauge, quartic and Yukawa

couplings in the LRSM are collected in Appendix [A]

2.2 Theoretical constraints

Our basic strategy is as follows: In the SM, when the electroweak gauge group breaks down
to the electromagnetic group, i.e. Gsmq = SU(2) x U(1)y — U(1)gwm, the electric charge is
given by

Y
Q = 13L+§, (2.1)

and we have the relation among the gauge couplings at the electroweak scale:

1 1 1

EZE+E’ (2.2)

where g1, gy, e are the gauge couplings for the SU(2), U(1)y and U(1)gy gauge groups,
respectively. Current experiments completely determine these coupling values at the elec-

troweak scale [51]:

e = 0.313 £0.000022, gr, = 0.652 +0.00026 , gy = 0.357 £0.000060. (2.3)
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When the SM is extended in the gauge sector, to the gauge group SU(2), x U(1)x x U(1)z,
such that the extra U(1)x z’s both contribute to the electric charge, then the modified

electric charge formula becomes
Q = [3L+IX+IZ- (24)

This is also true if we replace one of the U(1) x z’s with an SU(2). The corresponding relation

involving the new gauge couplings become [78]{]

L _ 1.1 (2.5)
95 9% 9% '

where gx and gz are the gauge couplings for the U(1) x and U(1)z gauge groups, respectively.
This relation holds at the scale vy, where U(1)x x U(1)z breaks down to the SM U(1)y and
correlates the couplings gx, z to gy. Since the value of gy is experimentally determined at any
scale vy (with the appropriate SM RG evolution), we must have gy, z bounded from below in
order to satisfy Eq. . On the other hand, requiring that the gauge couplings gx, z remain
perturbative till the GUT or Planck scale implies that gx z must also be bounded from above
at any given scale vx. In other words, the couplings gx, z can neither be arbitrarily large nor
arbitrarily small at the TeV-scale, allowing only a limited range for their values. This in turn
constrains the mass of the extra heavy gauge boson Z’, which is given by M2, ~ (g% +g%)v%.
Clearly this has implications for the production of Z’ at colliders.

As an example, when the SM gauge group is extended to SU(2), x U(1),, x U(1)p_L
as in Section 2.3} or to SU(2), x SU(2)g x U(1)p_1 as in Section the gauge couplings

gx,z are respectively gr and gpr, and vg is the scale at which the extended gauge groups

break down to the SM electroweak gauge group Gsm. Eq. (2.5)) then implies a lower bound

1 Note that we are not using here any GUT normalizations for the U(1) couplings in Eq. (2.5). For
normalized couplings, the relation has to be altered accordingly.
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Tab. 2.1: Particle content of the SU(2), x U(1)r,, x U(1)p_r model.

SU@2) U)n, U()s-r
Q 2 0 5
UR 1 "—% %
1 1
dg 1 —3 3
L 2 0 —1
N 1 +3 -1
er 1 —3 -1
H 2 -3 0
Ap 1 1 9
on the coupling gg [79]:
4 —1/2
ry = Ir - tan 6, (1— ;T Oz]?w) : (2.6)

g1, 951, OS2 0,

where 0, = gy /gy is the weak mixing angle, and agy = €2 /47 is the fine-structure constant.
For a phenomenologically-preferred TeV-scale vg, if ggr, is in the perturbative regime, we can
set an absolute theoretical lower bound on 7, > tan 6, ~ 0.55 [79, 80]. One should note that
the lower bound on gr depends on the vg scale. This is before requiring the perturbativity
to persist up to the GUT or Planck scale. When perturbativity constraints are imposed, the

lower limit on gr becomes more stringent, as we show below (see Figs. and [2.8).

2.3 U(l)B_L model

The first case we focus on is the SU(2), x U(1),, x U(1)p—r model [25] 26] which possesses
two BSM U (1) gauge groups, i.e. U(1),, x U(1)p_r, which break down to the SM U(1)y at
a scale vg. Labeling the gauge couplings for the groups U(1)y,, and U(1)p_r as gr and gpr,
respectively, we can set lower bounds on both gr and gg, at the vg scale from the coupling
relation , as well as upper bounds from the requirement that they remain perturbative
up to the GUT scale, as argued in Section [2.2]

The particle content of this model [81, 82] is presented in Table 2.1 Freedom from
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anomalies requires three RHNs which help to generate the tiny neutrino masses via the
type-1 seesaw mechanism [31]. In the scalar sector, one singlet A is used to beak the U(1)
groups and generate the RHN masses, while the doublet H breaks the electroweak group, as
in the SM. The one-loop renormalization group equations (RGEs) for the gauge couplings

of the two U(1)’s are generated by the following S-functions:

9
16726(910) = 3 G0 27)
167*6(g9p) = 39pr - (2.8)

Note that we have not used GUT renormalized gpr, since we are not considering coupling
unification, but rather the implications for the heavy Zx boson searches at colliders. This
model could be viewed in some sense as an “effective” TeV-scale theory of LRSM with the
SU(2)g-breaking scale and the mass of the heavy W boson at the GUT scale [81} [82]. The
U(1)p—r model discussed in this section could also be the TeV-scale effective theory of some
GUT that contains U(1)p_y, as a subgroup.

As an illustration, we set explicitly the RH scale vg = 5 TeV, and run the SM coupling
gy from the electroweak scale My up to the vy scale, at which the couplings gr and ggy,
are related to gy as in Eq. and can be expressed as functions of the ratio r, = gr/gr.
Then we evolve the two couplings gr and gy from the vg scale up to the GUT scale, based
on the g-functions in Egs. and . The correlations of gr pr, at the RH scale vg and
GUT scale Mgyt = 106 GeV are presented in Fig. as functions of the ratio r, at the
vg scale (as shown by the color coding). The horizontal shaded region is excluded by the
perturbativity limit gr pr < V/4r. The vertical dashed lines denote the upper limits on the
gauge couplings, requiring them to stay below the perturbativity limit up to the GUT scale.
On the other hand, the vertical dotted lines denote the lower limits on the gauge couplings,
obtained from Eq. (2.5)), which implies there is only one degree of freedom in the U(1)p_y,

model, and the values of gg and gp, are correlated at the scale vg, as shown by the red curve
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Fig. 2.1: Correlation of gg pr(vr) and gg, pr(Mgur) in the U(1)p_; model as functions of
Ty = gr/gr at the vg scale (shown by the color coding). The horizontal shaded region is
excluded by the perturbativity limit gz pr, < v/4m. The vertical dotted and dashed lines
respectively denote the lower and upper limits on the gauge couplings. Here we have chosen
vg =5 TeV and Mgyt = 10' GeV.

in Fig. 2.2] In other words, a lower bound on gg corresponds to an upper bound on g¢pr,
and vice versa. Numerically, the gauge couplings are found to be constrained to lie within a

narrow window
0.398 < gr < 0.768 and 0.416 < gpr, < 0.931, with 0.631 <r, <1.218 (2.9)

at the vp scale, as shown in Fig. 2.1}
The perturbativity constraints on the gauge couplings gz and gg;, at the vg scale have

profound implications for the searches of the heavy Zz boson, whose mass is given by
Mz, =~ 2(9% + 951) V- (2.10)

The Zg couplings to the chiral fermions fi r are respectively [82]

e sin ¢
— 2.11
9Znfots p— (Is,; — Qy) 050’ (2.11)
e 9 1
2.12
9Zrfrfr cos 0, ( 3,f Qf Sl ¢) SlIl(bCOS(ﬁ ( )
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Fig. 2.2: Correlation of gr and gpr at the scale vg = 5 TeV (red line) and the lower and
upper bounds on the couplings gg and ggr, induced from the requirement of perturbativity
up to the GUT scale in the U(1)p_ model.

Tab. 2.2: The lower bounds on the Zr boson mass My, and the vg scale in the U(1)p_p,
model from the current LHC13 data [, 2] and the prospects at the HL-LHC 14 TeV with
an integrated luminosity of 3000 fb~! [3, 4] and future 100 TeV collider FCC-hh with a
luminosity of 30 ab™* [4, 5]. The range in each case corresponds to the allowed range of r,
from perturbativity constraints, as given in Eq. (2.9).

collider ~ My, [TeV] wg [TeV]

LHCI3  [3.6,42] [3.02, 357
HL-LHC  [6.0, 6.6] [4.60, 5.82]
FCC-hh [27.9,31.8]  [19.9, 26.8]

with @5 the electric charge of fermion f, I5 ; the third-component of isospin of that particle,
and tan ¢ = gpr/gr the RH gauge mixing angle.

For a TeV-scale vg, the Zr mass is stringently constrained by the dilepton data pp —
Zr — (70 (with ¢ = e, u) at the LHC [83] 84]. For a sequential Z’ boson, the current
mass limit is 4.05 TeV at the 95% confidence level (CL) [1, 2]. The dilepton prospects of
a sequential Z' boson have also been estimated at the HL-LHC [3, 4] and future 100 TeV
colliders [4], 5], which are respectively 6.4 TeV and 30.7 TeV, for an integrated luminosity
of 3000 fb~!. Given a luminosity of 10 times larger at the 100 TeV collider, the dilepton
prospects could be significantly enhanced, up to 43.7 TeV. The production cross section

o(pp = Zr — £707) in the U(1)p_1, model can be obtained by rescaling that of a sequential

21



Chapter 2. Perturbativity and Unitarity in U(1)p_; and Left-Right Model

50|
I ol D £
@ £ 20 TeV =
s | £
S 10} 2 2 |
2L TV mmc |2
5 Vg =5 TeV

Fig. 2.3: Current LHC13 constraints on Zg mass in the U(1)p_; model (shaded orange)
as function of 7, = gr/gr, and future prospects at the HL-LHC 14 TeV with an integrated
luminosity of 3000 fb~! (short-dashed red) and the 100 TeV collider FCC-hh with a luminosity
of 30 ab™! (long-dashed red). The vertical shaded regions are excluded by the perturbativity
constraints given in Eq. . The pink, green, blue and purple contours show the variation
of the Zr mass with respect to r,, with the RH scale vg = 5, 10, 20, 50 TeV, respectively.

heavy Z' boson, as function of r, = gr/gr. The rescaled current mass limit and the expected
limits at the HL-LHC and the future 100 TeV collider FCC-hh are presented in Fig. 2.3 as
a function of 7. The Zr mass contours for vgp = 5, 10, 20 and 50 TeV are also shown
in Fig. 2.3 in the colors of pink, green, blue and purple, respectively. The vertical shaded
regions are excluded by the perturbativity constraints given in Eq. B Fig. implies
that the LHC13 lower limits, as well as the future HL-LHC and FCC-hh limits, on Zz boson
mass are in a narrow range, depending on the allowed values of r,, as shown in Table .
Thus, the perturbativity constraints restrict the accessible range of My, up to 6.6 TeV at the
HL-LHC and 31.8 TeV at the FCC-hh. For the purpose of concreteness, we have assumed
the decay Zr — N;N; is open, such that the BR(Zg — ¢*¢7) is slightly smaller than the case
without the decaying of Zg into RHNs and the dilepton limits in Fig. are comparatively
more conservative [75].

The dilepton constraints on the Zr mass can be traded for the constraints on vg scale

12 When the vg scale changes from 5 TeV, the perturbative constraints on rg in Fig. will change
accordingly from those given below Eq. (2.9)). However, this change is negligible for vg up to 50 TeV.

22



Chapter 2. Perturbativity and Unitarity in U(1)p_; and Left-Right Model

using Eq. . This is shown in Fig. and Table . The pink, green, blue and purple
contours here show the variation of v with respect to r,, with fixed Zp mass of My, =5,
10, 20, 50 TeV, respectively. The perturbativity constraints given in Eq. restrict the
accessible range of v up to 5.8 TeV at the HL-LHC and 26.8 TeV at the FCC-hh.

U(1)g_L model

50 TeV
FCC-hh

50

Vg [TeV]
S
perturbative limit
)
H
(]
<
perturbative limit

___________________________
-
.-

ry = 9r/I9L

Fig. 2.4: Current lower bound on the vg scale in the U(1)p_;, model, as functions of r, =
gr/ 9L, from the searches of Zp in the dilepton channel at LHC 13 TeV (shaded orange), as
well as the future limit from HL-LHC 14 TeV with an integrated luminosity of 3000 fb~!
(short-dashed red) and the 100 TeV collider FCC-hh with a luminosity of 30 ab™' (long-
dashed red). The vertical shaded regions are excluded by the perturbativity constraints
given in Eq. . The pink, green, blue and purple contours show the variation of vy with
respect to 1y, with the Zr mass Mz, = 5, 10, 20, 50 TeV, respectively.

2.4 The minimal left-right symmetric model

We now consider the TeV-scale LRSM based on the gauge group SU(2), x SU(2)r X
U(l)p—r [27, 28, 29]. Original aim of this model was to explain the asymmetric chiral
structure of electroweak interactions in the SM. It was subsequently pointed out that it
could account for the observed small neutrino masses via the type-1 [30, B1) B2, 33|, [34]
and/or type-II [85] [86] BI], 87, [88, BI] seesaw mechanisms. In the “canonical” version of
LRSM, it is always assumed that the gauge coupling ggr = g1, and the scalar content of the
LRSM consists of one bidoublet ® and the left-handed (A ) and right-handed (Ag) triplets.
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Tab. 2.3: Particle content of the minimal LRSM based on the gauge group SU(2), xSU(2) g x
U( 1)BfL .

SUR), SUQ2)r UQ

)B—L
— (YL 1
QL— dL) 2 1 3
— (4R 1
QR— dR) 1 2 3
bp, = ”L) 2 1 ~1
€r
R
) b3
o = 2 2 2 0
¢11 9
7A+ A++
Ap = V2 R ) 1 3 2
(5

As long as the RH scale vy is at the few-TeV range, the values of gz and gpr and their
RG running up to the GUT scale are almost fixed, at least at the one-loop level. However,
the coupling gr might be different from ¢;, which generates very rich phenomenology in
the LRSM, see e.g. [79, 75, O0, 80, O1]. Moreover, a free gg not necessarily equal to g,
makes it possible to investigate the whole parameter space of perturbative constraints in
the LRSM. In addition, the parity and SU(2)g breaking scales might also be different such
that the left-handed triplet A, decouples from the TeV-scale physics [92]. This also helps
to avoid the unacceptably large type-11 seesaw contribution to the neutrino masses and/or
fine-tuning in the scalar sector. Based on these arguments, we will not consider the Ay, field
in the low-energy LRSM. The matter content and the scalar fields in the minimal LRSM
are collected in Table . Three RHNs Nj 53 have been naturally introduced to form the
RH lepton doublets ¥z and accommodate the type-I seesaw mechanism. The perturbative

constraints from the gauge and scalar sectors follow in the next two subsections.
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2.4.1 Perturbativity constraints from the gauge sector

The perturbativity limits in the gauge sector are conceptually similar to the U(1)p_; model
in Section [2.3} the difference is mainly due to the S-function coefficients, which in this case

are given by

7

167°5(gr) = —3 9r; (2.13)
11

16726(gpL) = Eg;”;L. (2.14)

Note the change in sign for 3(gr), as compared to Eq. (2.7)), which is due to the non-Abelian
nature of SU(2)g. For completeness, we have also computed the two-loop RGEs using the
code PyRQTE [93] [04] and list them in Appendix [A] although it turns out that the two-loop
corrections change the results only by a few per cent, as compared to the one-loop results
presented here.

As the RH scale vg = 5 TeV (chosen in Section is in tension with the stringent
constraints from the scalar sector in LRSM (see Section and Fig. , we set vp = 10
TeV as an illustrative example to evaluate the perturbative constraints on the gauge couplings
gr and ggr. In fact, as long as the vg scale is at the ballpark of few-TeV, the changes in
the running of gz and gp;, are mainly due to the initial values of gr pr at the vg scale, and
are negligibly small. As in the U(1)p_;, model in Section the couplings gr and gpy, are
both functions of the ratio ry = gr/gr. The correlations of gg gy at the vg scale and the
GUT scale are presented in Fig. , as functions of r, (as shown by the color coding). The
two stars in Fig. correspond to the special case gr = g1, at the vg scale. As a result of
non-Abelian nature of the SU(2)g group, gr is asymptotically free, i.e. it becomes smaller at
higher energy scales. Thus g could go up to the perturbativity limit of v/47 at the vp scale
(without considering the perturbativity limits from the scalar sector for the moment), which

is very different from the U(1)p_; model, where the gr value is much more restricted at the
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Fig. 2.5: Correlation of gg pr(vr) and gg, pr(Mgur) in the minimal LRSM as functions of
ry = gr/gr at the vg scale (as shown by the color coding). The shaded regions are excluded
by the perturbativity limits gr pr, < V/4r. The two stars correspond to the special case
gr = g1, at the vg scale. The vertical dotted and dashed lines respectively denote the lower

and upper limits on the gauge couplings. Here we have chosen vz = 10 TeV and Mgyt = 106
GeV.

vg scale [cf. Fig. [2.1]. The allowed ranges of the gauge couplings in the minimal LRSM are

0.406 < gr < v4m and 0.369 < gpr < 0.857, with 0.648 <r, < 5.65 (2.15)

at the scale vg, which is clearly shown in the correlation plot of gz and ggr, in Fig. [2.6]

In the LRSM, the couplings of Zz boson to the SM fermions and the heavy RHNs are the
same as in the U(1)p_r model in Section Thus, the dilepton limits from current LHC
13 TeV data [1L 2] and the prospects at the HL-LHC [3, 4] and future 100 TeV colliders [4] [5]
are also the same as in U(1)p_; model, up to the different perturbative windows for the
gauge couplings in Egs. and , respectively. The current LHC 13 TeV dilepton
constraints on the Zz mass in the minimal LRSM and the future prospects are shown in
the right panel of Fig. 2.7, along with the contours for My, (r,) with the RH scale vy = 5,
10, 20 and 50 TeV. In the plot we have also shown the absolute theoretical lower bound on
ry > tan b, from Eq. as the dashed vertical line, which is weaker than the “real” lower

bound from perturbativity up to the GUT scale shown in Figs. and (the solid vertical
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Fig. 2.6: Correlation of ggr and gpr in the minimal LRSM at the scale vg = 10 TeV (red
curve), along with the lower and upper bounds on the couplings gr pr, induced from the
requirement of perturbativity up to the GUT scale. The shaded region is excluded by the
perturbativity limit gp < /4.
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Fig. 2.7: Current LHC13 constraints on the Wy (left) and Zg (right) masses in the minimal
LRSM (shaded orange) as function of 7, = gr/gr, and future prospects at the HL-LHC 14
TeV with an integrated luminosity of 3000 fb™! (short-dashed red) and the 100 TeV collider
FCC-hh with a luminosity of 30 ab™ (long-dashed red). The pink, green, blue and purple
lines are the Wg/Zg mass with the RH scale vg = 5, 10, 20, 50 TeV, respectively. The
shaded gray and brown regions are excluded respectively by the perturbative constraints
from the gauge and scalar sectors up to the GUT scale. The dashed vertical line corresponds
to the absolute theoretical bound in Eq. .

gray line in Fig. . The scalar perturbativity limit shown in Fig. will be discussed in
Section [2.4.2)

As for the limits on Wx boson in the LRSM, due to the Majorana nature of the heavy
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RHNs, the same-sign dilepton plus jets pp — Wgr — (N — (*(*jj is the “smoking-gun”
signal from the production and decay of the heavy Wx boson at hadron colliders [95]. The
associated searches of Wx and RHN have been performed at LHC 13 TeV [46] 6]. To be
concrete, we fix the RHN mass My = 1 TeV; for such a benchmark scenario, the current
LHC data requires that the Wx mass My, > 4.7 TeV for gr = g, [6]. If gr # g1, we have to
re-evaluate the dependence of the production of Wy and the subsequent decays Wgr — (=N

and N — (*¢¢ on the gauge coupling gr[™| Specifically,

e The production of Wx at hadron colliders is proportional to the Wx couplings to the

SM quarks, i.e. o(pp — Wg) o g%.

e The Wg boson decays predominately into the SM quarks and the charged leptons and
heavy RHNs, i.e. Wr — qrqk, {rN. All the partial widths are proportional to g%, but
not the branching fraction BR(Wg — ¢N).

e In the limit of vanishing W — Wg mixing and heavy-light neutrino mixing, N — (57
is the dominant decay mode (assuming N here is the lightest RHN), whose branching

fraction does not depend on gg.

In short, the gr dependence is only relevant to the production pp — Wx. For fixed Wg
mass, we need only to rescale the production cross section o(pp — Wpg) by a factor of
7“3 = (gr/gz)? The current LHC constraint on Wx mass is presented in the left panel of
Fig. as function of r,, along with the contours of My, for vgp =5, 10, 20 and 50 TeV.
It is a good approximation in the minimal LRSM that the right-handed quark mixing
matrix is identical to the CKM matrix in the SM, up to some unambiguous signs [98]. Then
the Wx-mediated right-handed currents contributes to the Ky — Ko and B — B mixings,

leading to strong constraints on the Wx mass, My, 2 3 TeV [99, 100, 101} 53]. This limit

13 The Wg boson might also decay into WZ and Wh, with the branching fractions depending largely on
the VEV k’/k [01]. This does not affect the dependence of Wx production on the gauge coupling gr. For
simplicity, we have also neglected the effect of the heavy-light neutrino mixing on the Wx decay [96], since
this mixing is severely constrained for TeV-scale LRSM with type-I seesaw [97].
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does not depend on the coupling gr, as in the limit of myx p < My, the gr dependence
of Wg coupling to the SM quarks is canceled out by the dependence of gr in the W boson
propagator. The Wx contribution is effectively suppressed by viy /v%. As the quark flavor
limits on Wg mass is significantly lower than that from the direct searches at the LHC for
rg 2 0.65, they are not shown in the left panel of Fig. . The Wg contributes also to
neutrinoless double S-decays [102, 103} 104 105, 106, 107, 108, 109, 110], which however
depends on the masses of heavy RHNs and the doubly-charged scalars, and therefore, not
included in Fig. 2.7]

The W could be probed up to 5.4 TeV at LHC 14 with a luminosity of 300 fb=! 7, TT1].
By rescaling the production cross section o(pp — Wg) using CalcHEP [112], the W prospects
could go up to 6.5 TeV for gr = g; at the HL-LHC where the integrated luminosity is 10
times larger (3000 fb~!). At future 100 TeV hadron colliders, for a relatively light RHN
My < My, the decay products from the RHN tend to be highly-collimated and form
fat jets. We adopt the analysis in Ref. [8] where My /My, was taken to be 0.1. Given
a luminosity of 30 ab™! at 100 TeV hadron colliders, the W5 mass could be probed up to
38.4 TeV with gr = gr. The projected sensitivity of Wx mass for a relatively low My at
the HL-LHC and future 100 TeV collider FCC-hh could also be generalized to the case with
gr # g1, which are depicted in the left panel of Fig. respectively as the short-dashed and
long-dashed red curves.

With the heavy gauge boson masses in the minimal LRSM
My, =~ gpvk, Mz, = 2(gr+ 9pr)vk. (2.16)

the current direct search limits of the Wxr and Zi boson at LHC 13 TeV and the future
prospects at the HL-LHC and FCC-hh can be translated into limits on the vg scale (as in
the U(1)p_r model in Section , which are presented in Fig. . For illustration purpose,
we have also shown the contours of My, (Mz,) = 5, 10, 20 and 50 TeV in the left (right)
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Fig. 2.8: Lower bounds on the vy scale in the minimal LRSM, as functions of 74, from the
direct searches of Wg and Zg bosons at LHC 13 TeV (shaded orange), and future prospects
at the HL-LHC 14 TeV with an integrated luminosity of 3000 fb~! (short-dashed red) and
the 100 TeV collider FCC-hh with a luminosity of 30 ab™! (long-dashed red). The shaded
gray regions are excluded by the perturbativity constraints up to the GUT scale, with the
vertical dashed line corresponding to the absolute theoretical bound in Eq. . The shaded
brown regions are excluded by the perturbativity limits from the scalar sector, discussed in

Section @

panel of Fig. 2.8 which are depicted respectively in pink, green, blue and purple. We find
that the RH scale could be probed up to ~ 87 TeV in the searches of W boson and ~ 25
TeV in the Zi boson channel at the 100 TeV collider.

2.4.2 Perturbativity constraints from the scalar sector

The most general renormalizable scalar potential for the ® and Ap fields is given by

Vo= = Te(@1®) — 43 [Tr($PT) + Tr(®1®)| — i3 Tr(ApA)
A [T1~(<I»T<1>)]2 + Ao {[Tr(cixlﬁ)]2 + [Tr(&ﬂ@)r}
+s Te(®ON) Tr(TR) + Ay Te(21®) [Tr(dPF) + Tr(d1)] (2.17)
o1 [Tr(ArAR)] + o2 Tr(ArAR) Tr(ARAR)

+ay (@) Tr(ARAL) + [aze™ Tr(DTR)Tr(ARAL) + Hee.| + ag Tr(@TPARAL).

30



Chapter 2. Perturbativity and Unitarity in U(1)p_; and Left-Right Model

Due to the LR symmetry, all the 12 parameters /‘%,2,3’ A12,34, P12, 0123 are real, and the only
CP-violating phase is d5 associated with the coupling as, as explicitly shown in Eq. E
The neutral component of the triplet develops a non-vanishing vacuum expectation value
(VEV) (A%) = vg, which breaks the SU(2) pxU(1)p_z, down to the SM U(1)y, and generates
masses for the heavy scalars, the W and Zi bosons and the RHNs. The bidoublet VEVs
(¢9) = k and (¢9) = K’ are responsible for the electroweak symmetry breaking. Neglecting
the CP violation and up to the leading order in the small parameters ¢ = vpw/vg and
¢ = k'/k, the physical scalar masses are respectively [79)]

M? ~ 4\ viy, le%h,AhHli ~

M, =~ 4pivy,, My = 4dpyviy, (2.18)

where h is the SM Higgs, Hy, A; and Hi respectively the heavy CP-even and CP-odd neutral
components and the singly-charged scalars from the bidoublet ®, Hy and H3* are the neutral
and doubly-charged scalars from the triplet Ag, following the convention of Ref. [79].

In the minimal LRSM, the heavy neutral scalars H; and A; have tree-level FCNC cou-
plings to the SM quarks, which contribute to the Ky — K, By — Bq and B, — By mixings.
Thus their masses are tightly constrained by the high-precision flavor data, i.e. My 2 10
TeV [52, 53, B4]. For a few-TeV scale vg, this implies that the quartic coupling ag ~ M7 /v,
is pretty large, typically of order one. The RG running of the quartic couplings in Eq.
are all entangled together, and a large a3 is the main reason why the LRSM could easily hit
a Landau pole at an energy scale that is much lower than the GUT scale [113], [114), [115] 116].
This could be alleviated if the vy scale is higher and the coupling a3 gets smaller. Therefore,
the perturbativity of the quartic couplings in Eq. up to the GUT scale could set a

lower bound on the vy scale, assuming there is no intermediate scales or particles in between

14 This potential stems from the full LRSM at a higher energy scale in presence of the left-handed triplet
Ayp. At the high scale, all but one of the couplings are real. At low scales there will be small phases in
some couplings induced by radiative renormalization group effects. We ignore these small phases. Our main
conclusions are not affected by this.
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vg and the GUT scale.

A thorough analysis of the RG running of all the quartic couplings in Eq. is rather
complicated and it obfuscates the perturbativity limits on the vg scale. While some of the
quartic couplings could be tuned very small at the vy scale as they only induce mixings
among the scalars such as ay o [79], there are only four quartic couplings, i.e. the Aj, as, p
and py appearing in Eq. , that are responsible for the scalar masses at the tree level.
Therefore, for the purpose of perturbativity limits in the scalar sector, we consider a simple
scenario with only these four non-vanishing quartic couplings A;, as, p1 and p, at the vg

scale. In particular, we set the scalar masses to the following benchmark values:

M, = 125GeV, My, mx = 10TeV,

My, = 100GeV , Myzs = 1TeV, (2.19)

from which one could obtain the values of A\i, a3, p; and ps by using Eq. . All other
quartic couplings Mg 34, ;2 are set to zero, and this corresponds to the limits without
any tree-level scalar mixing at the vg scale. In the limit of vanishing mixing between h
and H;, the neutral scalar H3 from the triplet Ag is hadrophobic and the experimental
constraints on Hj are rather weak [117, 81]. Thus we have set Hj to be light, at the 100
GeV scale, in Eq. . The smoking-gun signal of a doubly-charged scalar is the same-sign
dilepton pairs HF* — Eaiég with «, 8 = e, u, 7, which is almost background free. The
current most stringent limits are from the LHC 13 TeV data [I18|, [119], which requires that
M HE 2> (271 — 760) GeV, depending largely on the charged lepton flavors involved [120].
To be concrete, we have set the doubly-charged scalar mass at 1 TeV in Eq. , which
casily satisfies the current LHC constraints. As for the bidoublet masses My, 4, g, we have
taken the minimum possible value allowed by FCNC constraints [53], whereas for the SM
Higgs, we have taken the current best-fit value [121].

All the RGEs for the gauge couplings g;, r pr, and the quartic couplings in the potential
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in Eq. are collected in Appendix [A|up to the two-loop level. To be self-consistent, we
include also the RGE for the dominant Yukawa coupling h; that is responsible for generation
of the top quark mass at the electroweak scale. The Yukawa couplings for the bottom and
tauon are comparatively much smaller and are neglected here. For a RH scale vg 2 10 TeV,
the Yukawa coupling fr of Agr to the lepton doublets are also small if the masses of the
three RHNs My ~ TeV. For simplicity, the fr terms in the S-functions are also neglected.
See Appendix [A] for more details.

Given the scalar masses in Eq. , all the p-functions for the quartic couplings in
Eq. to are dominated by the a3 terms if the RH scale vy is not too much higher
than the TeV scale, i.e.

5, 3
167°6(M) = i+ (391 + 297 9% + 3g%) — 6hy + -+, (2.20)

where the dots stand for the subleading terms. For a few-TeV vg and ag 2 O(1), the quartic
couplings rapidly blow up before reaching the GUT scale [113, 114, 115 116]. An explicit
example is shown in the two upper panels of Fig. 2.9, with r, = gr/gr, = 1.1 and vg = 6
TeV, where the quartic couplings become non-perturbative at ~ 107 GeV. When the RH
scale vp is higher, for a fixed mass My, = 10 TeV, the coupling oz ~ Mél /v% is significantly
smaller. As a result, in a large region of the parameter space, all the quartic couplings are
perturbative up to the GUT scale, as exemplified in the two lower panels of Fig. [2.9 with
rg = gr/9r = 1.1 and vg = 12 TeV. In both examples, the bounded-from-below conditions

in the scalar sector are respected [115] [122] :E

)\120, p120, p1+p220, ,01—1-2/)220. (221)

One should note that the gr and gpr terms in the S-functions in Eqgs. (A.5) to (A.15)

might be unacceptably large. Thus the perturbativity limits in the scalar sector depend

15 More generic vacuum stability criteria can be found, e.g., in Ref. [123].
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Fig. 2.9: RG running of the quartic couplings A; o 34 (left), and py 2, oy 2 3 (right) in the
scalar potential Eq. (2.17) of minimal LRSM from vg up to the GUT scale, with r, = 1.1
and vg = 6 TeV (upper panels), vg = 12 TeV (lower panels).

also on the gauge couplings gr and gpr, or equivalently the ratio r, = gr/gr. As seen in
Eq. (2:20), when gr = O(1) [or ggr 2 O(1)], the constraints on the vg scale and as tend to
be more stringent. The r,-dependent scalar perturbativity constraints on vp are shown in
Fig. 2.8 as the shaded brown regions. Numerically, we find the requirement in the minimal

LRSM that
vp 210 TV for 0.65 <7, <16, (2.22)

which makes the perturbativity constraints very stringent in the gauge sector (see Figs.
and [2.6). The quartic couplings blow up very quickly when r, is out of this range unless vg

is much higher than 10 TeV, as gg 2 O(1) or gpr 2 O(1).
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Tab. 2.4: Lower bounds on the Wxr and Zi boson masses and the corresponding vg scale
in the minimal LRSM from the current LHC13 data [0, [I, 2] and the prospects at the HL-
LHC 14 TeV with an integrated luminosity of 3000 fb~! [7, [3, 4] and future 100 TeV collider
FCC-hh with a luminosity of 30 ab™! [8, 4, 5], with both the gauge and scalar perturbativity
limits up to the GUT scale taken into consideration. The range in each case corresponds
to the allowed range of r, from perturbativity constraints, as given in Figs. and 2.8
The missing entries mean that the corresponding maximum experimental reach has been
excluded by the scalar perturbativity constraints. See text for more details.

Wr searches Zr searches
My, [TeV]  vg [TeV] My, [TeV]  wvg [TeV]
LHC13 — — — —
HL-LHC [6.09, 6.47] [10.3, 14.8] — —
FCC-hh  [35.6,42.2] [38.3, 87.5] [27.9, 35.4] [21.8, 26.8]

collider

It is remarkable that the perturbativity constraints from the scalar sector supersede
the current LHC constraints on the Wx and Zi bosons in the minimal LRSM, and even the
projected Zg sensitivity at the HL-LHC, leaving only a very narrow window for Wg, as shown
in Fig.[2.7] Fortunately, future 100 TeV colliders could probe a much larger parameter space.
All the numerical ranges of the maximum Wpx and Zr mass reach and the corresponding
vgr scales at future hadron colliders are collected in Table with both the gauge and
scalar perturbativity constraints taken into consideration. Finding a heavy Wg and/or Zg
boson at the HL-LHC, would have strong implications for the interpretation in the minimal
LRSM. For instance, if a Zg boson was to be found at the LHC, then it does not belong to
the minimal LRSM. It could still be accommodated in the LRSM framework by introducing
some exotic particles or an intermediate scale, e.g. at ~ 10° GeV, to the minimal LRSM to
keep all the gauge, Yukawa and quartic couplings perturbative up to the GUT scale.

It should be emphasized that the perturbative constraints on the Wx and Zz masses and
the vp scale from the scalar sector shown in Figs. [2.7|and [2.8| are based on the assumptions of
the scalar masses in Eq. and the vanishing quartic couplings Mg 3 4, @1 2. In light of the
stringent flavor constraints on the bidoublet scalars Hy, A; and Hi, the dilepton constraints
on the doubly-charged scalar Hi* and the flavor constraints on the neutral scalar Hs, the

masses in Eq. (2.19) are almost the most optimistic values allowed by the current data that
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could give us the most conservative perturbativity constraints. If the BSM Higgs masses
get larger (especially in the bidoublet sector), the corresponding quartic couplings as, p;
and py will be accordingly enhanced by M?/v% at the vg scale (with M standing for the
generic BSM scalar mass), and the scalar perturbativity limits on the vg scale would be
more stringent. Furthermore, if the couplings \g 34, @12 are not zero at the vg scale, the
quartic couplings tend to hit the Landau pole at a lower scale.

We have also checked also the two-loop corrections to the scalar perturbativity limits by
deriving all the two-loop RGEs using the code PyROTE [93, [04], as collected in Eqs. to
(A.16). It turns out that the two-loop corrections only amount to less than 3% different for
the scalar perturbativity limits on vy and the heavy gauge boson masses, as compared to
the one-loop results presented in this section.

In the limit of small scalar mixing, just as we have assumed above, A; can be identified
as the SM quartic coupling. As a byproduct, the extra scalars in the LRSM contribute
positively to the S(A;) in Eq. in a larger region of parameter space, which helps to
stabilize the SM vacuum up to the GUT scale or even up to the Planck scale. The full
analysis of the stability of the scalar potential is beyond the main scope of this chapter. See

Ref. [122] for a recent analysis in this direction.

2.5 Conclusion

In conclusion, we find that in the extensions of the electroweak gauge group to either
SU(2)L xU(1)r,, x U(1)p—y, or the left-right symmetric group SU(2), x SU(2)r x U(1)p_1,
both of which contribute to the electric charge, there are strong limits on the new gauge
couplings gr and gy, from the requirement that the couplings remain perturbative till the
GUT scale. We obtain those limits for the minimal versions of these models and study their
implications for collider phenomenology. We find in particular that the ratio vy = gr/gr,

or effectively the gauge couplings gr and gpgr, are limited to a very narrow range at the
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TeV scale, as seen in Figs. 2.2] and 2.6 Inclusion of the scalar sector in the minimal LRSM
implies that the RH symmetry breaking scale in LRSM must have a lower bound of about

< 1.6. The gauge (and scalar) perturbative

~

10 TeV for a limited coupling range 0.65 < 7,
constraints have rich implications for the searches of Zp (and Wx) bosons in these models
at the HL-LHC and future 100 TeV colliders. All the direct search constraints on the Wp
and Zr masses from LHC 13 TeV, as well as the future prospects at HL-LHC and 100 TeV
colliders, depend on the BSM gauge couplings gr and gp;, (or effectively the ratio r,). All
the Zg (and Wg) mass ranges and the corresponding vg scales are collected in Figs. ,
and Table 2.2 for the U(1)p_;, model, and Figs. 2.7, 2.8 and Table [2.4] for the LRSM. One
of the most striking results we find is that the perturbativity constraints already exclude
the possibility of finding the Zz boson belonging to the minimal LRSM at the HL-LHC,
and leave only a narrow window for the Wx boson. We hope this serves as an additional

motivation for the 100 TeV collider, where a much broader parameter space can be probed.
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Chapter 3

Vacuum Stability and Symmetry
Breaking in Left-Right Model

“It is not that I'm so smart. But I stay with the questions much

longer"
- Albert Einstein

3.1 Introduction

Left-Right Symmetric Model (LRSM) is the simplest extension of the SM with modified
electroweak gauge group: SU(2)r ® SU(2)gr @ U(1)p—, [27, 28, 29, [124]. It features heavy
Majorana right-handed neutrinos and can naturally explain the small masses of left-handed
neutrinos through see-saw mechanism [30, [125] [32], [33], [34]. It explains the asymmetric chiral
structure of SM through restoration of parity symmetry at high energies.

Scalar sector of LRSM features an SU(2) bi-doublet, left and right-handed weak isospin
triplets. Such an extended scalar sector leads to a complicated form of the potential which
contains 17 free parameters (3 negative mass squares and 14 scalar quartic couplings). An-
alytical study of vacuum stability and desired minimum for the entire scalar potential is an
arduous task. There has been some work in this direction [123] 122] but the results only hold

for a small parameter space with most of the quartic couplings set to zero. Moreover, just

16 This chapter is based on [L1]
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ensuring vacuum stability does not yield the desirable vacuum expectation values (VEVs) to
ensure correct spontaneous symmetry breaking to SM [122]. In this work, we have derived
most general conditions SufﬁcientE] to obtain the correct symmetry breaking and ensure vac-
uum stability of the LRSM. As we show later, it is necessary to obtain conditions for vacuum
stability of the general scalar potential before requiring the correct VEV alignment at the
minimum. The procedure outlined here for finding conditions for correct symmetry breaking
is general in nature and can be applied to different theories with varied forms of the scalar
sector.

This chapter is organised as follows. In section[3.2] concepts of copositivity and gauge or-
bit spaces are presented in context of vacuum stability. In section [3.3] we review the model
details of LRSM. In section [3.4] we derive the necessary and sufficient conditions for the
boundedness of scalar potential of the LRSM. In section we derive conditions sufficient
for scalar parameters to lead to spontaneous symmetry breaking (SSB) to the correct global
minimum. In section we compare the results from numerical minimization of the po-
tential with those from the derived conditions. In section [3.7] we present an example study
to use these conditions and other theoretical constraints (unitarity, scalar mass spectrum,
perturbativity) on the quartic couplings to study the stability of the vacuum at high ener-
gies and agreement with current experimental limits on scalar mass spectrum. Finally, we

conclude in section 3.8

3.2 Boundedness

For the stability of the vacuum state, the potential should be bounded in all field directions.
In the large-field limit, terms with dimension d < 4 can be ignored as they are negligible
in comparison to the quartic terms ( denoted by Vj(¢;)) in the potential. Thus, requiring
Vi(¢;) > 0 as field values ¢; — oo is a strong condition for boundedness. This criterion is

termed as Bounded From Below (BFB) condition.

17 We have set only few of the couplings(aw, 3;’s) to zero.
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For obtaining conditions for vacuum stability of a scalar potential using BFB criterion,

concepts of copositivity criteria and gauge orbit spaces can help greatly simplify the analysis.

3.2.1 Copositivity Criteria

Given a condition of the form:

ar® +br+c >0 (3.1)

where z € R, the conditions for it to be positive-definite are very well known. If z € R*,
then the requirement that eq. (3.1) holds is termed as copositivity. The conditions for

copositivity are given below:

a>0,c>0,b+2ac>0

The quartic part of the vacuum potential is bounded from below if it satisfies the copos-
itivity conditions. The criteria of copositivity has been applied to numerous models in
literature to obtain vacuum stability conditions [126] 123, 127, 128]. The difficulty to solve
these conditions based solely on copositive criteria is a formidable task. Usually it involves
checking copositivity in all n-field directions to obtain an exhaustive list of conditions for

vacuum stability .

In sec. [3.4.1]and [3.4.2] copositive criteria is used in conjunction with suitable parametriza-

tion of gauge orbit parameters to yield results easily. In the coupled case (Sec. [3.4.3]), when
mixed field terms are present]®] we observe that exact values of minima are required and

copositivity isn’t helpful as it yields results only upto a multiplicative constant.

3.2.2 Gauge Orbit Spaces

Due to the gauge freedom of the theory, different values of the fields can lead to same value of

the potential. These field values connected through gauge transformations collectively form

Bieas#0
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a gauge orbit. Minimization of the Higgs potentials in orbit spaces has been extensively
studied in context of grand unified theories in the 1980’s [129, 130, 131, 132], 133} 134]. Here,
we present the method of orbit spaces for the two higgs fields case [129]. This is an extension
of the one-field treatment as presented in ref.[129, [127].

Consider the scalar potential of a theory with two higgs fields ¢ and 7 charged under

non-abelian gauge groups G and G’ respectively, with the following form :

Vig,m) = —p3(i) — p3(mim) + M(d;i) + Ao fijmdid;dndn + - - (3.2)
+,01(7T;7Ti)2 + P2Gijl T, T A+

+a1(¢;¢) (m;m;) + - - - (other terms coupling (¢, 7))

where V (¢, ) remains invariant under the action of the group elements of G and G’. Field
¢(m) (with components denoted by ¢;(m;)) live in the representation R(R’) of group G(G").

The group elements of G rotate a field into other field values on the same orbit space.
It can be shown that all the fields 1); on the orbit respect the same group, called the little
group. If their action on the fields is unitary, the norm of the field value ¢;¢; is preserved.
This similarly holds for field 7. Several different orbits respect the same group and form a
set. The set of these orbits is called the stratum of the little group. Thus, we need to find
the gauge orbit that minimizes the potential.
The dimensionless ratios of invariants called orbit space parameters specifies a strata as
follows:

 findioj0rd ik T

An(9) = TR By (%) =

(5

jﬂ-j)2

Similarly, for coupled terms C’n((ﬁ, ) can be defined but normalized by ¢;¢;mim;. Orbit

space parameters greatly reduce the number of parameters and contain all the directional
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information required for the minimization. Defining orbit space parameters for eq. (3.2)),

Vig,m) = —ud|o)* — pm)® + 161" (M + Aedi () + AsAa (@) + -+ )
| (o1 + p2Br(7) + psBa() + - +)

ol (ar + apCi(d, ) +---)

—i |0 — palnl® + |61* AN, 9) + [7|*B(p, ) + |oP|n[*Cla, 6, %) (3.3)

where

-0
|¢|2 = ¢j¢za |7T|2 = ﬂ?ﬂ-i’ O=-—7, T=i=

9]

B(p, @) = p1 + p2B1(%) + p3Ba(7) + - -

A

C(Oé, d)a ﬁ-) =a1 + 04201((;37 ﬁ') + ...

Note that we have assumed terms like |¢|?|7| and |¢||7|® to be absent from the expression
for V(¢, 7). This is particularly true if the higgs potential is invariant under a reflection
symmetry for ¢ and w. Requiring boundedness and applying copositivity criterion, we get

the following conditions for the stability of the potential,

61" AN, &) + |7 B(p, 7) + [¢*|*C(a, 6, 7) > 0 VAN, 9), B(p, #),Cl, 6, %)

— A>0,B>0,C+2VAB>0 (3.4)

Treatment in ref.[129] assumes the monotonicity of the orbit space parameters in the potential
and thus minimization of these parameters are not required. Our treatment for the left-right
model differs here due to the presence of non-linearity in orbit space parameters. It should

be noted that eq. (3.4) must also be minimized over all orbit space parameters. We also
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study the VEV structure of the scalar fields in the theory. Thus, minimizing V" w.r.t to |¢|

and |7| yields,

oV

S = 20¢] (—pf + 218 A+ |7’C) =0
99|

8V 2 2 2

3] = 2| (=13 + 2/m[*B + [¢]*C) =0

Since, field value should be non-zero, the minimum occurs at:

2Bp; — Cpis
1AB — 2

2443 — Cpit

4AB — C? (3:5)

|mol® =

|po|” =

Using second derivative analysis for ¢ and , it can be proved that field values in eq. (3.5

leads to a minimum of the potential if and only if following conditions are satisfied.

2Bp? — Cu3 >0 (3.6)
2A1% — Cp2 >0 (3.7)
4AB - C? >0 (3.8)

Plugging obtained field values at the minimum in eq. (3.3]), we get

_ Bui — Cpdu3 + Aps
1AB — C?

Vo(¢) = (3.9)

It can be shown using conditions obtained above that this minimum is guaranteed to be the

global minimum of the potential.

3.3 Left-Right Symmetric Model

Left-Right Symmetric model (LRSM) is a gauge extension of the Standard Model (SM),

which restores parity symmetry at high-energies [27, 28] 29]. Tt treats left and right handed
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chiralities of fermions equally prior to spontaneous symmetry breaking. It features heavy
right-handed Majorana neutrinos, and thus explains small masses of left-handed neutrinos via
the see-saw mechanism [30, [125] B2]. The extended gauge group for this model : SU(3)¢c ®
SU12), ® SU(2)r ® U(1)p—r. The particle content and their irreducible representations
under the gauge group is given in table . The spontaneous symmetry breaking (SSB)
of LRSM proceeds in two steps. First, the electrically neutral component of Ag acquires a
VEV vg and breaks the gauge group from SU(2)r @ U(1)p—r to U(1)y. Finally, the VEV
of bidoublet ® breaks the symmetry down to U(1)q [135] [136]. The VEV structure of the

scalar fields is

o 1 K1 0 A 1 0 0 A 1 0 O
= —0= ) L = —= ) R = —f=
\/§ 0 H26i92 \/§ vLewL 0 \/§ vp 0
(3.10)

Note that only the neutral components acquire VEV so that U(1)gy does not break. Using
the gauge transformations, two of the phases in k1 and vz have been rotated away. It is

required that the VEV’s respect the following hierarchy for correct phenomenology:

vy, < I€172 < VR

The electric charge formula takes the form:

B-L
2

Q =T +Tsr +

where Ts3x, X = (L,R) is the third generator of the group SU(2)x and B — L is the
baryon minus lepton number, the charge for group U(1)p_; [23] 24]. The most general

renormalizable scalar potential for LRSM contains 17 independent terms [136, 122]:
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SUB)e SUR2)L SUR)r U(l)p-r
_ [urL 1
= 3 2 ]_ o
QL (dL> 3
_ [Ur 1
= 3 1 2 1
On (d) :
%ULE(VL 1 2 1 -1
€r
2/JRECV 1 1 2 -1
R
0 -+
<1>:< o2 1 2 2 0
aoel
1A A
A = (V2T L ) 1 3 1 2
=
LA‘F A++
Ap= | V2 E R ) 1 1 3 2
§ (A% ey

Tab. 3.1: Particle content of left-right symmetric model based on the gauge group SU(3)c ®
SUR2), @ SU22Q)p@U(1)p_r.

Vo= T[] — 3 (Te[@0f] + Te[@'®]) — i3 (Tr[ALA]] + Tr[ApAL]) + M Th[@! D)2
+Ao (Te[@D1)2 + Tr[®TD]?) + N\ Tr[®T Tr[®TD] + A, Tr[®1 0] (Tr[@2T] + Tr[&TD])
+p1 (Tr[ALAL + Tr[ARALS?) + po (Tr[ALALTr[A] A]] + Te[ApAR| Tr[AL AL )
+ps Tr[AL AL Tr[ARAL] + pu (T[ALAL TI[ARAR] + Tr[A] AL TR[ARAR])  (3.11)
+an Tr[®1®] (Tr[ALA]] + Tr[ARAL]) + as(Tr[@BTALA]] + Tr[®T0A LA )
+a (Tr[AL AL TR[@T] + Tr[A R AL Tr[@1®] + Hec.)
+61 (Te[@ARDTA]] + Th[®TALPAL]) + By (Tr[@ARDTA]] + Tr[@T AL PAL))

+0s (Tr[@ARDTA]] + Ta[@ AL BAL))

where all couplings are assumed real. Here, P = 0o®* 09, where oy is the 2nd Pauli matrix.

® transforms the same way as ® does.

Assume that after the SSB, the vacuum state of the potential is stable and has the form
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of VEV structure eq. (3.10). We can then minimize the potential w.r.t the VEV parameters,

VooV Vv _ov_ v
8%1 _8/-@2_602_8”%_86&_8@3_

This yields a set of 6 equations which can be solved to yield the famous VEV see-saw relation

[122).
B1cos (By — 01) Kok + Pak’ cosOp + By cos (205 — 01) k3 = (2p1 — p3) vLvR (3.12)

Note if 81235 = 0 and since phenomenologically vg # 0, this implies vy, = 0.

3.4 Vacuum Stability

Quartic terms containing only the scalar bidoublet Higgs field constitutes the A sector and
those containing only left and right-handed triplet Higgs fields constitutes the p sector. It
should be noted that mixing terms (i.e. involving a’s and f’s) complicate the analysis
for boundedness. We first look at bidoublet and triplets part of the potential separately
to understand the procedure of minimization and useful parametrization to obtain BFB
conditions. We then analyze the BFB condition for the potential in presence of non-zero

quartic terms that couple bidoublet and triplet fields together in Sec [3.4.3]

3.4.1 Bidoublet & : \ Sector

As the potential should be bounded in all field directions, we first choose to find conditions

for A sector containing the bidoublet ®. Considering only the quartic part, we require

VY= NIRRT 4\, (Te[@01)2 + Tr[010]?) + N\ T[0T Tr[0T0]  (3.13)

+ M Tr[®10] (Tr[@0f] + Tr[0TP]) >0 Vo
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To obtain the conditions to be BFB, we parametrize V;} as follows:

Tr[@Td] = 72
Tr[Ci)(I)T]/Tr[(I)T(I)] = g
Tr[(i)T(I)]/Tr[(I)TcI)] = g

where r > 0, £ € [0,1] and w € [0,27]. Quartic field terms present in the potential are
normalized with the norm of the bidoublet ® as discussed in sec .The complex product
Tr[®®1)/Tr[®T®] between two unit spinors will be a complex number and hence has been
parametrized accordingly. This approach to parametrization has been earlier used for ob-
taining boundedness criteria in two-Higgs-doublet Model [137, [138] and doublet-triplet-Higgs
Model [139].

Substituting above in eq. (3.13)),
V)=t ()\1 + 2X0€% €08 2w + A3€% + 24 € cos w) =rtf(\ € w) (3.14)

We know from the extremum value theorem, the minimum of V! must exist in/on the closed
boundary defined by the disk. Furthermore, it should either exist inside the bounded region

or on the boundary. We first minimize V}} inside the boundary w.r.t £ and w.

fe= g]g = 4)X€ cos 2w + 2X3€ + 24 cosw =0
of 9 . . .
f, = B = —4NE%sin 2w — 20\ Esinw = —2E sinw(4\€ cosw + Ay) =0
w

Here, we denote % as f, and continue using this notation for conciseness. Solving the above
two equations simultaneously, we get three critical points. Only the first two critical points

are valid solutions of these pair of equations.
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A

fo=0 = £=0,sinw=0or cosw:—4)\2§

Case 1: £ =0
fe =2 \cosw =0

— cosw =10

Using this £ and cosw in (3.14]), we obtain the trivial condition for boundedness

Case 2: sinw =0
Notice, sinw =0 = cosw = +1. From eq. (3.14), we notice this minimum value of cosw
depends on the sign on Ay.

cosw = —sgn(Ay)

Here, sgn(x) is the signum function. Thus, the relevant equation for minimum can be written

as:
fe =40 + 2038 — 2| M| =0
A
IR Y

20 + )3

Inserting these values in f requiring V* > 0, we get

)\1“‘(2/\24‘)\5) & 2—2’/\4’|)\4|>O
200 + A3 20 + A3
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Thus, we get second condition as requirement:

Al

Ny — — 4
LS WIS

>0 <= 2\ + A3 > |\ (3.16)

A4
ot

Case 3: cosw = —

4N 2A421 o —on [ M) = one =0
9€ TpW: - + 238 — 2\ IEW: = —2)\3¢ =

The solution for above is € = 0 but cosw is not defined for this value. Thus, this is not a

valid solution. Now, we try to minimize f on the boundary w.r.t to w by setting & = 1.

fo = —4Xasin 2w — 24 sinw = —2sinw(4As cosw + A\y) =0

Case 4: { = 1,sinw =0 = cosw = —sgn(\y), cos2w = 1 Using this we have the

condition,

>\1+)\3+2(>\2— |/\4|> >0 (317)

P - — M
Case 5: { =1, cosw = — &

A\ A
4 4
AL+ 2) (2(4A2> —1)+/\3—2>\4<4)\2€> >0

The final condition can be written as:

2

A A
)\1+>\3—2)\2—74>0 <— 1

Ay 3.18
1y Dol = (3.18)

Thus, equations (3.15)), (3.16]), (3.17) and (3.18)) collectively form the required bounded

from below (BFB) conditions for A sector.
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Now, we’ll remark on the behaviour of these conditions to understand their characteristics
in the plots. The condition with the minimum value dominates the boundedness of the
potential. All conditions dominate in different regions of the parameter space and controls
the boundedness of the potential. For instance, the condition from inside the boundary eq.

(3.16) dominates over other conditions if 2y + A3 > |\4] is satisfied. It can also be shown

that eq. (3.18) dominates when Ay > 0 otherwise eq. (3.17) is valid.

3.4.2 Triplets A; and Ay : p sector

The quartic part of the potential with p;’s is :

VI = o (Tr[ALALP + Tr[ARAR?) + po (Tr[ALALTY[ALA]] + Tr{A AR Tr[ARAL))
+psTr[ALALTH[ARAR] + pa (Tr[AL AL TR[ARAL] + Te[A] AL Tr[ARAR])

(3.19)

To obtain the conditions for BFB, we parametrize V,{ similar to sec [3.4.1]:

Te[ALAL] + Te[ARAL] = 2
Tr[ALA]] = rPsin’y
TT[ARAE%] = 7r?cos’y
Te[ALAL/T[ALAT] = 5™
Tr[AJAL/TrALA]] = pe™
Tr[ARAg]/Tr[ARAL] = e
Tr[ALAL/Tr[ARAL] = npe
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where 7 > 0, v € [0, 5], n1,m2 € [0,1] and 6,0, € [0, 27]. Substituting above in eq. (3.19),

Ve = ' (p (cos’ v +sin*y) + po (17 sin®y + 3 cos )

+p3 cos® ysin® y + 2pamns cos(6r — ) cos® ysin® ) = g(p, ¥, M2, 01.2) (3.20)

For minimum w.r.t to 6,6, and taking in account sign of p,, this can be rewritten as:

7a4

= O (tan' v (o1 + pan?) + tan® 7 (ps — 2lpalmns) + p1 + pan3)

Requiring the above expression to be positive for all values of tan~ can be translated to
V{ being copositive for variable tan?y. Thus, we have following requirements for V, to be

bounded from below :

p1+ pani > 0 (3.21)
pr+ pariy >0 (3.22)
G(p,m2) = p3 — 2|palmna + 2\/(P1 + pani) (p1 + pan3) > 0 (3.23)

in regions 7y, 72 € [0, 1].
Eq. (3.21)) is equivalent to (3.22)) as they are uncoupled in the constraint variable. Min-
imum value for the expression occurs at the endpoint as its monotonic in the quantity 7?,

which ranges from [0, 1]. Plugging the end points of the range of n?,

p1+ p2 > 0 (325)

We can first minimize G inside the boundary of square formed by n; and 7. By minimizing
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the condition w.r.t to n’s,

V(o1 + p2md)
Oy = 2771P2—2 — 2mo|ps| =0
\ (p1 + pani)

V(o1 + pani?)
Gy = 2772P2—2 —2m|ps| =0
V (p1 + pan3)

Solving the above two equations, we get

(771, 772) - (07 O)

Plugging it back in G,

ps +2p1 > 0 (3.26)

For minimizing G on the boundary, we set 17, = 175 = 1. We obtain the condition
ps = 2|pal +2(p1 + p2) > 0 (3.27)

It can be proved that condition obtained by setting n; = 0,77, = 1 or vice-versa, always

lies between the above two conditions and need not be checked for boundedness. Thus,

conditions (3.24)), (3.25)), (3.26]) and (3.27) collectively form the required conditions for BFB

p sector.

3.4.3 Dreaded Coupled Case: «;3 # 0

This section outlines the procedure to find boundedness in presence of terms that couple
the bidoublet and the triplet Higgs fields. For VEV see-saw relation to work naturally, we
assume 3; = 0 [116]. This would imply v;, = 0 and a non-zero vi. Also ay does not explicitly
appears in the expressions for scalar mass spectrum. This gives us the freedom to set it to

0 for our analysis [79]. Thus, only a; and a3 are assumed to be non-zero as they contribute
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to the scalar masses and have lower bounds on them from experimental constraints. The

quartic part of the potential is given below:

Vi = MT[®T0) + Ay (Tr[@PT] + Te[@1R]?) + A Tr[@@|Te[@T 0] + A, Tr[@! 0] (Tr[@PT] + Ta[dfa])
+p1 (T[ALALP + Tr[ARAL) + po (Tr[ALALITR[ALA]] + Tr[ARAR] TH[ARAL))
+psTr[ALA T ARAR] + pa (Tr[ALALTY[ARAR] + Tr[A] AL Tr[ARAR])

+aa Tr[®1®] (Tr[ALA]] + Tr[ARAL)) + as (T[@TALA]] + Te[@T DA RAL]) (3.28)

The parametrization in this case follows similarly as before. This has 3 different field direc-

tions and therefore can be parametrized on a sphere.

Te[@ @] + Tr[A AL + Tr[ARAL] = o2
Tr[®'d] = r?cos®d

Tr[ALAT] = rZsin?ysin?6

Tr[AgAL] = r?cos®ysin?f

Tr[®dT]/Tr[dld] = &

Tr[@f 0]/ Tr[®Td] = ge ™
TALAL/TALA] = ne™
Te[AL AL/ TYAL AL = pe®
Tr[ARAR]/Tr[ARAL] = 1y
Te[ALAL/Tr[ARAL] = e

Tr[eef A AL)/Trofe]TH{AL Al = G
Te®TOAR AL/ TH® | THARAL] = G

with > 0, [€] < 1,0 €[0,2], v €[0,2], m,n2 € [0,1] , 61,65 € [0, 27]

Naively, it might be expected that (i, (s € [0,1] [I40]. However, as can be seen from the
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1.0

00 05
n

Fig. 3.1: Dependence of gauge orbit variable (; on £ and 7;. (Left) Scatter plot of { with
respect to £ and 7. (Right) Plot of ¢ as a function of £ and 7 given in eq. (3.29).

scatter plot in Fig (; depends on &; and 7;. In fact, it can be shown that value of (; is

bounded from above and below given by,

%(1—\/1—52\/1—773)§C¢§%<1+\/1—£2\/1—n?) (3.29)

where ¢ € {1,2}, [¢] <1 and n; € [0,1]. As can be seen in Fig[3.1] the dependence of ¢; on

¢ and n; depicted in the scatter plot is captured exactly in eq. (3.29)). Substituting the
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above defined gauge orbit variables in eq. (3.28)),

Vi = rtcostd ()\1 + 2/\252 cos 2w + )\352 + 24 € cos w)
+rtsin? 6 (,01 (0084 v + sin? 7) + p2 (nf sin® v + n? cos* 7)
+ p3 cos? ysin y 4 2p4m1ny cos(fy — ;) cos® 7y sin? 7)

+ (al + as(¢y cos® y + (g sin? fy)) r* cos® fsin? 0

7’4 (COS4 9f(>\, 57 W) + Sin4 eg(p7 Y M,2; 91,2) + h(Oé, 7 C1,2) C052 0 Sinz 6) (330)
From copositivity criteria, it implies :
fOEw) >0

9(/37 Y, M,2; 91,2) >0

ha, 7, Cua) + 2/ F(N€,w) 9(p, 7, 1,2, 012) > O

These conditions should hold for all values of (§,w,~,m12,61,2,C12). First two conditions are
(3.14) and (3.20]), evaluated in previous sections. For 2nd and 3rd condition, minimum of

612 can again be absorbed in the sign of A4.

ay + az( cos® 7 + Gasin® ) + \/f<)‘7 §w)g(p,v,ma2) >0 (3.31)

where f and g can be written as :

=M 42067 cos 2w + A3€% + 20, E cosw

1
(1 + tan?~)?2

g (tan*y (p1 + pon3) + tan® 5 (ps — 2lpalmme) + p1 + pan})  (3.32)

We now turn to symmetries to simplify further and reduce minimizing variables. We first
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try to minimize condition g(p,7,n 2) again but using symmetry arguments as an example.

Note that g is symmetric under the following operation:
COs 7y ¢ sin+y, N <> 7o

Thus, the minimum occurs at cosy = sin~y and 7, = 1y, which yields :

— ps+2p1 4 2(p2 — |pa| )0}
g - 4

Plugging in the endpoints for n;, we obtain two conditions :

s +2p1 p3+2p1 4 2(p2 — |p4l)
g - 9
4 4
Previously, we minimized the condition for cosy = sinvy i.e. tany = 1. Now, we will
minimize g for the endpoint, tany = 0. Using the symmetry operations used above, it can
be shown that minimizing the condition for other endpoint tan~ = oo is equivalent to case

for tan~y = 0. For this case, condition takes the form:

9= p1+ 2007

Again plugging in the endpoints for 71, we obtain two conditions. We obtain a total of 4

conditions for minimizing g, which exactly matches the conditions derived in sec. [3.4.2

g: {/)17 P1 +/)27 4 ) 4

Note that the 3rd condition is symmetric under the following operation:

G < G, COs7y <> sinvy, N <> 72
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Thus, the function takes its minimum value inside the gauge orbit space when:

G =G,  cosy=siny, g =1p

Using the above symmetry arguments, the form of the 3rd condition is :

ar + asC +\/F(N € w) (p3+ 201+ 2(p2 — |pal)nd) > 0 (3.34)

For this case, the condition is monotonic in ¢; & n? and are trivially minimized at endpoints
of their range. This implies for a3 < 0, the most constraining condition corresponds to

G =" and ¢ = Cf”” for a3 > 0.

Cmax _
i =

N | —

(1+\/1—€2\/1—77?>, C?i"zé(l—\/l—@\/l—n?)

The minimum of f has been evaluated in a previous section. This also yields corresponding
value of ¢ and 7, that determines the value of (** and ™™. This yields a set of 10 different
conditions.

Consider an example for above discussion. Let us assume f(\, ¢, w) minimizes for £ =

[ A4
2X2+4+A3

and 7; = 0, then (; is given by :

1 YRS
= 11—
= =5 J <2>\2+)\3>

then the required inequality to be checked for vacuum stability becomes :

a+ 21+ 1—>‘7‘2" + A—L( +2p1) >0
1T (20 + Ag)? LT g BT

We also need to minimize the 3rd condition for the edge surface of tan~. For the case
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tany = 0, 3rd condition takes the form:

an + asCi + 20/ F(\€,w) (p1+ par?) > 0

The above condition can be minimized similarly as in case of tan~y = 1, yielding a total of
another 10 conditions.

Thus, minimizing the 3rd condition yields a set of 20 inequalities to be checked. We have
finally derived all conditions required for the vacuum stability of the LRSM. The complete

set of these necessary and sufficient conditions are collected below :
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Analytic Conditions for Vacuum Stability in LRSM

A

)\1 < 2/\2 + /\3 > ’)\4|
£>0: < 2>\2+A3)

(A1 + A3+ 2(A2 — |A4]))

<)\1 + /\3 — 2)\2 — i) < |4)\2’ > |/\4|

4

p3+2p1 ps —2|pa| +2(p1 + ,02)}

>0:
g {pla p1+p2a 4 ) 4
a; + 2 )\1p1 >0

oap +asz+ 2 )\1p1>0

(0]
a1 + ?3 +2\/)\1(p1 +p2) >0
oy + \//\1(p3 + 2,01) >0
ar +az 4+ Ai(ps +2p1) >0

«
a1 + ?3 +/Aa(ps — 2|pal + 2(p1 + p2)) > 0

Af Af
— (14|l - —— 2 AN ——— 0
&1t 2 ( \J (2)\2 +)\3>2) * \J < ! 22Xy + A3 L=

o+ 242 A—L‘( +p2) >0
1 5 1 My + s P1 T P2

A i
Sl 1 — 2 ) P — 2 0
o+ 5 ( $ (2A2+A3)2)+$< TR (ps +2p1) >

Q3 )\Z
) AN — —9 2 0
o+ 5 +J< 1 2A2+A3>(p3 \pa| + 2(p1 + p2)) >

(0% /\2
Oé1+?—|—2 /\1+)\3—2)\2—T Mll’l() >0
2

a4 % +2y/(\ + A5 + 200 — [\4])) Min(g) > 0

(3.35)

For using these conditions, we first ensure f and g should be strictly positive at all minima.
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For some conditions in f, we have the following structure p <= ¢. This implies condition
p only needs to be checked if and only if condition ¢ is true. We then check rest of the

conditions based on minimum value of f and g.

3.5 Symmetry Breaking and Desirable Vacuum

A BFB potential does not necessarily leads to correct symmetry breaking yielding the correct
ground state of the Higgs potential. Recently, some useful conditions (though not necessary)
for a good vacuum in the left-right model were derived for a limited parameter space in [122].

Gauge-independent criteria to obtain a good vacuum was also proposed.

(@) #0

det(AR> = det(AL> =0

(Ag) # (AL)

The first condition leads to non-zero expectation for Higgs VEV in the Standard Model. The
second condition is required for U(1)e,, not to be broken. The third condition is required
for broken parity at low energies. Although reference [122] specifies 4 conditions for a good
vacuum but effectively only 3 conditions are required. As their condition (Ag) # 0 or (AL) #
0 for good vacuum is contained in (Ag) # (Ap).

In this section, we derive some useful conditions for scalar potential to exhibit correct
spontaneous symmetry breaking (SSB) and specify the gauge-independent criteria for correct

vacuum in more general form. Using the VEV structure of the scalar fields eq. (3.10)) in the
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general scalar potential eq. (3.11]),

,%2 +/‘<«;2
V = —(122)/1% - 2“152/1% cos(fa) — 'u?i (U% + U%{) t

26213y c08(205) + K1k (I{% + /@3) Mg cos(fy) + KIkENS

(k2 + K3)°

A .
i L (3.36)

+p1 (vi + vf‘%) + p3vivs,

+a14(’i% J2r K3) (v% + v%) + 0432% (’U% + v%)

For boundedness, the quartic part of the potential can be written as:

v, = r* (fggB()\, & w) cos* O + gss(p,7,012) sin® @ + hgsp(a, v, Ci2) cos? f sin? 6()3.37)

where parametrizing variables are defined in accordance with section [3.4.3] To obtain neces-
sary and sufficient conditions for correct symmetry breaking, the minimum from the potential
Vssp should be deeper than the one obtained from the general potential. Using eq. (3.9)),

the required condition can be written as :

ogpt — My + f - _ 9sssli — hsspping + fsspli
Afg—h? Afssp gssp — hisp

(3.38)

The above relation needs to be minimized for the entire gauge orbit parameter space. Due
to the non-linearity of the orbit variables, this is not analytically tractable.

The important observation in this work is that the conditions sufficient for a general
potential to lead to a good vacuum after SSB can be obtained by requiring VEV aligned

scalar potential to dominate the general scalar potential i.e. V' > Vggp. This is a stronger

condition than eq. (3.38]) and using eq. (3.30)), (3.37) can be written as :

(f — fssp)cos* 0 + (g — gssp) sin® 0 + (h — hgsp) cos? @ sin? 6 > 0 (3.39)

Thus, for VEV structure in eq. (3.10) to be the global minima of the theory, following
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conditions are required :

= fssp: 9= gsse (3.40)

h— hssp +2y/(f — fssp) (9 — gssp) =0 (3.41)

It is also required that Vggp exhibits stable vaccum, which implies :

Jssp >0, gssp >0, hssp+2\/fsspgssp >0 (3.42)

We begin by noticing that in eq. (3.36]), fssp takes the same form as f(X, & ,w) for the
general potential. VEV condition (®) # 0 translates to rcos@ # 0. It is satisfied as long
as A sector is bounded from below. This implies all the conditions found for A sector are
required for existence of a good vacuum. It also implies f = fsgp trivially satisfies condition

for correct symmetry breaking. On the other hand, gssp has 1,2 = 0.
T[(AL)(A] =0 = m=0
Tr[(Ar)(AR)] =0 = m=0

Therefore, coefficients of p; and p, vanish leading to following form of g (See eq. (3.32))):

gssp = ( prtan’ y + pstan® 5y + Pl)

1 + tan? )2 (

The minimum for this expression occurs at tan®~y = 0 or 1. We require (Az) < (Ag) which

can be easily shown equivalent to :

Te[(AL)(AL)] < Tr[(Ar)(AR)]
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So according to the chosen parametrization, the preferred minima is tan?~ = 0. We know
from sec. [3.2.2] condition with less positive value dominates the minima. Thus, this condition

should dominate over the other minima i.e tan®?~ = 1 in gggp. Thus, we require

p3 +2p1

1 >p1 = p3—2p1 =20

After requiring the internal structure of the VEV alignment, we want eq. to hold
i.e. g > gssp should hold. The minimum of ggsp occurs for p; > 0. This condition should
dominate other possible minima of the general potential. Using minimum conditions from
eq. (3.33)),

p1+p2=p1 = p2=>0

2
— 2 pa + 2(p1 + —2
P3 ‘p4’ 0 (pl 102> Zpl — |p4| S 3 5 P1 +p2

Since [ = fssp, eq. (3.41]) implies h > hggp.
a1 + as(( cos? y + Gsin? ) > ay + az(¢P9P cos® v + P sin? )

Note that since n; = 0 for Vgsp, ¢ # ¢7°P. The condition above is monotonic in ¢ ’s and

the endpoints of their range can be substituted depending on the sign of as.

% (1 senas)y/1- /1= n2) = T (1 - Sen(as)y/1 - €)

As can be seen directly, the above condition holds true for all £, n and «s3. Similarly, for

vacuum stability condition to hold true, we require :

ar + %g 12/ fON €, w) p1 > 0 (3.43)
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where, ¢ = (1 — Sgn(az),/1 — 53) and &, equals the value of ¢ that minimizes f(\, &, w).
The minimization of f has been covered in sec. [3.4.1]

For non-zero field values to be the global minimum (refer sec. |3.2.2)), we also require eq.

(3.6)),(3.7) and (3.8)) to hold. For non-zero (®) and (Ag), we require :
2 Min[fssg]ug — Min[hSSB]ﬂ% >0

2 Min[gssplii: — Min|hssplus > 0 (3.44)

where,

i =g+ 20, 0 =¢cosw

and

2,/Min|fssp] Min|gssp] — |[Min[hssp]|| > 0

Here, expression for 12 has been obtained by using parametrization from sec. (3.4.1]) to
relevant mass-squared terms in the scalar potential. Thus, the complete set of conditions
sufficient to obtain a correct vacuum after SSB in left-right symmetric model are stated

below:
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Analytic Conditions for Symmetry Breaking to Correct Vacuum

M >0, £&=0=0,

AL _ I\l _ A4
(/\1 - 2A2+A3) >0 = 0<8=575 <L 0=—505
fSSB >0:

(/\1 + )\3 + 2(/\2 — |/\4|)) > 0, f = 1, o = —Sgl’l(A4),

2
(MFXs =2 — pL) >0 = [Ah > [\|, €=1,0=—3,

-2
p1 >0, p2>0, p3>2p, ’P4|<U+P2

2

ap + 2 )\1p1>0

a1 + oz + 2 )\1p1>0

SARRCC ) B PION , - S IS I WS, S D
1T (20 + \g)? P ) !

+a3+2 AL+ A 2\ )@1 >0
o — — - —
1 5 1 3 2 A P1

(6%
a1 + ?3 +2\/(/\1 +>\3+2()\2 — ’)\4’)) p1 > 0

iy = i3 + 2003

2y/Min|[fssp| p1 — ‘

ag + % (1 — Sgn(az)y/1 — 52)

o

2 Min|fssp|us — {al + % <1 — Sgn(ag)y/1 — {2” @2 >0
20172 — [a + 5 (1~ Sgn(ag)/T- )] 18 > 0
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For using these conditions, we first ensure fssp should be strictly positive at all minima. For
some conditions in f, we have the following structure p <= ¢, £ = valuel, o = value2.
This implies condition p only needs to be checked if and only if condition ¢ is true. It also
yields a corresponding values of £ and o to be used in the last three conditions. We then
check rest of the conditions based on minimum value of fggp.

We would like to assert the usefulness of these conditions. Using the above conditions
not only ensures the boundedness of the potential but also gives the minimum with desired
VEV alignment. The results derived here are general in nature and reduce to those obtained
in [122] for their choice of parameterd™| In [122], their derived conditions for good vacuum
are asserted to be only sufficient but not necessary and same holds for our case. Even with
good vacuum conditions, they do not get a correct vacuum in their numerical study at all
times. This possibly happens due to the parameter range of non-zero «;’s in their numerical
analysis that leads to the violation of condition on mass-squares u? derived in this work.

Given the treatment here, we can also generalize the gauge-independent conditions for

correct vacuum in the left-right symmetric model as:

Tr[{®){®)] # 0
Tr[{AL)(AL)] = Tr[(Ar)(Ar)] = 0 (3.45)

Te[(AL)(AL)] < Tr[(Ar)(AR)]

19 Setting A2.4, pa, o;’s and B;’s to 0
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Fig. 3.2: Numerical minimization of the scalar potential of LRSM. The figures are plotted
for different pair of quartic couplings with values ranging from (—5,5) and with grid pixel
size of 0.1 x 0.1, with other quartics being set according to benchmark in Sec[3.6] The yellow
region indicates an unbounded potential. The green region indicates the existence of a global
minimum but not with the required VEV structure. The blue region indicates the existence
of a global minimum with the required VEV structure.
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3.6 Numerical Comparison

We use the following benchmark values to study the numerical minimization of the potential

and its agreement with the conditions obtained in this work.

P2 s, i = (1,0.25,1) Tev?
My Aoy Ags As = (1,0.5,3,—0.5)
p1, P2, p3, p2 = (1,0.5,3,—0.5)

ag, az, a3 = (0.5,0,0.5)

/617 527 63 = (Oa 070)

In fig [3.2] the potential is minimized for a pair of quartics with other couplings set
according to the benchmark values. The minimization was performed with the NMinimize
function with NelderMead, DifferentialEvolution and SimulatedAnnealing method in
Mathematica. The pixel size of the grid is 0.1 x 0.1. With each parameter running from
(—5,5) yields a 50 x 50 matrix. The yellow region has unbounded minima that violates
the BFB conditions. The green region is bounded and has a global minimum but with
an incorrect VEV alignment. In blue region, the potential undergoes correct sponataneous
symmetry breaking to the desired VEV structure of the vacuum. This vacuum is stable and
is phenomenologically viable.

We would like to assert that the results shown in fig are in complete agreement with
the vacuum stability and correct vacuum conditions obtained in this work. It should also
be noted that although conditions to exhibit SSB to correct vaccum were derived using a

stronger condition, they match results from numerical minimization remarkably.
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3.7 Renormalization Group Equations Analysis

In a general case of randomly selected initial values, the evolution of quartic couplings accord-
ing to the renormalization group equations (RGEs) for the model can lead to their running
outside the allowed parameter space. Constraining the running of the quartic couplings to
satisfy the vacuum stability conditions upto a certain high energy scale ensures the bound-
edness of the potential. In this section, we discuss some more constraints on the quartic
couplings before we present an example study to demostrate the usefulness of the conditions

derived earlier.

3.7.1 Mass Spectrum & Unitarity Bounds

Along with BFB conditions and correct symmetry breaking, it’s necessary to check that the
potential exhibits a physical scalar mass spectrum. The scalar mass spectrum of the LRSM
has 14 physical particles. It includes 8 electrically neutral ] four singly-charged and four

doubly-charged Higgs bosons. The scalar mass spectrum for LRSM is given below[141], 115]:

2
MI2{8 = 2 ()\1 — al) I€2+,

4p1
MJ%I; ~ ME‘? ~ M?{? = ;Oég’llfz,
Mpo = 2pivg,
Miss = Ma = My = My = (o5 = 200)0%,
Mé;&i = 2pv% + ;&3/@3

where #3 = k7 + #3. The lightest neutral scalar Mpyo that only depends on the VEV of
bidoublet ® is identified as the SM Higgs boson. We have taken the best fit value of M HO =
my, = 125 GeV [121]. HY, A9 and Hj are the CP-even and CP-odd neutral components and

the two singly-charged scalars respectively from the bidoublet ®. HY, HY, Ay, Hf, Hi™

20 Tt contains two massless neutral degrees of freedom absorbed as the longitudinal polarization modes of
physical gauge bosons.
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and HiT are the two CP-even and one CP-odd neutral components, 2 singly-charged and 4
doubly-charged scalars respectively from the triplets Ay and Ag.

There are strong experimental bounds on most scalar masses in LRSM. This places lower
bounds on the allowed values of corresponding quartic couplings in the potential as a function
of the breaking scale. The heavy neutral scalars HY, A? can contribute to By— By, Bs— By and
Ky — K, mixings due to presence of tree-level FCNC couplings to the SM quarks in LRSM.

Thus, there are stringent limits on their masses from the FCNC constraints [52, 63, [54].
MH?,A? > 15 TeV

The cleanest detection channel for doubly-charged Higgs bosons is its decay to same-sign
charged dilepton pairs . The current bounds on mass limits are from LHC 13 TeV run data

[T18), [142], which largely depends on charged lepton flavors involved in the decay process :
MHlii 2 (770 — 870) GeV MHQii 2 (660 — 760) GeV

Parameter space for quartic couplings can be further squeezed by requiring tree-level uni-
tarity to be preserved in a variety of scattering process. We consider the unitarity bounds

only from 2-body scalar scattering processes [I115], given below :

A < Am/3, (A + 44Xy + 2)3) < 4,

(A — 4Xg + 2X3) < 4,

Ay < 4m/3,

ay < 8w, g < 4w, (a1 + a3) < 8,

p1 < 4m/3, (p1 + p2) < 2m, ps < 2V/2m,

p3 < 8, ps < 2V/2m
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Fig. 3.3: RG running of the quartic couplings for the benchmark in sec from vg = 26.8
TeV, with ry = Z—’z =1.2.

3.7.2 Example Study

We use the following benchmark values for RGE running of the quartic couplings.

ui, us, pua = ((8.48)%,0,(11.99)%) TeV?

A, Ao, As, A = (0.0625,0,0,0)

p1, P2, p3, pa = (0.01,0.0005,0.0226,0) (3.46)
ay, as, ag = (0.01,0,0.64)

517 527 63 = (Oa070)
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The above benchmark is in complete agreement with the current experimental bounds on

the scalar masses at the breaking scale.
Ky = /KT + K3 = 246 GeV, vy =0 TeV, vy = 26.8 TeV

Most importantly the ground state of the potential exhibits correct VEV structure of the
theory at the right-handed breaking scale vgz. This is evident as the benchmark eq.
satifies conditions derived for SSB to correct vaccum.

We now have a complete set of initial values and the system of RGE’s at one-loop level
for the LRSM [I143], 115], 10, 144]. We run the system from the breaking scale vy to the
GUT scale while checking vacuum stability, perturbativity and unitarity bounds [114] [10].
The results are shown in fig It can be seen that quartic couplings hit the Landau pole
at a scale lower than GUT scale 102 GeV. Although the quartic couplings respects the
vacuum stability conditions and unitarity bounds nearly upto the scale just before violating
the perturbativity. We observe that most quartic couplings except p, acquire non-zero values
even if set to zero at the breaking scale. ps is the only quartic that is observed to run to
negative values although initialized at a positive value. Also notice that mass-squares p?
don’t run appreciably once set at the breaking scale.

It should be mentioned that value of r, = Z—LR is also crucial to the system of RGEs.
Lower values of r, for the benchmark in consideration leads to violation of vacuum stability

conditions and hence an unbounded potential at high-energies.

3.8 Conclusion

We develop a method to extract necessary and sufficient conditions to ensure vacuum stability
in LRSM by using the application of gauge orbit parameters in two-Higgs fields case. We
also show application of copositivity criteria and its usefulness in simplifying the analysis for

vacuum stability.
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As it was asserted earlier, only requiring vacuum stability does not ensure SSB to a
vacuum which reproduces SM at low-energies. For this purpose, we extend the vacuum
stability analysis to help yield conditions sufficient to achieve SSB to the correct vacuum
which should be charge conserving and also parity violating at low-energies. These analytic
techniques can also be extended to analyze metastability of the vacuum and one-loop effective
potentials.

We also compared our analytic results from those generated by numerical minimization
of the potential. It is observed that the derived conditions are in excellent agreement with
the numerical results. We also show that vacuum stability constraints along with other
theoretical constraints (pertubativity, unitarity, scalar mass spectrum) coupled with RGE
analysis can help us narrow down the allowed parameter space for the quartic couplings in
the potential. A comprehensive study is required to explore the existence of sets of quartic
and gauge couplings that obey these combined bounds. This is beyond the scope of this

chapter and can be another viable future direction for investigation.
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Chapter 4

Scalar Non-standard Interations of

. Y
Neutrinos

Young Monk: “Do not try and bend the spoon—that’s impossible.
Instead, only try to realize the truth.”

Neo: “What truth?”

Young Monk: “There is no spoon.”

- The Matrix (1999)

4.1 Introduction

The discovery of neutrino oscillations implies that at least two of the three neutrinos must
have small but non-zero masses [51]. The global neutrino oscillation program is now entering
a new era, where the known mixing angles and mass-squared differences are being measured
with an ever-increasing accuracy. Next-generation of long-baseline oscillation experiments
like DUNE are poised to resolve the sub-dominant effects in oscillation data sensitive to
the currently unknown oscillation parameters, namely the Dirac CP phase, sign of the at-
mospheric mass-squared difference and the octant of the atmospheric mixing angle. These
analyses are usually performed within the 3 x 3 neutrino mixing scheme under the assumption

that neutrinos interact with matter only through the weak interactions mediated by Stan-

21 This chapter is based on [12]
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dard Model (SM) W and Z bosons. On the other hand, the origin of neutrino mass clearly
requires some new physics beyond the SM, which often comes with additional non-standard
interactions (NSI) of neutrinos with matter fermions (i.e. electrons and/or nucleons). Al-
lowing for these NSI in neutrino production, propagation and/or detection can in principle
change the whole picture and crucially affect the interpretation of the experimental data in
terms of the relevant 3 x 3 oscillation parameters. It is, therefore, of paramount importance
to understand all possible kinds of NSI effects, and to see how large these effects could be,
while being consistent with other theoretical and experimental constraints. The study of NSI
also opens up the possibility of using neutrino oscillations to probe the origin of neutrino
mass.

Following the SM interactions of neutrinos with matter via either charged-current (CC)
or neutral-current (NC), which can be written in the form (7,7 Prva)(fv,Pf) after Fierz
transformation (with f, f’ € {e,u,d} the matter fermions and P € {Pp, Pr} the chirality
projection operators), NSI induced by either a vector or charged-scalar mediator can be

parametrized in terms of vector and axial-vector currents [145]:

LG = —2v2Gr Y el (0" Prvs) ([ PF), (4.1)
P

LGC = —2v2Gr Y. S (" Prls)(fr.Pf), (4.2)
f.Paf

where G is Fermi’s constant and the € terms quantify the size of the new interactions. The
vector components of NSI given by Eq. and affect neutrino oscillations during
propagation in matter by providing a new flavor-dependent matter potential. The size
of vector NSI is governed by the parameter ¢ ~ g%m¥./(g*m%), where gx and myx are
respectively the coupling and mass of the mediator X, and g is the SU(2), gauge coupling.
There are two possibilities to realize experimentally observable vector NSI, which require
£ap = 1072 [146, 147]: (i) heavy mediator case with my ~ O(100) GeV and gx ~ O(1);

and (ii) light mediator case with mx < my and gx < 1 such that g%/m% ~ Gp, while
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evading the low-energy experimental constraints. For concrete ultraviolet (UV)-complete
model realizations, see e.g. Ref. [146] for the heavy mediator case and Refs. [148] 149} [150]
for the light mediator case. For a recent review on different aspects of vector NSI, see
Ref. [I51]. For the current global status of the constraints on e, see Ref. [147].

On the other hand, NSI induced by a neutral scalar mediator is no longer composed of
vector current as in Eq. or , but a scalar interaction for Dirac neutrinos given
by [152]

Lor = Soa ) 7). (43)

where y¢ and y,s are respectively the Yukawa couplings of the matter fermion and neu-
trinos to the scalar mediator ¢. This cannot be converted to vector currents, and hence,
does not contribute to the matter potential@ Instead, it appears as a medium-dependent
correction to the neutrino mass term, with the correction factor Am, ,s being inversely
proportional to the square of the mediator mass. As we will explicitly show below, large
enough scalar NSI effect is possible only for a sufficiently light scalar mediatorﬂ since we
need Geg = Yyas/mi ~ 10'°Gr to have any observable effect for neutrino propagating in
Earth with Am, ~ O(0.1m,). Nevertheless, this could potentially lead to significantly differ-
ent phenomenological consequences in reactor, solar, atmospheric and accelerator neutrino
oscillations, as well as for supernovae and early-universe neutrino interactions.

In this chapter, we derive a general formula for evaluating the scalar NSI of the neutrinos
which is applicable to different environments. We perform a systematic study of the scalar
NSI in presence of a light scalar mediator ¢. We consider both Dirac and Majorana neu-
trino possibilities. The main objective of this chapter is to provide a general field-theoretic
derivation of the scalar NSI effect at finite temperature and density, which can be applied

to different environments, such as Earth, Sun, supernovae and early Universe. Then we go

22 The same is true for tensor NSI of the form (Vo0 vg)(fo . f).
2 Eq. (4.3)) is equally applicable for both light and heavy mediator, since we are dealing with coherent
forward scattering of neutrinos with ¢ — 0.
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on to derive various constraints on the couplings in Eq. as a function of the mediator
mass mg from fifth force experiments, solar and supernova neutrino data, stellar cooling
constraints from red giants (RG) and horizontal branch (HB) stars, and big bang nucleosyn-
thesis (BBN). We have considered scalar interactions with electrons and nucleons separately
to show the differences in the constraints. We find that the fifth force experiments constrain
masses of ¢ below 0.1 eV and couplings up to 1072*. RG/HB stars constrain couplings up to
10~*2 for nucleons and up to 10716 for electrons coupling to ¢. Bounds from BBN constrain
couplings up to 107 for the light scalar mediators. After taking into account all these con-
straints, we conclude that any prospects of observing scalar NSI in Earth matter have been
ruled out, while these effects are still measurable with future solar neutrino data, supernova
neutrino bursts or in cosmological observations of extra relativistic degrees of freedom.

The rest of the chapter is organized as follows: In Sec. [£.2] we present a general field-
theoretic derivation of scalar NSI and discuss various limiting cases that are applicable to
Earth, Sun, supernovae and early Universe. In Sec. [£.3] we discuss the long-range force
effects of a light scalar. In Sec. [f.4] we summarize the current experimental constraints on
the Yukawa couplings relevant for scalar NSI as a function of the mediator mass. In Sec. 4.5|,
we discuss the thermal mass of the mediator. In Sec. [£.6] we derive a quantum-mechanical
bound on the effective in-medium mediator mass. In Sec. we present our main results
and discussions. In Sec.[4.8] we present a UV-complete model for scalar NSI. Our conclusions
are given in Sec. [4.9] In Appendix [B.I we give the detailed derivation of various limiting
cases for the scalar NSI discussed in Sec. [£.2] In Appendix [B.2] we provide details of the
calculation of the neutrino self-energy in neutrino background. In Appendix [B.4] we present

the calculation for thermal mass of the scalar mediator.
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4.2 Field theoretic origin of scalar NSI

In this section, we derive expressions for medium-dependent neutrino mass and energy when
the neutrinos have scalar NSI with matter fermions in the propagating medium. The results
derived here are equally applicable for Dirac and Majorana neutrinos. As we will see later,
for observable scalar NSI it will be required that the scalar field is very light, which we
assume here. Consider the interaction of fermions f and Dirac neutrinos v with a light

scalar ¢, with the relevant interaction terms given by the Lagrangian:

- mg
L D ~YapVaPvs — Ys fOf — MapVals — 7¢ : (4.4)

In the case of Majorana neutrinos, the relevant Lagrangian has the form:
Yap — r Map— mé 2
L > _7’/5@5’/5 —yrfof — — VaVs 7615 : (4.5)

We shall focus primarily on the Dirac neutrinos, but essentially all of our results will apply for
Majorana neutrinos as well, provided that the normalization of couplings is as in Eq. .
We shall comment on differences when they arise between the two cases.
A neutrino with four-momentum p* propagating through matter obeys the Dirac equation
given by:
p-zw]v = 0. (4.6)

In a general medium, the self energy > of the neutrino gets modified. We apply real time
formalism of field theory at finite temperature and density in our derivations, which is man-
ifestly Lorentz covariant [I53]. With pure scalar interactions of the type given in Eqgs. (4.4)

and (4.5]), the neutrino self-energy takes the general form

B(p) = m— (ap+ by + dlp. o)), (4.7)
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where m is the neutrino mass inside the medium, u* is the four-velocity of the medium and
a, B, d are functions of only two Lorentz scalars, viz., p?> and p.u. In a Lorentz covariant
description of field theory at finite temperature and density, one introduces a medium four-
velocity vector u* as in Eq. obeying u? = 1. In real time formalism of thermal field
theory, the finite temperature and density correction to self-energy of a fermion can be
calculated with the help of finite temperature Green’s function for a free Dirac field [153]

(for applications to neutrino propagation in matter see Refs. [154], 155 [156]):

Se(p) = (p+my) +1iL'¢(p) (4.8)

P2 — m?c + je
where

Ls(p) = 276(p* = m)ns (p)O(po) + np(p)O(=po)] - (4.9)
Here © is the Heaviside step function and ny (nf) is the Fermi-Dirac distribution function
for the fermion (anti-fermion) occupation number of the medium given by

1 1

ellpul-p)/T 117 ni(p) = opa /T 11 (4.10)

ng(p) =

where p is the chemical potential and T is the temperature. Integrating the occupation
number over all possible momentum states yields the total number density of the fermions

(or anti-fermions) in the medium:

d3p
Ny = gf/wnf(f)(p)- (4.11)

Here g; denotes the number of internal degrees of freedom and is equal to two for electrons,

nucleons and neutrinos for the two different spin states.
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Fig. 4.1: Neutrino self-energy diagrams: (a) Tadpole with background of f and v, and (b)
Self-energy in a neutrino background.

4.2.1 Neutrino self-energy from tadpole diagram

The one-loop thermal self energy corrections for the neutrinos arising from Eq. or
Eq. are shown in Fig. 1.1 We first compute the one-loop neutrino thermal mass
correction induced by the tadpole diagram in Fig. The Lorentz-invariant form of ¥ as
given in Eq. can be conveniently evaluated by going to the rest frame of the medium,

where the amplitude takes a simple form:

i 4k
LYy = iy / Tr [iys iS (k)] . 412
Bag = Wep “n2 | Gy v [iyy iSy(k)] (4.12)

In Eq. (#.12)), we can set ¢*> = 0 for the momentum transfer because we are only interested
in the coherent forward scattering of neutrinos in matter for the NSI effect. Only retaining

the finite temperature and density part of the self-energy, we obtain

Sop = W/O dko/o Ak? k 6(K — k3 +m?) [ng (ko) +np(—ko)] - (4.13)

2012
7'('77’L(z>
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Integrating over k2 using the delta function yields the final result:

YapYsmy [
Sop = sz/ dko \JK§ — m3 [ng (ko) + nj(ko)] = Amyas . (4.14)

2

While deriving Eq. , it has been assumed that the background medium contains both
fermions and anti-fermions. Thus, Eq. is the complete expression for scalar NSI of
neutrinos at any finite temperature and density in a background without neutrinos. We
have provided details of evaluating the integral of Eq. in various useful limits in
Appendix [B1]

Note that the scalar NSI of Eq. appears as a medium-dependent mass of the
neutrino. The relevant integral can be evaluated analytically in the high temperature as well

as low temperature regimes. We find:

Yr¥Yap
fn; (Nf+Nf) (, T < my) (4.15)
2
YrYap My (3\3 112/3 2/3
Amy,ap = m2 2 <W> (Nf + N; ) (u>myp>T) (4.16)
2 \3
YrYaphiy N 2/3 2/3
N Nz < T) . 4.17
3m2 (12g(3)> (VPP NFP) (< my <) (4.17)

If the medium does not contain either fermions or anti-fermions of a certain type, the cor-
responding number density should be set to zero in the final result. If the background has
more than one type of fermion, the various contributions should be added. Eq. for
i, T" < my is the non-relativistic limit for the scalar NSI expression and matches the result
stated in Ref. [I52]. It is most useful in case of the Earth and Sun. The limiting case
Eq. is useful for relativistic medium backgrounds as with electrons in supernovae. For
effect of scalar NSI in the early Universe, Eq. is the most relevant. Detailed application

of these results is carried out in Sec. 4.7}
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4.2.2 Neutrino self-energy in a neutrino background

There is another important diagram that might contribute to the effect of neutrino propa-
gation in a medium, as shown in Fig. [£.1b] This diagram contributes to neutrino self-energy
only in media with a neutrino or an anti-neutrino background. This situation is realized in
supernovae and early Universe cosmology. Here we derive the contribution of Fig. in
such backgrounds. Again using the real-time formalism of thermal field theory, we can write

this contribution for a Dirac neutrino as:

g [y
Yop = —?Jﬁw?/w/w<k+2+my> (k+72’>2—2m3+(7€—g) —mj

where I', is defined in Eq. (4.9) and for I'y, we have used the finite temperature Green’s

function for a free bosonic field given by:

—mxpﬂ (4.19)

where

Ty(p) = 2m6(p* — my)nu(p)O(po) (4.20)

with the Bose-Einstein distribution function given by

1

nb(p) = e(pul)/T _ 1 (421)

noting that the chemical potential of the real scalar field ¢ is zero. We have carried out the
evaluation of the self energy integral of Eq. (4.18) in Appendix [B.2} here we summarize our
main results. The contribution of Eq. (4.18)) can be written as

v Y8vY~ya
o= J 422
of 872|p| ( )
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with J identified as the integral of Eq. (4.18]), except for an overall factor, and can be
decomposed as

J = ap+ b+ c+dp, 4] . (4.23)

By taking traces of the integral in Eq. (4.18) multiplied by (1, p, #, py), we can solve for the

Lorentz scalars (a, b, ¢, d). Defining

Jp = Te(Jp), Ju = Te(Jy), and J, = Tr(J), (4.24)
we find
Ju (pu) — J, J, (pu) — J.p* I
¢ = ——=——, b = , ¢ = —, and d = 0. 4.25
pup — A[(pu) — 2 1 (425)

It is clear that the coefficient ¢ contributes to the neutrino mass in the medium [cf. Eq. (4.7))].
But this effect is negligible in our case, because there is no 1/ mi enhancement.
There is also a matter potential that is caused by the neutrino self-interactions. To arrive

at it we examine the pole in the neutrino propagator:

i, (p) = i(p—%") = i[p(1— A) — By, (4.26)

where A and B are matrices in flavor-space, with elements given by

YByY~a YpvYya
Ay = — . B = — b 4.97
o 8n2lp| ’ 872 |p| (427)

Since A and B commute, S, can be obtained in terms of A and B as

(1 —A)p — Byl

iS,(p) = z{<1 ~Ap—Bup? (4.28)

We define energy and momentum of the neutrino (in the massless limit) in the rest frame of
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the medium as [I55]

E = pu, P = &2 —p?. (4.29)

The pole in the neutrino propagator of Eq. (4.28)) occurs at energy values given by

&= Biip (4.30)

This leads to the modified dispersion relation & = U&UT (where U is the unitary matrix
that diagonalizes A and B). The energy shift for neutrinos is thus B/(1 — A), while the
shift in antineutrino energy is —B/(1 — A), which are both non-diagonal in the flavor basis
[cf. Eq. ([.27))].

For significant regions of the Yukawa couplings y.s and yy, the scalar ¢ does not get
thermalized. In this case, there is no ¢ background and the term proportional to I's(k —p/2)
should be set to zero. We present our results here in this case first. The contribution from

345 can then be written as:

d3k: +24+m, 2
Zﬁ = ya’yy’yﬂ/ dk’o/ % 2 m ) ) [(k:—i—g) —mi] n, <k‘0+p20> . (431)

2

We defer the details of evaluating this integral to Appendix[B.2] Here we present the results in
the high temperature limit, assuming that the chemical potential is vanishing. This condition
is generally true in the early Universe when neutrinos propagate in a background of neutrinos.
Furthermore, we set the neutrino mass to be zero, which is a consistent approximation as
the medium-induced m,, is proportional to the original m,. In the absence of neutrino mass,

we can set pg — |p|?> = 0. Under these conditions, our results are as follows (see Appendix

for details):

2772 167[p|T\] T 2/2/p|T
@« = ———|2-12¢(~1) —1n (ﬂlﬂﬂ — S 2 ln< f“" )
24|p| my 4 my
7T2T2
b= . 4.32
D (4.32)
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Here ('(—1) = —0.165421 is the derivative of Riemann zeta function evaluated at argu-
ment equal to —1. Using these results along with Eq. (4.30]), we arrive at the energy shift

experienced by the neutrino in a background of neutrinos:

T2 T2 167|p|T
AE s = —lyyi ([1—yyf—-r<2-120(—1) —In [ —5—
-1
T 2v/2|p|T
—yyt In2 In | =01 . 4.33
Y sanlpl ( m} y )

Here we have made use of the fact that yy' = UDUT, where D is a diagonal matrix and U is
unitary, obtained the poles in the neutrino propagators in the diagonal basis, and reinserted
the unitary matrix in writing Eq. . While we do not use these results explicitly in
our analyses, these are part of the neutrino scalar NSI which may find use in early Universe
cosmology where there is a thermal background of neutrinos.

If the scalar field ¢ is also in thermal equilibrium, a similar analysis goes through albeit
with some replacements, as can be seen from Eq. : I'y = I'y, p — —p, with a change in
sign of p in the numerator and change of my — m,, only in the denominator. These thermal
¢ contributions will add to the neutrino self-energy contribution to J given in Eq. . In
particular, the coefficients J,, J,, J,, of Eq. will become J, + J]‘f, Ju+ I, I + J2,

where the new contributions are given in Appendix [B.2]

4.3 Long-range force effects

A light scalar coupling to fermions can lead to long-range forces. This applies to charged
fermions as well as neutrinos propagating through a medium. Even when the neutrino
propagates outside of the medium, such long-range forces can affect its propagation. Thus,
calculating the neutrino energy using point interactions with a very light mediator does not
provide a complete picture. In this section, we sketch a heuristic derivation to account for

these long-range force effects. Long range effects in non-relativistic media have been studied
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in Refs. [I57, [158]. Here, we have extended the analysis for all background media, i.e. both
non-relativistic and relativistic cases. This will be especially useful in relativistic media such
as in supernovae and in early Universe.

We use the Euler-Lagrange equations for the Lagrangian in Eq. to obtain equations

of motion for v and ¢:

(id — Map — Yapd)vs = 0 (4.34)

(82 + mi) ¢ — YapVal/g — yfff =0. (435>

As can be seen from Eq. (4.34)), the interaction vertex y,s7,¢vg leads to an extra contribution

to neutrino mass:

Amu,aﬂ = Yap <¢>medium . (436)

To calculate the mass correction for a neutrino propagating in a medium, we will need to
calculate the expectation value of the operators at finite temperature and density, appearing
in Eqgs. and .

For a medium in thermal equilibrium with fermion number density N; and anti-fermion
number density Ny can be represented as a Fock state |¥). This state contains information
about particle and anti-particle distribution in different momentum states. Since the sys-
tem is assumed to be in thermal equilibrium, the fermion and anti-fermion density in each
momentum state does not change in time. Thus, we can set ¢ = 0 and the state |¥) is
normalized, i.e, (V|W) = 1. The field operators for the fermion and anti-fermion fields can

be written as [159]:

flz) = / (;ZW]; 21Ep g [a‘; u®(p) e P+ bfj v®(p) eip‘x} ; (4.37)
flz) = / (%321]5[, Z (b5, 7 (p)e ™" + a3f 7 (p) €77 (4.38)
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We need to calculate the expectation value of the operator ff. While trying to interpret

these quantities classically, we first need to normal order the product of the quantum fields:

<5ffi>=(\P\:ff:\\y>:/dp1 dpy 1

2m)* 2B, ,/2Ep2

X Z [ a a pl) (p2> e—i(P1—P2) < st bs T> (p1) (p2> e—i(p1+p2)~x

(b, ay,) T (1) (p2) € PHPDX 4 (5100 ) B0 (py)o” (py) € PPOX] L (4.39)

where we have used (A) = (V|A|V) for brevity and the symbol : : signifies normal ordering
of the product. In Eq. , terms like a'b" and a b vanish, since they cannot be contracted
because they act on different subspaces. It is well known from quantum field theory at
zero temperature that a'a and b'b are the number density operators for fermions and anti-
fermions respectively. This can be generalized to finite temperature and density using the

Fermi-Dirac distribution:

(Wlagiag V) = ns(py) 6(py — Py)dss (4.40)

(U[bgh b5, 1W) = nj(py) 3(py — Py)dss - (4.41)

Eq. (4.40) can be understood by integrating it over all momentum states which yields the

total number density N:

dSpl d3p2 s s
/(27T)3/(27r)3<\11|aPT1ap2|‘11> = Ny (4.42)

Using the normalization of states w*(p)u®(p) = 2my, we obtain:

() = (W) = g7 [ 52500 [ne(e) +npo)] (4.43)
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Converting Eq. (4.43)) into an energy integral, we have:

(F) = 2L [ ko kg = 3 s (ko) + (o) - (4.44)

m my

Notice that the integral form of Eq. matches Eq. except for the pre-factors.
This implies that generalizing the limiting cases for Eq. is straightforward.

Now to calculate Am, 45 in Eq. , we need to solve Eq. for ¢. Considering
i f f as a source term and neglecting the second term assuming low neutrino number density,

we can write the solution as:

ROESIC IR

<@@>:_W/ffmm—x| (4.45)

Under assumptions of spherical symmetry of the medium, integrating over the angular vari-

ables yields the solution of the form:

Amyop(r) = % (e_m” /OT x (ff) sinh (mg ) do + sinh (mg 7) /TOO z(ffye e dx) :

’ (4.46)
We have worked out Eq. in the relativistic limit for two different density profile
distributions in Appendix [B.3] While we do not use these analytic results in our numerical
analysis, these special cases can give insight for general situations. We use actual density
profiles of the Sun and supernovae in our numerical calculations, integrating the relevant

integrals exactly.

4.4 Experimental constraints on couplings
In this section we explore two specific scenarios:
(i) scalar ¢ coupling only to electrons and neutrinos, and

(ii) scalar ¢ coupling only to nucleons and neutrinos.
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Here neutrinos can be either Dirac or Majorana in nature. In this section, we discuss
experimental constraints on the couplings and mass of ¢ in the aforementioned scenarios.
In accordance to Eq. , the scalar coupling to electron is denoted by 7.. On the other
hand, the scalar coupling to quark cannot be probed directly but only measurable through
their effect with scalar-nucleon interaction. Thus, we present the experimental constraints

on scalar-nucleon coupling labeled as yy. The conversion from quark level couplings y, to

yn is discussed later in Sec.

4.4.1 Constraints on y. and yy
4.4.1.1 Anomalous electron magnetic moment

A scalar coupling with the electrons will contribute to the electron anomalous magnetic

moment (g — 2), given by [160]:

L (e
Aae = 8%2/0 d (1 —2)%2 + z(my/me)? (4.47)

There is currently a 2.40 discrepancy between the experimentally inferred value and SM
prediction for Aa, = a®P — oM = (=88 4+ 36) x 10~ [51]. A light scalar can potentially
make this discrepancy worse, as it gives a positive contribution, and thus provides a useful
limit on scalar NSI parameters. Using the 30 value for the Aa,, the allowed region in the
Ye — My plane is obtained. This constraint is shown in Figs. [4.3|and [£.5] labeled as (g — 2)..

This constraint yields an almost constant upper bound of y, < 3.4 x 107% for light scalar

mediators.

4.4.1.2 Fifth force experiments

These experiments measure the presence of fifth forces as deviation from the Newtonian

gravitational potential between a given source mass and a test mass, which is parametrized
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as follows:
Gm1m2

Vir) = ——2 (1+ae™?) | (4.48)

r

Given an interaction vertex of the form y;féf as in Eqgs. ([#4) and (£5), consider the
scattering of two distinguishable fermions in the non-relativistic limit. The corresponding

Yukawa potential for the interaction is given by (see Sec. 4.7 of Ref. [159]):

y]% m
V = —— i 4.49
(T) \r € ) ( )

where r is the distance between the scattering particles.

For experiments detailed in Refs. [I61], 162, 163, 164, 165, [166] in the range A = 107 to 102
m, the constraints provided on « in Eq. are not directly applicable to y; in Eq. .
Therefore, we will translate the constraints on « to those on y; for our case. Assuming a par-
ticle (e.g. lepton, quark) couples to the scalar mediator with strength ¢ and each interacting
body contains N number of these particles, the potential between two extended bodies can

be written as:

_Nﬂh Nago o—mar
4rr

Vy(r) = (4.50)

We identify the inverse of the length scale A as mass of the scalar particle ¢. Thus, we have:

0 = Nigi Nago _ q1 G2 _ L ¢ g (4.51)
ArGmyms ATrGA; Ayu? ArGu? Ay Ay’ ’

where we have used the relation m = N Au (A= mass number, u = 1 atomic mass unit) and
G is the gravitational constant. For bounds on 7., the coupling strength will be proportional
to the lepton number (L), which is identical to atomic number (Z) for a given material, i.e.,

q = Zy., leading to
Y LD
47TGU2 Al A2 .

(4.52)

Values for charge to mass number ratio for test and source masses can be obtained from
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Label References Source Mass Composition | Test Mass Composition %%
I Stanford [164] Gold, Silicon Gold 0.1804
II Colorado [162] Tungsten Tungsten 0.1621
IIT | Eot-Wash’07 [163] | Molybdenum, Tantalum Molybdenum 0.1839
v HUST"12 [165] Tungsten Tungsten 0.1621
Vv HUST+ ’16 [166] Tungsten Tungsten 0.1621
VI Irvine A [161] Copper Copper 0.2159

VII Irvine B [161] Stainless Steel Copper 0.2116

Tab. 4.1: The compositions of source and test masses used in the experiment listed and the

corresponding values of ratio %%.

the experimental setups as given in Table [4.1] These are shown in Figs. and by the
labels I to VII. Similar results follow for coupling to the nucleons yy by replacing the atomic
numbers (Z) by mass numbers (A) in Eq. (£.52). This implies that constraints on yy will
be independent of the material used in the experiment. These limits are shown in Figs. |4.4]
and [4.6]

Additional constraints on y. and yy can be directly obtained from Ref. [I67] which used

experiments in the range A = 107! to 10'® m and the corresponding limits on

92<N>
a = —= 4.
@ 4 Gu? (4.53)

This constraint is labeled as “Torsional Balances' in Fig. [£.3] [4.4] [£.5] and 4.6 It can be
seen from these figures that fifth-force experiments constrain both couplings y. and yy with
an upper bound in the range 1072* — 10~ for m, < 0.1 €V.

4.4.1.3 Constraints from Stellar and Supernova Cooling

¢ — e coupling: The production of the light scalar ¢ in stellar bodies can lead to a new

channel for energy loss leading to rapid cooling. This can help severely constrain the inter-
action of a scalar with electrons. The dominant production of this scalar is via its resonant
mixing with the longitudinal component of the photon in the plasma [I68]. The extra energy

loss processes in red giants (RG) can delay their onset of helium ignition and can change
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the helium-burning lifetime of the horizontal branch (HB) stars, in disagreement with the
stellar models that match observations. For bounds from supernova, the energy loss from
production of a scalar is required to be less than that of SN1987A neutrino burst. The
energy loss rate from resonant production of a scalar with a plasmon is given by [168), [169]

Wy, [ Wy, I 1
res — I ) 4.54
@ Am <m¢ ) et — 1 ( )

where w;, is the resonant frequency and 1?7 is the mixing of the scalar with the longitudinal

component of the photon in the medium, given by

k 2mj
oL ~ yeer, m¢/ dp v? [n.(E,) + ne(E,)] lthlog (WL+U )— il 1 , (4.55)
k

wr, — vk w? — k22

e

mef is the effective thermal mass of the electron

where v = p/E, is the electron velocity, m¢

and k = \/m is the 3-momentum of the scalar mediator ¢, where E; = wy due to
the resonant production of scalar. Ref. [169] considers the resonant production process as
dominant over the Compton scattering or electron-ion interactions.

For large values of the coupling, the scalar can get trapped inside the star/supernova.
This capture would help alleviate the stringent upper bound on the coupling y.. To derive

the trapping limit, the detailed balance of production and absorption rates is used, i.e.,

Eg

Lprod(Eg) = e T Lapg(Ey) - (4.56)

Since we are only interested in ultra-light mediators with m, < 1 MeV, the absorption
through the decay channel ¢ — ete™ is absent for our purposes. Thus, the absorption rate
from the resonant mixing yields a mean free path length A\ given by:

1 B
Fabs<E¢) Qres '

A = (4.57)
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By requiring the mean free path to be shorter than R = 10 km, which is the typical size of a
supernova core, we derive a bound on the coupling ., as shown in Figs. and [4.5] labeled
“SN1987TA".

In case of SN1987A, constraints on 7, range from 1072 to 10~7 for scalar mediators lighter
than the electron. Even stronger constraints are obtained from HB/RG stars with an upper
bound of y, ~ 107° for light scalar mediators.

¢ — N coupling : The constraints are similar to the ¢ — e coupling case. In HB and RG

stars with typical temperatures of 10 keV, the main constraints for scalar coupling to nucleon
in the literature are derived using Compton scattering, v + He — He + ¢, as the dominant
process. It is required that the new energy loss per unit mass should be less than € < 10
erg/g/s [170]. As shown in Ref. [I68], resonant production through ¢ mixing with a photon
can increase the energy loss for low scalar masses and therefore the ¢ coupling to nucleon is
highly constrained.

The constraints from a supernova comes from scalar production through bremsstrahlung
process N + N — N + N + ¢ [I71]. Bounds on the coupling can be obtained by requiring
the energy loss to be less than the energy contained in the neutrino burst, i.e., ¢ < 10
erg/g/s [I70]. Similarly, the trapping regime of the scalar being reabsorbed can be derived
using the detailed balance between the absorption and production rates. Requiring the mean
free path A oc ep/T* to be smaller than 10 km yields the constraint on yy [169], as shown in
Figs. [4.4 and [4.6]

In case of SN1987A, constraints on yy range from 107'° to 1077 for scalar mediators
lighter than electron. Similar to y., stronger constraints are obtained from HB/RG stars

with an upper bound of yx ~ 10712 for light scalar mediators.

4.4.1.4 Meson decays

A light scalar coupling to nucleons can be produced in meson decays. The only process of

interest in this case is a charged Kaon decay to a charged pion and the scalar: KT — 7 ¢.
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This production cross section is highly constrained from the measurement of branching ratios
from charged Kaon decay : Br (KT — ntov) < 1.7 x 10719 [51].
Using the low-energy effective Lagrangian formalism presented in Ref. [I72], the branch-

ing ratio for the process in consideration is given by

3yuGr frfx B)* 5 m?
BR(K* — 7t ¢) = CWCralkBY v oyue (1 M6 Mae ) (4.58)
32mmp+ L e+ o+ Myey
where B = mﬁfmd and A(a, b, c) = a® + b* + ¢* — 2ab — 2bc — 2ac. Matching the nucleon level

interaction to the effective Lagrangian:
L D> yvNN¢, (4.59)

where N = p, n, the nucleon coupling yy can be written in terms of fundamental quark

-level couplings v, (yq) as :

oy = vt (4.60)
q

where g? is the nucleon scalar charge. We assume that the scalar couples equally to the up

and down quark i.e. y, = y4. The effective nucleon couplings to a scalar is then given by

uv = yu (g4 +98) =947y, (4.61)

where we have used g¥ = 5.20 and g = 4.27 [173]. This constraint is labeled as “K* — 71 ¢"
in Figs. and [4.6] It yields an almost constant upper bound of yy ~ 2.3 x 107° for light

scalar mediators.

4.4.1.5 Big Bang Nucleosynthesis

¢ — e coupling: In early Universe, the scalar mediator ¢ can be in thermal equilibrium with

the SM particles through annihilation (e*e™ — v¢) and Compton scattering (e”y — e~ ¢).
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In the limit s > mi, m?, the cross sections for these processes are [169)]

2
oy s )
O-E’Y—>e¢ ~ T |}Og <M> +2] s (462)
200,92 s
Oee—vo =~ p log <4Tn2> s (463)

where a, = e?/4r is the fine-structure constant. The thermally averaged cross section for

these two processes are given below:

(Gerep 0) = 1 [ dsots —m2) K, (f) S e

16mZT3K2 (me/T) m2 T
1 0 s
ce = d —4Am?)VsK, | %] . 4.65
<U —v¢ U> 8m‘c}T(K2(me/T))2 4m? S U(S me)\/g 1 ( T ) ( )

If ¢ enters equilibrium with electrons before T' ~ 1 MeV, it can decrease the deuterium abun-
dance which is in conflict with observations [I69]. In our case, the mediator thermalizes if the
thermally averaged cross section exceeds the Hubble expansion rate H(T') ~ 1.66,/g:17/Mp
(where g, is the number of relativistic degrees of freedom and Mp, is the Planck mass) at
T =1 MeV. This yields an upper bound of 4y, = 5 x 1071Y for ultra-light scalar mediators,
independent of m.

Note that LEP measurements of the Bhabha scattering cross-section (ete™ — eTe™) can
also constrain the coupling y. through s and t-channel ¢ exchange, but we estimate it to be

only at O(0.1) level [174] [146].

¢ — N coupling : In this case, we require that the scalar ¢ thermalizes around the QCD

phase transition temperature. This will help dilute the relativistic degrees of freedom (Neg)
until the nucleosynthesis phase is reached. Otherwise, the scalar ¢ will be in equilibrium with
SM and will have a significant contribution to relativistic degrees of freedom (ANgg = 4/7)
at the time of BBN, in tension with the current measurements from Planck [16]. Thus, we

require that the interaction rate should be lower than the Hubble rate at 7" = 200 MeV.
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We can estimate the rate of ¢ production from the processes like uii — ¢ (and dd — ¢)
as T'y ~ y2T. This should be compared with Hubble rate H(T) ~ 1.66,/¢,77/Mp. This
condition leads to a stringent constraint on g, < 2.63 x 1071°. Converting the quark-scalar

coupling to nucleon level coupling using Eq. ([4.61)) , we get yn < 2.49 x 1077.
pling plng g Lq ) gevy

4.4.2 Experimental Constraints on y,

Dirac v — ¢ coupling: The analysis in this case is similar as for the ¢ — N coupling. If the

scalar ¢ thermalizes (even partially) in the early Universe, it introduces additional degrees
of freedom that contribute to the total entropy [175]. We require that the scalar ¢, as well as
the right-handed neutrinos, should decouple from the thermal plasma at a temperature above
the QCD phase transition temperature which will dilute the ANqg = 3+% ~ 3.57 by the time
BBN occurs, in agreement with the currently allowed range from Planck [16]. Thus, requiring
that the interaction rate of processes like vz — ¢ should be lower than the Hubble rate at

T = 200 MeV yields an upper bound of y, ~ 2.6 x 1071, Majorana v — ¢ coupling;:

Presence of NSI can lead to re-thermalization of the neutrinos, which otherwise decouple
at T' ~ 1 MeV in the standard scenario. This can leave a signature in the cosmological
observables. The analysis in Ref. [I76] constrains the couplings in the secret interaction of
neutrinos with a light mediator. Assuming model independence, we use the upper bound on
coupling y, from Ref. [I76], which yields a stringent limit of y, < 2 x 1077,

The next-generation CMB experiments, such as CMB-S4 [177] which will have better
sensitivity to departures from the ACDM paradigm could test such neutrino self-interactions
mediated by light scalars, as discussed here.

Additional constraints on y, exist from neutrino self-interactions within astrophysical
sources like core-collapse supernovae [I78] with high neutrino number densities of n, ~
O(10%®) cm™3, where they can lose energy via higher-order processes like 2v — 4v and
may be unable to transfer enough energy to the stalled supernova shock wave to revive

it, halting the explosion altogether [I79] [I78]. Similarly, elastic scattering of astrophysical
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neutrinos off the cosmic neutrino background as they propagate to Earth would distort the
energy spectrum of the astrophysical neutrinos by introducing a deficit at high energies
and a pileup at low energies, potentially falling below the energy threshold for detection,
as well as delaying their arrival time on Earth, compared to their electromagnetic-wave
counterpart [I80L [I78]. However, these astrophysical constraints on y, turn out to be much
weaker than the cosmological constraints discussed above for light scalars with m, < 1 MeV.

It should also be pointed out that there are other weaker constraints applicable in our
scenario but not relevant to the scalar NSI discussion here. For example, coherent elastic
neutrino-nucleus scattering data by COHERENT experiment constrains yy only at the O(1)

level for the values of the y, used in this work [I81].

4.5 Thermal mass of scalar ¢

If the interactions of the scalar ¢ with the medium are significant enough, then it might get
thermalized with the medium. Since the scalar field in consideration is ultra-light, medium
effects might lead to substantial correction to the vacuum mass of the ¢. The medium induced
mass at one-loop is shown in the Feynman diagram in Fig. 4.2 The relevant contribution
to the mass of ¢ at finite density and temperature is given by:

2 pj m2 I'(k+p/2) I'(k —p/2)
<k it f) l(k —p2—mt et p/2 - m;] - 48

d*k
M = 4%26/ (2m)*

We refer the reader to Appendix for the evaluation of the scalar mass integral. In the

limit my4 — 0, the mass correction for scalar is found to be:

Am? = %/mdko ny (ko) \/k3 — m2. (4.67)

my
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Note that the same integral appears in Eq. (4.14]). Thus, using the known limiting forms of
the integral (cf. Appendix [B.1]), we obtain:

2
%f (Vg + N7) (0, T < my) (4.68)
!
Amz— Y (3 g(J\ﬂ/?’+]\f2/3) (> ms>>T) (4.69)
o= ) 2 \g) NN p>my '
v [ g(N2/3+N2/3) (n<m;<T) (4.70)
3 \12¢(3) ! 7 p=ms ' '

These expressions are also applicable to Majoron (J) propagation in a medium with pseu-
doscalar interactions of the form 7y°Jv. For example, in the early Universe, Majoron propa-
gating in a neutrino background will have a mass given by the high-temperature limit, which
will be approximately m; ~ vy, T [cf. Egs. and (B.14)).

Eq. will also be relevant to deriving neutrino self-interaction limits from early
Universe cosmology. CMB anisotropies strongly depend on the anisotropy of the neutrino
field. Neutrino self-interactions would isotropize the neutrino field, affecting the CMB. It
has been found that CMB anisotropy data constrain such interactions to be (y2/m3) <
(3 MeV)~2 (for my > 1 keV) [182]. If the scalar field indeed thermalizes with the medium,
which occurs for 3, > 1071Y or so, then one should use the thermal mass of ¢, Eq. in
this constraint, which can weaken the constraint significantly. In cosmological simulations
involving a light scalar, the thermal mass effects of Eq. should be included. Such
interactions may be testable in future CMB and large-scale structure observations through
the thermally induced mass in such settings.

In the limit when mg — 0 but acquires a thermal mass, the scalar NSI expression

Eq. (4.14) takes a special form:
Ay = 22y . (4.71)
Note that Eq. (4.71)) is independent of the scalar mass mg in this limit. This scenario may
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fv

_____ > il _-—— =P = = - -

¢ ¢

Fig. 4.2: Feynman diagram responsible for the thermal mass of the scalar ¢.

be realized in supernovae, provided that ¢ has significant interactions with matter. From
discussions in Sec. [4.4.1.3] it is clear that for high enough values of y. or yy, the scalar gets
trapped and thermal correction to the mass should be taken into account. Thus, in case

of thermalization of the scalar, Eq. (4.71)) should be used in lieu of Eqs. (4.15), (4.16) and
@17).

4.6 Quantum-mechanical bound on light scalar mass

Here we show that the uncertainty principle of quantum mechanics sets a lower limit on the
minimum ¢ that appears in neutrino forward scattering. This limit applies to a neutrino
propagating through Earth, where it interacts either with electrons in atoms, or with nucleons
inside the nuclei.

Consider v, — e elastic scattering. Working in the rest frame of the electron, the initial

and final four-momenta of the electron can be written as

pﬂ = (m67 07 07 0)7 p//’L = (\/ pg +mg7 07 0’ pe); (472>

where p, is the recoil momentum of the electron. The ¢? related to coherent forward scat-

tering is then

¢ = (' =p)? = 2me(me—\/p2+m2) ~ —p, (4.73)
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where in the second step ¢* < m? is assumed.
Now, the recoil momentum of the electron is subject to the uncertainty relation. Its

position is not precisely known inside the atom, so we have

ApAx 2 h. (4.74)

~

When we set ¢> = 0 in the computation of forward scattering, we only know this up to an

uncertainty in ¢* given by (setting h = 1)

1
¢~ pP o~ : (4.75)

Using Az = 140 x 107® cm, which is the radius of ?°Fe — the most abundant element in

Earth’s matter, one obtains for the uncertainty in ¢ to be
2 2
4, = (14 eV)* . (4.76)

Thus, when the mediator mass becomes much smaller than 14 eV, one should use this
quantum mechanical cut-off in computing scalar NSI. Similarly for coupling to nucleon, the
cut-off would be given by the inverse of the nuclear radius of **Fe. Using nuclear diameter
Ax = 9.6 fm, we obtain

¢, ~ (21 MeV)?. (4.77)

These rough quantum-mechanical bounds can be better motivated by using atomic/nuclear
form factors for coherent forward scattering. In Earth, the expression for scalar NSI will get

modified with the inclusion of a form factor.
sV
Amy oy = I8 p(m2) (4.78)
The original result in Eq. (4.15]) was obtained by setting ¢* = 0 and F(m3) = 1, but if the
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mass of the scalar mg — 0 then the denominator is not well-defined. This is remedied by

the atomic form factor F'(m3) which is of the form [I83]:

2

F(m?) = (4.79)

m? +q3’
where ¢y = 1/4mag and qq is the radius of the first orbit for hydrogen-like atoms. Similar
qualitative results should apply for the outermost-orbit electrons in 2°Fe. For high values
of mi > g, F (mi) ~ 1 as expected. Thus, the vanishing ¢? limit is well-defined and
yields the original result in Eq. (4.15). Difference appears in the regime m3 < ¢, where
F(m3) ~m3/q5. The form of Eq. (4.78) in the low my limit and with ¢> — 0 is thus given
by:

(4.80)

which is independent of m,. This result agrees with the quantum-mechanical bound dis-
cussed above based on the uncertainty principle.

When a scalar mediator couples to the electron, from fifth force constraints either the
mass of the mediator should be larger than a keV, or its coupling to the electron should
be extremely weak, of order 10724, For such tiny couplings, to generate scalar NSI in the
observable range, one could naively make the mediator mass of order 10~% eV. In this case,
the quantum-mechanical intrinsic bound should be applied for computing forward scattering.
The result is that scalar NSI arising from coupling to electrons cannot be in the observable
range for neutrino propagation in Earth.

These quantum-mechanical limits are not applicable to Sun or supernovae due to the
absence of bound states in them. The major baryonic component in Sun and supernovae
is ionized hydrogen gas (protons) and neutrons respectively. Thus, the neutrinos scatter
off against either free electrons or the protons/neutrons inside these stellar bodies. For the
relevant neutrino energies of O(keV —MeV), the protons/neutrons behave as point particles,

and therefore, the finite-size effect discussed above is not applicable to them.
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4.7 Numerical results

We have discussed the calculation for scalar NSI and the experimental constraints on them
in previous sections. Here we put these constraints together and explore possible tests of
this scenario in future neutrino experiments. We also provide the numerical models for the
density profiles of the earth and supernovae that we adopt to constrain the model parameters.

The results for different cases with scalar coupling to electron/nucleon and in case of
either Dirac or Majorana neutrinos have been presented in Figs. 4.4 (A5 [.6 Here
we have fixed the value of y, at its maximum allowed value in each case, as discussed in
Sec. , whereas the other Yukawa coupling (either y. or yy) is varied, along with the

scalar mass mg. These results are also summarized in Table

4.7.1 Earth and Sun

In case of Earth and Sun, the background medium of electrons and nucleons are non-
relativistic. Therefore, the expression used for scalar NSI in these media is given by Eq. (4.15)

with NJ; =0:
YrYap

2
my

Amy’aﬂ = Nf . (481)

From the discussion in Sec. when the mediator mass becomes lower than the quantum

mechanical cut-off of mgy ~ 14 eV, m2 should be used in the denominator of Eq. in
lieu of mi for Earth. This leads to the turning of the scalar NSI line in the plots for Earth.
We have used NFth =54 Ny em™ [5I] and NEarth = r%gv g cm™3 [184], where the nucleon
mass my = 931.5 MeV and the Avogadro number Ny = 6.022 x 10%3. As can be seen from
the plots, there are no prospects for observable scalar NSI to be detected on Earth in any
of the four cases (Dirac/Majorana and coupling to electrons/nucleons). It can be seen from
Table. that highest allowed value of scalar NSI in case of Earth is around 1074 eV for

the case of ¢ coupling to Majorana neutrinos and electrons.

For the case of Sun, there will also be correction to the scalar NSI from finite size of

102



Chapter 4. Scalar Non-standard Interations of Neutrinos

107 I S @2
_ 1010 /,':’/
10—8 | Amgan =107% eV ) ,// %@87A ’ BBN
1072}
RG/HB Stars
10716}
—20|
= 10 Torsional Balances
10-24¢
|___Amsn>5MeV.
10728}
10732} S
hhhhhhhhhhhhhhhhhhhh - y,=2.6x10710
10-36 Dirac v
10-18 1014 10-10 10-¢ 102 102 108

i, (eV)

Fig. 4.3: Different experimental constraints on Yukawa coupling of scalar to electron for the
case of Dirac neutrinos. The shaded regions are excluded. Some representative values of
scalar NSI in Earth, Sun and supernova are also shown.
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Fig. 4.4: Same as in Fig. , but for scalar coupling to nucleons.
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Fig. 4.5: Same as in Fig. but for Majorana neutrinos.
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Fig. 4.6: Same as in Fig. but for Majorana neutrinos.
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the medium in the case of light mediators masses m, ~ Rg. as discussed in Sec. and
Ref. [158]. We calculate the form factor for Sun using Eq. and the number density
of electrons/nucleons, which is obtained by fitting the known solar density profile given in
Refs. [185, 186] [187]. We have used the following best fit to the number density profile for

Sun:

N(r)e = 111.61N4 e~ (481 7+10217%) () =3 (for electron) (4.82)
157.13 2
N(r)y = ——= ¢ @127 ¢ oy =3 (for nucleon) . (4.83)
my

As can be seen from the plots, the existing laboratory and astrophysical constraints do
allow for a non-negligible scalar NSI in the Sun, especially for m, < 1pueV where the NSI can
be as large as 10° eV for the case of ¢ coupling to Dirac/Majorana neutrinos and electrons.
However, this will lead to a large correction term to the solar neutrino mass, which is
severely constrained by solar neutrino data. Using the y2-analysis of the Borexino data from
Ref. [152], we find a 30 upper bound on the scalar NSI in Sun: Amgu, < 7.4 x 1072 eV, as
shown by the yellow shaded region in Figs. [4.3] [4.4] and [£.6] This still leaves some room
for observable scalar NSI effects in future solar neutrino data, especially for ultra-light scalar
mediators. Note that very small coupling values for which y7 < Gm? = (m, /Mp)* ~ 10~

are disfavored by the weak gravity conjecture [I88] which suggests gravity as the weakest

force in nature.

4.7.2 Supernovae

In the case of supernovae with a typical core temperature T ~ 30 MeV, the electron back-

ground is relativistic while the nucleon background can be essentially treated to be at rest.
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Thus, there are two different expressions to be used [cf. Egs. (4.15) and (4.16))]:

yr yg‘ﬁ NSN (for nucleon) (4.84)
Mg
Amy.p = 3
v,o N . BNSN 3
wgfm< e ) (for clectron) . (4.85)
mg 2 m

Similar to the case in Sun, there will be correction to the scalar NSI in supernova from the
finite size of the medium. Therefore, we numerically integrate Eq. to obtain the form
factor for a realistic supernova density profile. We use the fiducial model parameters from
Ref. [I89] given below:

1+k(1—r/R) (r<R.) (4.86)

p(r) = pex {
(r/Re)™" (r > R.) (4.87)

where p. = 3 x 10" g cm™2 is the density at core radius R, = 10 km , k, = 0.2 and n = 5.
Assuming the medium to be electrically neutral and using a proton fraction Y, = 0.3, we
can obtain the number density for electrons from p(r).

An interesting feature emerges for scalar NSI in a supernova. Due to the high tempera-
ture, a light scalar might develop a considerable thermal mass if it has strong enough coupling
to the background as discussed in Sec. . This leads to Eq. which is independent of
me. Trapping leads to the thermalization of the scalar in the medium. Thus, we have only
plotted the scalar NSI expression for the supernova as long as it is not trapped inside.

Scalar NSI produced in a supernova cannot be arbitrarily high. If it becomes too
large, then neutrino production would be affected in direct conflict with observations from
SN1987A. For typical supernova core temperature around 7' ~ 30 MeV, we constrain the
scalar NSI to be less than 5 MeV [158], so that neutrinos around 10 MeV could be detected on
Earth from SN1987A. In the plots, this bound is shown as a dashed line marked Amgy > 5
MeV. In any case, we find that sizable scalar NSI can still be observed in supernovae, while

being consistent with all other constraints.

106



Chapter 4. Scalar Non-standard Interations of Neutrinos

Case Max. NSI (eV) | Scalar Mass Range (eV) Range for yy
Dirac v, ¢ — e
Earth 3.0 x 10717 0.04-14 ~T7.0x 10716
Sun 7.4 %1073 <1074 3.3 x 1073 — 10726
Supernova 5.0 x 108 1071 —107° 10726 —1.8x 1072
Dirac v, ¢ — N
Earth 10~ 5.3 x 103 — 2.1 x 107 ~24x10710
Sun 7.4 %1073 <33x10713 2.4 x 1073 —7.5x 10730
Supernova 5.0 x 10° 3.3x 10718 —1.8x 1077 | 7.5 x 10730 — 4.9 x 10722
Majorana v, ¢ — e
Earth 10~ 0.04-14 ~ 6.0 x 10716
Sun 7.4 %1073 <107t 4.4 x 10737 —8.7x 1073
Supernova 5.0 x 108 1071 —7x 1078 8.7x107%0 —93x 1072
Majorana v, ¢ — N
Earth 10-2 5.3 x 103 — 2.1 x 107 ~21x1071%
Sun 7.4 %1073 <3.5x 10713 3.1x107% —84x107%
Supernova 5.0 x 108 3.5x 10718 —13x107° | 84 x 1073 —2.0x 1072

Tab. 4.2: The maximum allowed value of scalar NSI in different cases and domains with
corresponding ranges for the scalar mass ¢ and the coupling strength y;, for a fixed y, as

shown in Figures [4.3}{{4.6]
4.8 UV-complete model for scalar NSI

In this section, we sketch possible ultraviolet completions that would induce interactions of
neutrinos with a light scalar. This discussion is intended only as a proof of principle. We
focus on the case of Dirac neutrinos, with a light scalar ¢ coupling to the neutrinos and the
electron.

First we construct two effective operators that are invariant under the SM gauge symme-
try. One induces couplings of the scalar ¢ to neutrinos and the other to the electron. These

operators are

¢

(2) @LEVRA*, (4.88)

Here ¢ is a real scalar field, which is a singlet under SM symmetry, H = (fﬁ) is the SM
Higgs doublet and vy = ('g)L is the left-handed lepton doublet. These effective operators

exhibit a Zs symmetry (apart from lepton number) under which v and ¢ are odd, with other
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fields being even. ¢ develops a vacuum expectation value, (¢) = v, ~ 10 eV, which breaks
the Z; symmetry. The neutrino Yukawa coupling y, and the electron Yukawa coupling .

with the ¢ field are respectively given by

v 200,
= — = 4.
2 W Sl v (4.89)

where v = 174 GeV is the VEV of the SM Higgs doublet. Once ¢ acquires a VEV, the

operator (i) generates a mass term for the neutrino given by

VgpU
m, = 5 (4.90)

While this may be the leading contribution, it is not required to be so, as there could be

other contributions as well. In any case, this would imply an upper limit on y, given by
Y, < — . (4.91)

The cut-off scale A, is expected to be at least a hundred GeV, while A, may be lower.
Choosing A, ~ v, we would have y. ~ v,/v. For y. ~ 107! as our analysis requires for
observable scalar NSI, v, ~ 10 €V is preferable. This in turn implies from Eq. that
Y, < 5 x 1073, using m, = \/Am2,,, ~ 0.05 eV. y, of course can be smaller than this value,
which would be in the interesting range for observable scalar NSI.

The operators in Eq. can be generated by adding new vector-like fermions to the
SM. For example, operator (i) can arise by the addition of SM singlet fermions Ny, g with a

lepton number preserving Dirac mass. The relevant Lagrangian is given by
L D yNELﬁNR + MNNRNL + y;NLVRQS + H.c. (492)

These interactions also preserve the Z; symmetry with N p being even under it. The

108



Chapter 4. Scalar Non-standard Interations of Neutrinos

Fig. 4.7: Explicit models generating operators of Eq. ||

diagram generating operator (i) is shown in Fig. [4.7] left panel.

Operator (#7) is induced by integrating out a pair of vector-like leptons, £, E’, both being
singlets of SU(2);, and carrying hypercharge Y = —2. Their interaction Lagrangian is given
by

L O ypY HER + npEREL + Yy ELEpd + My EREr + y5E e + Hee. (4.93)

Here Ep r are even and E’L r are odd under Z,. The effective operator involving electron
and ¢ is generated by Fig. [£.7] right panel.

Integrating out the heavy degrees of freedom we obtain the following effective Lagrangian

terms:
v FE,e
N YUNYp— = . YEYs Yp —
() gy atlvnd. (i) G Hend? (4.94)

These expressions can be mapped to Eq. to identify the cut-off scales A, and A.,
and the constraints discussed in terms of the cut-off scales will apply to them. We thus
see broad consistency of the model. In particular, the induced neutrino mass from these
interactions is not excessive and the vector-like leptons having mass of order few hundred
GeV is consistent with collider data. Note that breaking the Zy at a scale of order 10 eV
does not cause cosmological domain wall problem, since the energy density carried by the
walls is quite small. We have ignored here possible mixing between the ¢ and H fields since
such mixing is small, of order vs/v and is controlled by a new quartic coupling which may

also be small.
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4.9 Conclusion

We have performed a systematic study of scalar NSI of neutrinos with matter due to a light
scalar mediator. First, a general field-theoretic derivation of the scalar NSI formula is given,
which is valid at arbitrary temperature and density, and hence, applicable in widely different
environments, such as Earth, Sun, supernovae and early Universe. We have also extended
the analysis of long-range force effects for all background media, including both relativistic
and non-relativistic limits. Using these results and applying various experimental and as-
trophysical constraints, we find that observable scalar NSI has been precluded in terrestrial
experiments, primarily due to atomic form factor effects, which can also be understood from
simple quantum-mechanical uncertainty principle. Nevertheless, sizable scalar NSI effects
are still possible in the Sun, supernovae and early Universe environments, which could be
detected in future solar and supernova neutrino data, as well as in the form of extra relativis-
tic species (A Ngg) and neutrino self-interactions in cosmological observations. We have also

presented examples of UV-complete models that could give rise to such scalar NSI effects.
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Chapter 5

Interactions of vp-phillic dark photom[?I

“All Men Have Limits. They Learn What They Are And Learn

Not To Fxceed Them. I Ignore Mine."
- Batman, (Knightfall)

5.1 Introduction

Right-handed neutrinos (vg), albeit not included in the Standard Model (SM), are a highly
motivated dark sector extension to accommodate neutrino masses [30, 3], 32, [33], 4], dark
matter [190, 191), 192], and baryon asymmetry of the universe [I193]. Being intrinsically
dark, vr might have abundant new interactions well hidden from experimental searches. In
particular, it is tempting to consider the possibility that there might be a hidden gauge
symmetry in the vg sector [194] [195] [196| 197, 198, 199, 200, 201]. The new gauge boson
arising from this symmetry does not directly couple to other fermions except for v and
naturally becomes a dark photon, which we referred to as the vg-philic dark photon.

The vgi-philic dark photon is not completely dark. It may interact with normal matter
via kinetic mixing [36], provided that the new gauge symmetry is Abelian; or, in the presence
of mass terms connecting vg and left-handed neutrinos v, via one-loop diagrams containing
W=*/Z and neutrinos [202]. In the former case, the strength of dark photon interactions

with quarks or charged leptons depends on the kinetic mixing parameter € in £ O $F WF;IW

24 This chapter is based on [13]
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where F* and F, are the gauge field tensors of the SM hypercharge U(1)y and the new
U(1), respectively. This case, being essentially independent of the neutrino sector, has been
widely considered in a plethora of dark photon studies—for a review, see [203], 204, 205, 206].
In the latter case, the loop-induced couplings depends on neutrino masses and mixing, and
will be investigated in this work.

The aim of this work is to address the question of how dark the vz-philic dark photon
could be in the regime that dark-photon-matter interactions dominantly arise from vy -vg
mixing instead of kinetic mixing. We note here that the dominance might be merely due
to accidentally small €, or due to fundamental reasons such as the SM U(1)y being part
of a unified gauge symmetry [e.g. SU(5)] in grand unified theories. We opt for a maxi-
mally model-independent framework in which generic Dirac and Majorana mass terms are
assumed. The loop-induced couplings are UV finite as a consequence of the orthogonality
between SM gauge-neutrino couplings and the new ones. Compared to our previous study
on loop-induced vg-philic scalar interactions [207], we find that the couplings in the vector
case are not suppressed by light neutrino masses, and might be of potential importance to
ongoing/upcoming collider and beam dump searches for dark photons.

The chapter is organized as follows: In Sec.[5.2] we describe the relevant Lagrangian used
in this work, reformulate neutrino interactions in the mass basis, and discuss generalized
matrix identities for UV divergence cancellation for later use. In Sec. 5.3 we first derive
model-independent expression for effective coupling of Z’ to charged leptons/quarks through
one-loop diagram involving Z and W bosons, respectively. We then evaluate the coupling
strength in three different examples. In Sec. [5.4] we present a qualitative discussion about
possible connections between the U(1)r gauge coupling and the mass of Z’. In Sec. ,
we present constraints from a vast array of current and future experiments spanning from
collider searches to astrophysical phenomena. We finally conclude in Sec. with details of

one-loop diagram calculations relegated to Appendix [C.1]
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5.2 Framework

We consider a hidden U(1) gauge symmetry, denoted by U(1)g, imposed on n right-handed
neutrinos. The gauge boson of U(1)g in this work is denoted by Z’. The relevant part of

the Lagrangian for the U(1)g extension read{®’}

£ 5 bz D | M + (mp) +h
VR WO ulj VR, o VRiVRj T \MD)qj VLaVR;j T 1.C.
1 / Ipv 1 2 ! 7l
_ZF“”F + 5mZ,Z#Z : (5.1)

where @ = (1,—&) with & being three Pauli matrices; o denotes flavor indices; (i, j) =
1, 2, 3, ---, n;and
D;L == 8“ — igRQR,jZ/M . (52)

Here gp is the gauge coupling constant of U(1)g and Qg ; is the charge of vg ; under U(1)g.
Note that for most general forms of Mz and mp, both the Majorana and Dirac mass terms
in Eq. break the U(1)p symmetry. In addition, for arbitrary charge assignments of v ;
under U(1)g, the model would not be anomaly free. Nevertheless, one can construct complete
models in which Mz and mp arise from spontaneous symmetry breaking and the cancellation
of anomalies can be obtained when several v ;’s have different charges with 3, Q% ; = 0—
see the example in Sec. In this section we neglect these model-dependent details and
focus on the general framework proposed in Eq. (5.1).

The Dirac and Majorana neutrino mass terms in Eq. (5.1)) can be framed as

0 m v
L = 1(1/T VT) 3 b g (5.3)
vmass — L R ) N
2 T M
mp R VR
where vy, = (Vpe,Vp s vrr)t and vg = (VR1,VR2, -+ )T are column vectors. The entire mass

25 Throughout the main text we exclusively use Weyl spinors for conceptual simplicity, while in the Ap-
pendix we use Dirac/Majorana spinors for loop calculations.
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matrix of v, and vi can be diagonalized by a unitary matrix U:

vy V1,2,3 O3x3 mp mi, 2,3
=U , Ut U= . (54)
T
VR Vg5, ... mp Mg My 5, ...
Here v; (i = 1, 2,---, n + 3) denote neutrino mass eigenstates, with m; being the corre-

sponding masses. We refer to the basis after the U transformation as the chiral basis, and
the one before the transformation as the mass basis.

In order to facilitate loop calculations, we need to transform neutrino interaction terms
from the chiral basis to the mass basis. In the chiral basis, we have the following neutrino
interaction terms:

L5 jiwﬂegaa“um Yhel + 2ngzuyz7aaﬂum + 9rQr; 2Lk 7 v, (5.5)

where the first three terms are the SM charged and neutral current interactions, and ¢,
denotes left-handed charged leptons. Therefore, in the mass basis, after performing the

basis transformation, we obtain:

LD {(GW)O‘J'W;ETL,QE’*VJ» + h.c.] +(G2) Z e v + (Gr)¥ Z,vi5" v, (5.6)
where
I 0
GZ = 273 []]L e U, GR = gRUT e U7 (57)
w 0n><n QR
Gy = L U (5.8)
L I3x3 O3y | U :
Here Qr = diag(Qr1, Qrz2, ), I3x3 is an identity matrix, and 0,4, is a zero matrix.
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mass basis

chiral basis

Fig. 5.1: Loop-induced Z’ couplings to charged fermions in the mass basis (upper panels)
and in the chiral basis (lower panels).

Notice that some products of the above matrices are zero:

G,Gr = GrGz =0, (5.9)

GwGr = GrGl, =0. (5.10)

The above results, which will be used in our loop calculations to cancel UV divergences, have

been previously derived in Ref. [202].

5.3 Loop-induced couplings of 7’

At tree level, the vz-philic Z' does not directly couple to charged leptons or quarks. At the
one-loop level, there are loop-induced couplings of Z’ generated by the diagrams shown in

Fig. 5.1

115



Chapter 5. Interactions of vr-phillic dark photon

In the upper and lower panels, we present diagrams in the mass and chiral bases, re-
spectively. The two descriptions are physically equivalent. The diagrams in the chiral basis
imply that the loop-induced couplings are proportional to m%, due to the two necessary mass
insertions on the neutrino lines. Although in the mass basis this conclusion is not evident,
technically our calculations are performed using the diagrams in the upper panel because of
properly defined propagators.

Throughout this work, we work in the unitarity gauge so that diagrams involving Gold-
stone bosons can be disregarded. The detailed calculations are presented in Appendix [C.1}
The result for a single W* diagram with neutrino mass eigenstates v; and v; running in the
loop reads:

Neltile) el o

My = = S F(mimy) u(p)y Pru(pa)ea(a), (5.11)

where u(p;) and u(ps) denote the two external fermion states, €,(q) is the polarization vector
of Z/,, and
3 milog(m?/mi,) — milog(m?/m3,)

F (3 j ~ Y
) %5 (m? = )

m? +m?) [1 2
+ # L +1+log <n’;‘2)1 . (5.12)

myy w

We have adopted dimensional regularization in the loop calculation so the loop integral takes

the generalized measure (3;1;4 — 2 (g;’)“d with d = 4 — 2¢, which defines p and € in Eq. (5.12]).

Note that for each single diagram in the mass basis, the result is UV divergent. However,

when we sum over ¢ and j, the UV divergence cancels out. This can be seen as follows:

1 T | 1
N —(m? +m?) GGG = ~GwMiGLGYy + ~GwGR MG, =0, (5.13)
€ € €

]
where M? = diag(m?, m3, m3, ---) and in the second step we have used Eq. (5.10).

Eq. (5.13)) implies that we can safely ignore the second line in Eq. (5.12)), as long as Eq. (5.10))

holds. For a similar reason (G GLGY, = 0), the constant term 3 can also be ignored.
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f er ur, dr, er  UR dr
H 1 1 2 1 2.2 1, 1.2 2 2 2 1.2
Z 3 TitSw 3735w T3S Sw T3Sw 35w

Tab. 5.1: The values of Q(Zf) used in this work.

For the Z diagram, we have a similar amplitude for each single diagram. In the soft-

scattering limit (¢ — 0), we find

- () T i«
i9Q% G (GY) -
o 1627r205[/m§ Fa(mi, mj)u@l)W”PL/Ru(pz)ﬁp(Q)7 (5.14)

M =

where f = (g, ur/g, or dr/r; and Q(Zf) is the Z charge of f, defined in the way that the
Z-f-f coupling can be written as gQ(Zf) /ew. The specific values of Q(Zf) used in this work
are listed in Tab. [5.1] The F; function reads:

m log (m?) — milog(m?)

1 1
Folmiymy) ~ b amd) [ 4 tlogs?]. (515)

(mi —m3)
Once again, we can see that the UV part cancels out during the summation of ¢ and j because

1 i rigye L
> —(mf+m)GHGH) = T | M3G2Gly+ GZMIGh] = 0. (5.16)
ij
Hence only the first term in Eq. (5.15)) needs to be taken into account.

Summing over ¢ and j in Eq. (5.11]), we obtain the following effective coupling generated

by the loop diagrams:

Leg = [geﬁ”,WgTL,BE'ugL,a + geff,ZfTE'uf} Z,, (5.17)
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where

GGGy mtlog (m? /m3, ) — milog(m?/m?,)

g w = : (5.18)
> 1672 (mi —m3) miy
_ g0y GU(GH) mj log(m7) —m] log(m?) (5.19)
Jeft,z = = 1672y, (mi —m3)m% ‘ '

5.3.1 Example A: 1 v+ 1 vp

First, let us consider the simplest case that there are only one v;, and one vg. The neutrino

mass matrix M, for the case can be diagonalized by a 2 x 2 unitary matrix

Ut U= : (5.20)

mp MR 0 my

This unitary matrix can be parametrized as follows

—ng S
U= , 6 =arctan ( m1> : (5.21)
ng Cop MM

where ¢y = cos @ and sy = sin . Substituting the explicit form of U in Eqs. (5.7) and (5.8)),

we obtain
2 ; 2 ~
g Cy 1CySp Sp —1CpSp
Gz = Gy , GR=9r ) (5-22)
W\ —icesy s icgse €3
Gy = \% ( ice s ) . (5.23)

We can now perform the summation in Egs. (5.18)-(5.19). Expanding the result as a Taylor

series in Sy (assuming sy < 1) and only retaining the dominant contribution, we obtain

2,722
g m=sy
geff,W = _327T2m‘2/ng, (524)
20112 o2
g°m?s
Geft,z = Q(Zf) 32W2m22§%VgR’ (525)
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where

my = ms;, My = mc. (5.26)

Note that for m; < my,

m?sy ~ mymy = m3. (5.27)

Using Gp = g{gf, we can rewrite Eqs. (5.24)-(5.25)) as
w

V2 Gpm?
G = o g, (5.28)
\/QGsz
Geft,z = Qg)TDQR- (5-29)

5.3.2 Example B: 1 v; + 2 vg with opposite charges

In this example, we construct a UV-complete model with one v; and two vz which have
opposite U(1)g charges so that the model is anomaly free. The off-diagonal Majorana mass
term does not violate the U(1)g symmetry and the Dirac mass term is generated by a new

Higgs doublet H' that is charged under U(1)g. The U(1)g charges are assigned as follows:

Qr(Vr1) = +1, Qr(vr2) = —1, Qr(H') = —1, (5.30)
which leads to the following terms that fully respect the U(1)r symmetry:

~ M
LD y,,H"TLVR1 + TRVRIVRQ +h.c., (5.31)

where H' = ioo(H')*. After spontaneous symmetry breaking, H' acquires a vacuum expec-

tation value : (H') = (0, v')T/v/2, leading to

M
L D mpvrvg, + 7RVR1VR2 + h.c. (5.32)
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Here mp = y,v'/v/2. The neutrino mass matrix for this case can be diagonalized by a 3 x 3

unitary matrix:

0 mp 0 my 0 0
U'l'mp 0 Mg |U=| 0 mqy 0 |- (5.33)
0 MR 0 0 0 ms

The texture of the mass matrix on the left-hand side of Eq. (5.33)) leads to m; = 0 and
my = ms, which is evident from its vanishing trace and determinant. This feature has been
often considered in the literature on vg signals at the LHC—see e.g. [208, 97] and references

therein. The 3 x 3 unitary matrix can be parametrized as follows

o %
U= — 1 H—arctan(mD) (5.34)
| Y mmp T Mzr) '

Using this form of U in Eqs. (5.7) and (/5.8]), we obtain

2 —1icpSe —CpSp o2 —icgSe —Cp S

“ NI 50 V2 V2
_ g icps s2 —is? _ icos s2 i(14c2)
Gy = e o % o |, Gr=gr o % |, (5.35)
—ChSo ﬁ i —CySe _i(1+cg) i
V2 2 2 V2 2 2
Gw=-21{ _. is s ). (5.36)
w \/5 Coy 2 2

We can now perform the summation in Eqgs. (5.18)-(5.19). Expanding the result as a Taylor

series in Sy (assuming sy < 1) and only retaining the dominant contribution, we obtain

22 2.2
g*cim?s?

f W = ——=—5-0R, 5.37

e, 32m2m3, I (5.37)

2.2,.2.2
(f) g09m89

Geft,z = _Q 9r, (538)

Z 2,2 .2
32memycyy

120



Chapter 5. Interactions of vr-phillic dark photon

where m = /m?% + M% and

mp = msy, Mr = mcg. (5.39)

Expressing the results in terms of Gr and assuming sy < 1, we obtain

V2 Gp m?
Geff W = #gm (5.40)
V2 G m?
Jeft,z = —Q(zjc)%gpu (5.41)

We comment here that the above UV-complete and anomaly-free model built on 1v; +2vpg
can be straightforwardly generalized to 3 v +2n v where half of the right-handed neutrinos
have opposite U(1)g charges to the other half. Such a generalization can accommodate the

realistic three-neutrino mixing measured in neutrino oscillation experiments.

5.3.3 Example C: 3 vy + 3 vp with diagonal Mp

The most general case with three v, and an arbitrary number of vy is complicated and often
impossible to be computed analytically. Here we consider an analytically calculable example

with 3v + 3vg and the following form of the neutrino mass matrix:

03><3 mp UL 0 03><3 m(Dd) Uz 0

= ) ) : (5.42)
m% Mg Isy3 mﬁ;) Méz) Isy3

mg) = diag(mp1, mpz, mp3), Mgzd) = diag(Mr1, Mgz, Mrs),

where Uy, is a 3 x 3 unitary matrix. Eq. (5.42)) is not the most general form, but at least it can
accommodate the realistic low-energy neutrino mixing responsible for neutrino oscillation.

The mass matrix in this case can be diagonalized by a 6 X 6 unitary matrix:

(d)
T OUsx3 mp U = di 2 2 2 2 2 2 543
(d) (d) - lag(mlselv M2Sgg, MM3Sg3, MM1Cyy, M2Cyo, m3093)’ ( . )

mp Mg
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where (sg;, cg;) = (sinb;, cosb;) and

1 2mp;
m; = \/ﬁm, 0; = 3 arctan ( ]\TZS ) . (5.44)

The unitary matrix U’ can be parametrized as follows

—iCy S
U = R (5.45)
1Sy Cy
where
Cyp = diag(cor, co2, co3), Sp = diag(ser, se2, S03)- (5.46)

Thus, the final unitary matrix U that diagonalizes the original mass matrix is given by

U, O —iCy Sy —iULCy UrSy
U= - . (5.47)
I35 Sy Cpy Sy Cy

Substituting it in Egs. (5.7)) and (5.8), we obtain

C7  iCpSy S2 iCyss
Gy = QL ? , Gr = grQ@Qr ’ , (5'48)
W\ —iCySy S? iCySy  C2
Gw = \%UL ( —1Cp  Sp > , Qr = diag(Qr1, Qr2, Qrs)- (5.49)

Next, we perform the summation in Egs. (5.18)-(5.19)), expand the result in sg;, and retain

the dominant contribution. The final result reads

V2 G mj,

ggig,w = Z _ULi(Ugi)*QRiTgR, (5,50)
V2 G ma,
ett,z = ZQ?) QRi#g}g. (5.51)

In the approximation that the v;-vg mixing is small, the 3 x 3 unitary matrix Uy, is almost
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identical to the PMNS matrix. Due to the presence of off-diagonal entries in Uy, gg‘fﬁ w 1s
generally not flavor diagonal and might lead to observable lepton flavor violation, which will

be discussed in Sec. 5.5l

5.4 Dark photon masses and technical naturalness

In this section, we argue that despite being a free parameter, the mass of the vg-philic dark
photon my is potentially related to the gauge coupling according to 't Hooft’s technical
naturalness [209]. Generally speaking, from the consideration of model building and the

stability of mz under loop corrections, we expect that my: is related to gr by

my Z gRAbreaking> (5-52)

where Apyeaking Stands for the symmetry breaking scale of U(1)g. Although without UV
completeness we cannot have a more specific interpretation of Eq. , we would like to
discuss a few examples to show how my is related to gg.

First, let us consider that both mz and Mg arise from a scalar singlet ¢ charged under
U(1)g with (¢) = vg # 0. This leads to mz ~ grvg and Mg ~ yrvr where yg is the Yukawa
coupling of ¢ to vz. In this case, we consider vy as the symmetry breaking scale Apreaking SO
the tree-level relation my ~ grvg is compatible with Eq. . The Yukawa coupling has
an upper bound from perturbativity, yg < 47, which implies that myz /Mg ~ gr/yr 2 47gr,

or
2

2 9r 2
my 2 1672 Mp,. (5.53)

In the absence of a specific symmetry breaking mechanism, we can also obtain Eq. (5.53))

purely from loop corrections to my:. If Mg breaks the U(1)g symmetry, the Z’-Z’ vacuum

polarization amplitude generated by a vg loop is IT#(¢?) ~ 1%%2 [O(ME)g™ + O(1)gkq"],

2
which implies that the loop correction to m%, is of the order of 1%?2 M?%. Therefore, to
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make the theory technically natural, the physical mass should not be lower than the loop
correction.

Note, however, that Eq. is based on the assumption that Mg breaks the U(1)g
symmetry. If all the Majorana mass terms fully respect U(1)g, such as Example B in Sec. ,
then the symmetry breaking scale can be lower, e.g., determined by mp. Indeed, for the UV
complete model in Example B, the symmetry breaking scale is determined by the VEV of
the new Higgs doublet H' so at tree level we have my ~ gr(H') and mp ~ yp(H'). Then

using the perturbativity bound on yp, we obtain

2

g
my > 165;2 ma,. (5.54)

Finally, we comment on the possible mass correction from Z-Z’ mixing. According to the

calculation in Appendix [C.1], the vacuum polarization diagram leads to mass mixing between

Z and 7'
1 m2_ m> A
LZZ’ mass — 5(27 Z,)'u jo :( ) s (555)
mx My A }

where mz, and mz; denote tree-level masses and

9rQRr ¢ 2
mn.

6472 cos Oy (5.56)

my =

2
o . o . . m
Here m3 causes Z — Z' mixing and the mixing angle is roughly ﬁ
Zo

>, which must
Z(/)‘

be small. Otherwise, the SM neutral current would be significantly modified and become
inconsistent with electroweak precision data. Taking the approximation m3 < |mZZ0 — m2Z6|,

we obtain

mx s WL S (5.57)

2 2
my >~ my + —
0 2 ’
(mZ() _mZé)
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Hence we conclude that the mass correction from Z-Z’ mixing is

9% mp
(G422 3, — ]

: (5.58)

5m22/ ~

where we have neglected some O(1) quantities. This mass correction is generally smaller
than the right-hand side of Eq. because mp cannot be much above the electroweak
scale.

To summarize, here we draw a less model-dependent conclusion that without fine-tuning,
the vg-philic dark photon mass is expected to be above the lower bound in Eq. or
Eq. (5.54)), depending on whether Mp breaks the U(1)g symmetry or not, respectively.

5.5 Phenomenology

In the previous two sections, we have derived the loop-induced couplings and also argued
that from technical naturalness there is a lower bound on the dark photon mass. The
results indicate the theoretically favored regime of the mass and the couplings. Therefore,
to address the question of how dark the vg-philic dark photon would be, we shall inspect
whether and to what extent the theoretically favored regime could be probed by current and
future experiments.

In our model, there are effective couplings to both leptons and quarks with comparable
strengths. So the experimental constraints on this model are very similar to those on the
B — L model] Below we discuss a variety of known bounds that could be important for
the vg-philic dark photon. An overview of existing bounds is presented in Fig. [5.2] and the

prospect of upcoming experiments in Fig. [5.3]

26 See e.g. Fig. 8 in [210], Fig. 3 in [211], and Fig. 13 in [205)]
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Fig. 5.2: The vg-philic dark photon confronted with known experimental constraints. Here
Jer 18 the loop-induced coupling of Z’ to electrons. The quark couplings are of the same
order of magnitude as g.g and we have ignored the difference between them when recasting
constraints on quark couplings. The theoretically favored values of g.g are below the solid
blue, orange, or green lines, assuming U (1) g breaks at the scale of mp = 246 GeV, Mg = 24.6
TeV, or My ~ 10 GeV (Type I seesaw), respectively. The collider bound consists of BaBar,
LHCb, LEP, and LHC 8 TeV limits—see the text or Fig. for more details.

5.5.1 Experimental limits
5.5.1.1 Collider searches

With effective couplings to electrons and quarks, dark photons could be produced directly
in efe” (BaBar, LEP) and hadron colliders (LHC), typically manifesting themselves as
resonances in collider signals. For mz 2 175 GeV (¢t quark resonance), LHC data put
the strongest bound via Drell-Yan production and detection of leptonic final states (pp —
Z'" — 0t07). At lower masses when my is close to the Z pole, electroweak precision tests
(EWPT, including LEP measurement and other electroweak precision observables) become
more important. A dedicated analysis on LHC and EWPT bounds and future prospects
can be found in Ref. [212]. For my below the Z pole but above 10 GeV, according to the

analyses in [205], the most stringent constraint comes from LHCb di-muon (2 — ptp™)
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logy¢ Gerr

—— U(1)g breaking scale: mp
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0 1 2 3

Fig. 5.3: Sensitivity of future experiments (SHiP, FASER, Belle-IT) on the vg-philic dark
photon. Here geg is the loop-induced coupling of Z’ to electrons. The quark couplings are of
the same order of magnitude as g.¢ and we have ignored the difference between them when
recasting constraints on quark couplings. The theoretically favored values of ges is below
the solid blue or orange lines, assuming U(1)gr breaks at the scale of mp = 246 GeV or
Mpr = 24.6 TeV, respectively.

measurements [213]. Below 10 GeV, the BaBar experiment [214] provides more stringent
constraints via ete”™ — vZ’ where Z' may or may not decay to visible final states. In
Figs. and , we present all aforementioned constraints (for compactness in Fig. |5.2
they are labeled together as the collider bound). Besides, there is also an indirect LEP
bound on four-fermion effective interactions—see Sec. 3.5.2 in Ref. [2I5]. We find that
this bound approximately corresponds to geg/mz < (4.4 TeV)™!, which is weaker than the

aforementioned collider bounds and hence not shown in Figs. and [5.3

5.5.1.2 Beam dump and neutrino scattering bounds

For 1 MeV < myz < 100 MeV, beam dump (BD) and neutrino scattering experiments become
important. BD experiments search for dark photons by scattering an electron/proton beam

on fixed targets and looking for dark particles that might be produced and subsequently
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decay after the shield to visible particles such as electrons. A compilation of existing BD
bounds from SLAC E141, SLAC E137, Fermilab E774, Orsay, and KEK experiments can
be found in [216]. Note that these BD bounds relies on Z’ — eTe™ decay, which implies
that such bounds do not apply for mz < 2m,.. Nonetheless, below 1 MeV there are much
stronger bounds from cosmological and astrophysical observations hence for simplicity we
do not show the invalidity of BD bounds below 1 MeV. The combined BD bound adopted
in this work is taken from [211].

The dark photon in our model could contribute to elastic neutrino scattering by a
new neutral-current-like process. Current data from elastic neutrino-electron (CHARM-
IT [217, 218], TEXONO [219], GEMMA [220], Borexino [221], etc.) and neutrino-nucleus
(COHERENT [222]) scattering are all well consistent with the SM predictions. By com-
paring the results in Refs. [223] [I81] 224], we find that the COHERENT bound is weaker
than v + e scattering bounds, among which the most stringent ones come from CHARM-
II, TEXONO, and GEMMA. So the combined result from these experiments is taken from
Ref. [224] and presented in Figs. [5.2] and The future DUNE experiment will be able to
further improve the measurement of elastic neutrino scattering [225]. We adopt the DUNE

sensitivity from Ref. [226] and present it in Fig. [5.3]

5.5.1.3 Astrophysical and cosmological bounds

Astrophysical bounds on dark photons are usually derived from energy loss in celestial bodies
such as the sun, red giants, horizontal branch stars, and supernovae. Dark photons may
contribute to stellar energy loss directly via dark photon free streaming or indirectly via
neutrino production. The enhanced energy loss rate could alter stellar evolution on the
horizontal branch in the Hertzsprung-Russell diagram. This sets the strongest limit for sub-
MeV dark photons [227]. For smaller my/, there are also similar bounds from the sun and
red giants [227]. We adopt a combined bound from Ref. [210] with energy loss via neutrinos

taken into account, and refer to it as the stellar cooling bound in Fig. 5.2
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The observation of SN1987A can be used to set strong limits on the effective coupling
when mz < O(100) MeV [228]. The resulting bound further excludes the space below BD
constraints by about three orders of magnitude.

In Fig. we also show two bounds derived from the effect of Z’ on big bang nucleosyn-
thesis (BBN). The effect of Z’ on BBN is two-fold: if Z’ is light and dominantly decays to
invisible states, it would increase the effective number of relativistic dark species Neg. We
refer to the bound derived from this effect as the BBN II bound. If Z’ is heavy, it decays
before neutrino decoupling and does not contribute to Ngg directly but the neutrino decou-
pling temperature could be modified if g% /m%, is comparable to Gp (referred to as BBN
I). Among various studies on this subject (see e.g. [169, 229] 230} 231], 232]), we adopt the

bounds from [169] for the B — L model and label them as BBN I and BBN II in Fig.

5.5.1.4 Charged lepton flavor violation

The loop-induced couplings do not necessarily conserve lepton flavors, as indicated by
Eq. . Note, however, that neither the W-diagram nor the Z-diagram causes flavor
violation in the quark sector. In the presence of flavor-changing couplings of Z’ to charged
leptons, there are strong constraints from charged lepton flavor violating (CLFV) decay
such as ¢, — lgvi, p — 3e [233], 7° — ep; from p — e conversion in muonic atoms [234],
and from the non-observation of muonium-antimuonium transitions [235]. Constraints from
(o — U7y are weaker since they arise only from two-loop contributions. We do not include
CLFV bounds in Figs. and because such bounds depend on the flavor structure of
mp which in the Casas-Ibarra parametrization [236]: mp = iU} \/m,R"\/Mp where R is
a complex orthogonal matrix, depends not only on the PMNS matrix U; but also on the
R matrix. The effective flavor-changing couplings in the presence of non-trivial R are more

complicated and we leave them for future work.
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5.5.1.5 Long-range force searches

Below 0.1 eV, laboratory tests of gravity and gravity-like forces provide highly restrictive
constraints, including high precision tests of the inverse-square law (gravity oc r=2) [237, 238]
and of the equivalence principle via torsion-balance experiments [239] and lunar laser-ranging
(LLR) measurements [239, 240]. Besides, measurements of the Casimir effect [241] could set
a limit that is slightly stronger than that from the inverse-square law when 0.05 < my /eV <
0.1, which is not presented in Fig.[5.2] Also not presented here is the bound from black hole
superradiance [242], which would only enter the lower left corner in Fig. . We refer to our
previous work [207] for more detailed discussions on the long-range force searches and present
only the dominant constraints from torsion-balance tests of the inverse-square law and the
equivalence principle. We comment here that neutrino oscillation could also be used to probe
long-range forces [157), 243] 244] [12] but similar to the aforementioned CLFV bounds, the
flavor structure cannot be simply taken into account by the PMNS matrix. Hence we leave

this possibility to future studies.

5.5.1.6 Prospect of upcoming experiments

Future hadron collider searches could significantly improve the experimental limits on heavy
dark photons by almost one order of magnitude, as illustrated in Fig. by the LHC 14
TeV and future 100 TeV collider sensitivity [212]. Moreover, several LHC-based experiments
searching for displaced dark photon decays such as FASER [245], MATHUSLA (246, 247],
and CodexB [248] will improve the BD bound in the low-mass regime. And the future SHiP
experiment [249, 250] will substantially broaden the BD bound regarding both the dark
photon mass and coupling. The current BaBar bound may be superseded by future bounds
from Belle-IT [251] and a muon run of NA64 [252] 253]. Hence a large part of the space
that is often considered for dark photons (20MeV < myz < 10 GeV and 1078 < g < 1073)
will be probed by future experiments. Here we selectively present the sensitivity curves of

SHiP, FASER, NA64u, and Belle-II. Most of them are taken from Ref. [205], except for the
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FASER/FASER2 sensitivity which is taken from Ref. [254].

5.5.2 How dark is the vz-philic dark photon?

Since the effective coupling g.g is proportional to gr, by tuning down gz one can obtain
arbitrarily small g.g¢ to circumvent all constraints presented in Figs. and 5.3 On the
other hand, if gg is very small, then the lower bounds of my discussed in Sec. [5.4] will also
be alleviated, implying that the dark photon could be very light. Taking Egs. ,
and (5.54), we plot the blue lines in Figs. and with mp = v = 246 GeV and gp
varying from 0 to 4m. The space below the blues lines is the theoretically favored region
if only the Dirac mass term breaks the U(1)g symmetry. This applies to the UV complete
model in Sec. [5.3.21

If the Majorana mass term also breaks the U(1)g symmetry, then the lower bound of
my is set by Eq. instead of Eq. . In the standard type I seesaw, we have
Mg ~ m%/m, which implies that for m, = 0.1 eV and mp = 246 GeV, the U(1)r symmetry
breaks at a high energy scale around 10* GeV. For this case, we plot the green curve in
Fig.[5.2] As shown in Fig.[5.2] even though with gz < 107 the mass of mz could be below
the electroweak scale or lower, the effective coupling is many orders of magnitude below any
of known experimental limits.

The inaccessibly large m of the green curve is due to the underlying connection between
m, and Mg in the standard type I seesaw. In some alternative neutrino mass models such
as inverse seesaw [255], the scale of Mg is decoupled from m,, which allows for a sizable
vr-vr mixing even when Mp is reduced to the TeV scale, and has motivated many studies on
collider searches for right-handed neutrinos—see Ref. [97] for a review. Here for illustration
we simply set Mz = mp/sin @ with mp = 246 GeV and sin @ = 1072, which ensures that vg
is sufficiently heavy to avoid all current collider bounds. The possibility of collider-accessible
vg involves more complicated phenomenology which is beyond the scope of this work. The

strength of g.gr and the lower bound of my in this case is presented by the orange lines in
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Figs. 5.2 and [5.3]

Now confronting the theoretically favored g.g and my of the aforementioned three sce-
narios with the experimental limits, we can see that only when the U(1)g breaking scale is
determined by mp or Mg = mp/sin§ with sizable sin 6, the vg-philic dark photon could be
of phenomenological interest. The former could potentially give rise to observable effects in
long-range force searches, astrophysical observations, beam dump and collider experiments.
The latter, albeit beyond the current collider bounds, might be of importance to future col-
lider searches. In addition, the SHiP experiment will be able to considerably dig into the

parameter space of the latter.

5.6 Conclusion

The vg-phillic dark photon Z’ which arises from a hidden U(1)r gauge symmetry and at
the tree-level couples only to the right-handed neutrinos, interacts weakly with SM particles
via loop-level processes—see Fig. Assuming the most general Dirac and Majorana mass
matrices, we have derived loop-induced couplings of Z’ to charged leptons and quarks. The

results are given in Eqgs. (5.18]) and (5.19), which are applied to a few examples including a

UV complete model. For a special case with three vy and three vg, the loop-induced coupling
are given by Eqs. and . We have also discussed potential connections between
the mass m’, and the gauge coupling gr from the point of view of technical naturalness,
which implies that m/, should be generally above the lower bound in Eq. if Mg breaks
U(1)g, or the bound in Eq. if only mp breaks the symmetry.

The theoretically favored values of the loop-induced couplings are confronted with ex-
perimental constraints and prospects in Figs. and [5.3] We find that the magnitude of
loop-induced couplings allows current experiments to put noteworthy constraints on it. Fu-
ture beam dump experiments like SHiP and FASER together with upgraded collider searches

will have substantially improved sensitivity on such a dark photon.
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Thus, we conclude that the vz-philic dark photon might not be inaccessibly dark and

could be of importance to a variety of experiments!
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Chapter 6

Resonant Leptogenesis in a Model of

Discrete Flavor and CP Symmetries@

“Science progresses best when observations force us to alter our

preconceptions.”
- Vera Rubin

6.1 Introduction

Most recent precise measurement done by Planck Collaboration (2018) [16] sets the matter-

antimatter asymmetry parameter 7pg

ny — 1y,

e =~ (6.12 £0.08) x 107" (6.1)
Y

This can be explained through the dynamical generation of baryon asymmetry for which
required basic ingredients includes the 3 Sakharov conditions. All these conditions are met
by resonant leptogenesis, which not only lowers the scale of ng production and predicts
TeV-scale accessible particles but also can be embedded minimally into an extension of SM
through type-I seesaw mechanism for neutrino masses. The central idea of leptogenesis is

the production of leptonic asymmetry in early Universe which is then converted to baryonic

27 This chapter is based on upcoming work : Garv Chauhan and P. S. Bhupal Dev, “Resonant Leptogene-
sis, Neutrinoless Double Beta Decay and Collider Signals in a Model of Discrete Flavor and CP Symmetries”,
(to be submitted).
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asymmetry of the Universe (BAU) through B-L conserving electroweak sphaleron interac-
tions. This mechanism satisfies all 3 Sakharov conditions : presence of CP violation in the
leptonic sector through complex neutrino Yukawa matrix Yp and/or lepton mixing matrix
Upuns phases, lepton number violation (LNV) occurs due to the Majorana nature of the
heavy right-handed (RH) neutrinos and condition for departure from thermal equilibrium is
met, when RH neutrino decay rate falls below the Hubble expansion rate i.e. I'y < H. Thus,
leptogenesis can connect neutrino mass mechanism and production of matter-antimatter
asymmetry.

Leptogenesis depends on both low-and high- scale neutrino data while current experi-
ments have access only to the low-energy neutrino data. Since, there is no relation between
low-and high- scale neutrino data, this implies high energy neutrino parameters are free pa-
rameters in the leptogenesis mechanism. One way forward can be paved by patterns in the
neutrino mixing matrix, if generated due to the presence of flavor symmetries. If true, this
can lead to connections between high and low energy phenomenology, which can provide
complementary probes for the leptogenesis scenario through low-energy signatures. In this
chapter, we will look at the idea of residual flavor and CP symmetries that determine lepton
mixing angles, low- and high energy CP phases with only one free parameter. This helps
us not only connect the high- and low- energy phenomena but also explains the leptonic
mixing angles along with CP phases. This has a major impact on predictions in low-energy
experiments such as long-lived particle (LLP) searches , Ovf3 experiments and colliders.

We consider a type-I seesaw scenario with a flavor Gy and a CP symmetry that strongly
constrain lepton mixing angles, and both low- and high-energy CP phases [256]. The three
right-handed (RH) neutrinos NN; have (almost) degenerate masses. Their decays are respon-
sible for the generation of the baryon asymmetry np of the Universe via resonant leptogen-
esis [257, 258]. At points of enhanced residual symmetry (ERS), the RH neutrino N3 can be
long-lived enough in order to be detected with the MATHUSLA detector [246], while N »

can be searched for via either prompt or displaced vertex signals at the LHC [259] 260].
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This chapter is organised as follows : In Sec. [6.2] we discuss the embedding of lepton
sector and light neutrinos (with masses arising from the type-I seesaw mechanism) with
three right-handed (RH) neutrino, in a given flavor group Gy and CP symmetry group. In
Sec. [6.3], we discuss the residual symmetries and the form of the corresponding representation
matrices for the different cases, along with additional constraints imposed from light neutrino
masses. In Sec. [6.4] we discuss the CP asymmetries produced in our scenario through out-
of-equilibrium decays of the RH neutrinos. In Sec. [6.5] we study the decay lengths and
branching ratios of the heavy right-handed neutrinos in different cases of lepton mixing. We
also discuss the effects of Enhanced Residual Symmetry (ERS) points. In the next Sec. [6.6]
we discuss the collider signatures in our scenario and probe further to understand their
complementary nature to the prospects of leptogenesis. We probe the collider signatures at
the LHC for the production of RH neutrinos through the low background lepton number
violating (LNV) processes. In Sec. , we study the correlation of low energy and high

energy CP phases through effective Majorana mass and 7np. Finally we conclude in Sec. [6.8]

6.2 Framework

We focus on the lepton sector and assume that light neutrino masses arise from the type-I
seesaw mechanism [30, 125 B2, B3] with three right-handed neutrinos. The latter have
nearly degenerate masses of the order of 1 TeV. We consider a scenario in which a flavor
and a CP symmetry and their residual groups G; and G, determine the form of the mass
matrices of charged leptons and neutrinos, respectively.

For flavor symmetry G, we use a group of the form A(6n?) with n even and 3 { n [261), 9]
which can be generated by the generators a, b, ¢ and d®| These are given for the relevant
representations in appendix . The groups A(6n?) for n > 2 are interesting, as they

possess at least one irreducible, faithful, complex three-dimensional representation 3’ In

28 We could also consider a group of the form A(3n?). This is, however, contained in the corresponding
group A(6n?) so that we can stick, without loss of generality, to the latter only.
29 For n = 2 the irreducible three-dimensional representations are real.
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the following, we assign the three generations of LH leptons [,, o = e, u, 7, to 3. RH
charged leptons are assigned to the representation 1, the trivial singlet, of Gy, while three
generations of RH neutrinos NV;, i = 1, 2, 3, are unified in an irreducible, in general unfaithful,
real representation 3’ of Gy which requires the index n of the group A(6n?) to be even, see
appendix for details{ﬂ Assigning LH leptons and RH neutrinos to these in general
different three-dimensional representations of Gy is crucial, as the assignment [, ~ 3 allows
to fully explore the predictive power of Gy (and not only of one of its subgroups), while
N; ~ 3’ permits the RH neutrinos to have a flavor-universal mass term without breaking
Gy and the CP symmetry. In addition, we assume the existence of a Z3 symmetry, called
qux), which is employed in order to distinguish the three right-handed charged leptons eg,

2mi/3

pr and 7k which are assigned to 1, w and w? with w = e , whereas left-handed leptons

and right-handed neutrinos are invariant under Z{*"

The CP symmetry imposed on the theory corresponds to an automorphism of G [262,
263]. They are represented by the CP transformation X(r) in the different (irreducible)
representations r of Gy and depend on the parameters determining the automorphism. For
completeness, we show the form of the automorphisms and of X (r) for the relevant repre-

sentations in appendix
(D)

The residual symmetries GG; and G, are chosen as Z; ’, which is the diagonal subgroup
of the group, generated by a of G, see appendix and the auxiliary symmetry Zéaux),
and Zy x C'P, where the Z, symmetry is a subgroup of Gy and the CP symmetry the one
of the underlying theory. In the following, the generator Z of the residual Z, symmetry in
the different representations r is denoted as Z(r). The Zy symmetry and CP commute, i.e.

they fulfil
X(r) Z(r) — Z(r)* X(r) = 0 (6.2)

for all representations r of Gy. The mismatch of the residual symmetries G; and G, deter-

mines the form of lepton mixing, has been discussed in particular for the groups A(3n?)

30 Only for n = 2 this representation is faithful. This, however, does not affect our discussion.
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and A(6n?), in [9] as well as in [264]. It has been found that lepton mixing patterns can
be classified according to four types, called Case 1, Case 2, Case 3a and Case 3b.1 in [264],
which have different features. The form of the lepton mixing matrices for the four different
types are shown in section [6.3]

The form of the charged lepton mass matrix m;, the neutrino Yukawa coupling matrix Yy
and RH neutrino Majorana mass matrix Mg are determined by G; and G,. In the chosen
basis, see appendix the mass matrix m; is diagonal and contains three independent
parameters that correspond to the three different charged lepton masses. As m; is diagonal,
there is no contribution to lepton mixing from the charged lepton sector. As regards the
neutrino sector, we take the neutrino Yukawa coupling matrix Yp to be invariant under G,
whereas the matrix My does neither break Gy nor CP. Being invariant under Z; x C'P, the
matrix Yp, in the basis in which left-handed fields are on the left and right-handed ones on

the right, fulfils the following relations

Z'(3)Yp Z(3)=Yp and X*(3)Yp X(3)=Y}. (6.3)

The form of Y} is thud’]

y 0 0
Yp=QB3)R;(0r) | 0 3 0 | Ru(—0r)Q(3) (6.4)
0 0 yg

The matrices ©(3) and §2(3') are unitary and are determined by the form of the CP trans-

31 We can re-write the conditions in Eq. (6.3) using the matrices Q(s)(3) and Q(s)(3’), see Eq. (?7), and
find
Q(s)(3)"Yp Q(s)(3)

is real and can be diagonalized by two rotation matrices from the left and right, respectively,

yr 0 0
Q(S)(3)T YD Q(S)(?)/) :Rij(gL) ( 0 Y2 0 ) Rkl(—HR).
0 0 ws
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formations X (3) and X (3’) in the representations of left-handed leptons and right-handed

neutrinos, i.e. they fulfil

X(3)=Q(3)Q(3)" and X(3') =Q(3)Q(3)". (6.5)

As the choice of CP symmetry and thus the corresponding CP transformations X (3) is
in general indicated by natural numbers, see e.g. the parameter s in Eq. , also the
matrices 2(3) and €(3’) (potentially) depend on these parameters. The matrices R;;(0y)
and Ry (0r) denote rotations in the (ij) and (kl) plane, i, 7, k,l = 1,2,3 with i < j and k <,
through the angles 0, and 6, respectively[?] These angles are free parameters, i.e. not fixed
by the residual symmetry G,, and can take values in the range [0, 7). The planes, in which
the rotations R;;(0.) and Ry (0gr) act, are determined by the (ij)- and (kl)-subspaces of
degenerate eigenvalues of the generator Z in the representation 3 and 3’, when transformed
with the matrix €2(3) and ©(3'), respectively (examples can be found in the discussion of the
different cases). In addition to these two angles, Y, contains further three real parameters,
namely the Yukawa couplings yr, f = 1,2,3. This has also been pointed out in [264]. The

Dirac neutrino mass matrix mp is in turn given by

mp = Yp (h) (6.6)

where (h) ~ 174 GeV is the VEV of the SM Higgs field. As Mp leaves G and CP invariant,

its form is simply
100
Mr=Mx |0 0 1 (6.7)

010

32 We define the rotations R;;, i < j, through the angle 6 in the (ij)-plane as follows

cosf sinf O cos@ 0 siné 1 0 0
Ri2(0) = | —sinf cosf® 0 |, Ri3(0) = 0 1 0 , Ras(0) =1 0 cos@ sinf | .
0 0 1 —sinf 0 cosf 0 —sinf cosf
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with My > 0, setting the mass scale of the RH neutrinos. The light neutrino mass matrix

m,, follows from the type-I seesaw mechanism

m, =mp Mg'm}, . (6.8)

As the charged lepton mass matrix m; is diagonal, lepton mixing arises from the diagonal-
ization of m, only. In general, the resulting lepton mixing angles involve a combination of

all parameters, appearing in Yp. However, if

[Q(3)T Mz Q(3')*, Ri(0r)] =0, (6.9)

see section for such cases, the lepton mixing angles only depend on the free parameter 6,
and the parameters, describing the flavor and CP symmetry as well as the residual symmetry
G, i.e. we find then

Upnins = Q(3) Ry (01) K., (6.10)

where K, is a diagonal matrix with entries equal to +1 and 47 and is necessary to make

neutrino masses positive. This matrix is generally parametrized in the following form :

1 0 0
K,=10 i 0 ) (6.11)
0 0 gk

with k12 = 0,1,2,3. We can verify that Upyng fulfils

Upnins My Upyins = diag (mi, ma, my) (6.12)

with the mass spectrum of the light neutrinos being determined by the Yukawa couplings

140



Chapter 6. Resonant Leptogenesis in a Model of Discrete Flavor and CP Symmetries

Yr,

2 h2
mf:yc\ijj for f=1,2,3. (6.13)

As the Yukawa couplings are not constrained other than being real, the scenario can ac-
commodate both neutrino mass orderings as well as a QD neutrino mass spectrum. The
resulting PMNS mixing matrix in Eq. coincides with the lepton mixing matrix, ob-
tained in a scenario with three RH neutrinos [264], in which the mass matrix mp is invariant
under the entire flavor and CP symmetry, while the RH neutrino Majorana mass matrix
My possesses the residual symmetry G,. The requirement to accommodate the measured
lepton mixing angles well further constrains the index n of Gy as well as the combination of
residual symmetries G. and G,, as discussed in detail in [264].

In order to successfully generate the baryon asymmetry of the Universe via the mechanism
of resonant leptogenesis, the masses of the RH neutrinos have to be, at least partly, (slightly)
different. This can be achieved by corrections 0 Mg to the RH neutrino Majorana mass
matrix. These corrections are expected to arise by (higher order) residual symmetry breaking
effects which are generically present in model realizations. In the following, we consider
corrections to My which are invariant under the residual symmetry GG.. The generator of

G, is represented in the representation of the RH neutrinos N; as

1 0 O
aBY=10 w 0 , (6.14)
0 0 w?

aux)

since N; are not charged under the auxiliary symmetry Z?E . The correction d M must

thus fulfil
a(3) 6Mpa(3') = 6Mpy , (6.15)
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meaning it is of the form

2 0 0
SMr=rkMx | 0 0 =1 (6.16)
0 -1 0

with x being a small symmetry breaking parameter, x < 1. The RH neutrino masses M;,

1 =1,2,3 acquire then a small correction

My =My (1+2k) and My =Mz = My (1 —k). (6.17)

6.3 Different Cases

In the following, we discuss the residual symmetries and the form of the corresponding
representation matrices for the different cases Case 1, Case 2, Case 3a and Case 3b.1. We
discuss additional constraints imposed from light neutrino masses and the constraints on the
neutrino mass spectrum arising from imposing the condition in Eq. . Furthermore, we
briefly repeat the results for lepton mixing and give numerical examples, as found in [264].
For Case 1, we also comment on special points corresponding to specific choices of the
parameters 6 and Or, that lead to enhanced residual symmetries of the Dirac neutrino

Yukawa couplings.

6.3.1 Case 1l

6.3.1.1 Residual Symmetries

The residual Z; symmetry in the neutrino sector is generated by

7 = "2 (6.18)
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which requires the index n of the flavor group A(6n?) to be even. The explicit form of Z in
the irreducible, faithful, complex three-dimensional representation 3 and in the irreducible,
unfaithful, in general real three-dimensional representation 3’ can be found in appendix [D.1]
As we see in section due to the form of the generator Z in 3’ for n divisible by four
the Dirac neutrino Yukawa coupling matrix Y, becomes singular so that the light neutrino
mass is not viable. For this reason, we focus in the following on n not divisible by four.
The CP symmetry corresponds to the automorphism, given in Eq. in appendix[D.3]
conjugated with the inner automorphism associated with the group transformation a b c® d*

with s = 0,1,...,n — 1. The corresponding CP transformation X (s) reads in 3

X(s)(3) = a(3) b(3) c(3)" d(3)* Xo(3) (6.19)

and in 3’

X(s)(3) = a(3) b(3") c(3')* d(3)* Xo(3) (6.20)

and the explicit form of X (s)(3) and X (s)(3') can be found in appendix [D.3]
The matrix Q(s)(3), derived from X(3)(s), given in Eq. (??) in appendix [D.3| can be

chosen as
1 0 0
Q(S)(3) = 6i¢5 UTB 0 @_3i¢s 0 (621)
0 0 —1
with
2/3 \J1/3 0
U= | —\/1/6 /1/3 /1/2 (6.22)
—J1/6 \/1/3 —\/1/2
and ¢, = 7*. Based only on theoretical requirements, the form of the matrix (s)(3')
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depends on whether s is even or odd, i. e.

Q(seven)(3') = Urp , (6.23)
and
i 00
Qsodd)(3)=Urs | 0 1 0 | - (6.24)
00 4

Comparing these forms to the form of €2(s)(3), we observe that they have the same structure
and the crucial difference lies in the phase matrix multiplied from the right (overall phases
are clearly irrelevant).

In order to determine the plane in which the rotation R;;(6) acts, we look at

-10 0
Qs)(3)'Z23)2s)B)=| 0 1 0 |, (6.25)
0 0 -1

implying that the rotation through 6, will be in the (13)-plane [9]. Similarly, we can find
the plane in which the rotation Ry (fr) acts. The representation matrix Z(3') for n not

divisible by four reads after the transformation with Q(s)(3’) for both, s even as well as s

odd,
-10 0
Qs)(3)'Z(3)s)3) =] 0 1 0 |, (6.26)
0 0 -1

meaning that also Ry (0r) acts in the (13)-plane.
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6.3.1.2 Constraints from and on light neutrino mass spectrum

First, we discuss constraints on the possible choices of the residual symmetry G, arising from
the light neutrino mass spectrum. In order to find these we consider the form of the Dirac
neutrino Yukawa coupling matrix Y fulfilling the conditions in Eq. . For n divisible by
four Z(3') is given by Eq. and we find that the form of Yp needs to be

Y11 Y12 Y13
Yo=1 yun vz vis (6.27)
Yir Y12 Y13

with y;; complex, i = 1,2, 3, showing that the determinant of Y, vanishes and that Yp has
two zero eigenvalues. As a consequence also the light neutrino mass matrix arising from
the type-I seesaw mechanism, see Eq. , has two zero eigenvaluesm Furthermore, we
cna check that the non-zero eigenvalue has to correspond to the second light neutrino mass,
since it is always associated with the eigenvector proportional to (1,1, 1)T which can only be
identified with the second column of the PMNS mixing matrix. It is, however, experimentally
highly disfavored that such a form can be the dominant contribution to light neutrino masses.
We thus do not discuss this case further.

For n not divisible by four the form of the matrix Z(3') is shown in Eq. (D.§). Again,

we can compute the constraints on Yp, arising from imposing the conditions in Eq. (6.3)). In

33 Indeed, we can show that, if Z(3’) is the identity matrix and Z(8) is any generator of a Z5 symmetry,
i.e. it can be represented by a matrix Z(3) that fulfils V1 Z(3) V = diag (1, —1, —1) with V being a unitary
matrix, we find

Z(3)'Yp = Vdiag(1,-1,-1)VIYp = Yp, (6.28)

meaning we can re-write this condition as
diag (1,—1,-1) [VTYp] = [VIYp] . (6.29)

Consequently, the combination VT Yy must have two vanishing rows, namely the second and the third one.
In particular, the determinant of V1Yp vanishes. From the latter we can conclude for Yp itself that its
determinant must vanish, since the determinant of V' cannot be zero. In addition, we can also know that Yp
must have two vanishing eigenvalues. So, in general knowing that Z(3') is given by the identity matrix is
sufficient in order to discard this case as realistic without corrections which can induce, at least, one further
non-vanishing neutrino mass.
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particular, we see that the first condition in the latter equation reduces the number of free

(complex) parameters in Yp to five, meaning the other four ones can be expressed in these,

e. g.

Yo3 = Y11 + Y12 T Y13 — Y21 — Y22 , Y31 = Y12 + Y13 — Yo1 , (6.30)

Y2 = Y11 + Y13 — Y22 and ys3 = —y13 + Y21 + Yoo . (6.31)

The five free complex parameters in Yp are further constrained by requiring that also the
second condition in Eq. is fulfilled. As a consequence, these parameters have to be
real. This is consistent with the findings in the general case where Y, contains three real
Yukawa couplings y¢, f = 1,2, 3 and two angles 0, and 0. In general, such a matrix Yp has
a non-vanishing determinant and three different eigenvalues, namely (proportional to) yy.
We know in type 1 seesaw mechanism for eventually relating the parameters of Y to the

light neutrino masses, we have to look at the following expression

O(s)(3) Mg Q(s)(3)" (6.32)

with Mg as in Eq. (6.7)). For Q(s)(3') as in (6.23)) we find

1 0 O
1
Q(seven)(3) Mz Q(seven)(3')* = 01 oo (6.33)
0
0 0 -1
and for 2(s)(3) as in (6.24) we get
-1 0 0
1
Q(sodd)(3)T Mz Q(sodd)(3)* =— | 0 1 0 |- (6.34)
0
0 01
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Note that in both cases the resulting structure is simple but does not commute with the
arbitrary rotations Ri3(f; r). Hence, this has to be taken into account when computing the
light neutrino masses from the type-1 seesaw formula. Indeed only the light neutrino mass

meg is related to yo and M, in the following simple way

2,2
_ Yy
me = Mo (6.35)
while for the full matrix part, we calculate
v 00 vy 0 0
0 w2 0 | Ris(=0r)Qs)(8)  Mg' Q(s)(3) Ris(0r) | 0 ¢ 0 (6.36)
0 0 wys 0 0 w3

with Q(seven)(3’) as in (6.23]) we obtain

y? cos20p 0 yyyssin20p

1
0 Y2 0 (6.37)

M,
y1yzsin20r 0 —y2 cos20g

and for Q(sodd)(3') as in (6.24)

—y? cos20p 0 —yiy3sin20p

1
0 Y2 0 ) (6.38)

M,
—1hyszsin20g 0 Y3 cos 20

The difference is just the overall sign so we can nicely treat both cases at once.

We note a few things regarding the matrices in Eqgs. and . if we set y; = 0,
m; vanishes, we obtain NO with the matrix being automatically diagonal and does not need
a further rotation; if we set y3 = 0, mz = 0 follows, we obtain IO and again the matrix is

automatically diagonal with no further rotation required. We can also set sin 20 = 0 leading
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to no further rotation needed as well, but in this case there are also no constraints on the
neutrino masses. Some values of 6 are not admitted, for e.g. cos 20z = 0 and consequently,
sin 20r = £1 (meaning g = w/4, 0g = 37/4, etc.), since then two of the neutrino masses
are degenerate (for the matrices in Egs. and , these two are the first and the
third neutrino mass and thus the spectrum is completely unrealistic). Similar statements
hold in the other cases that have matrices like in Eqs. and as part of the light
neutrino mass matrix, because the combination in is not trivial in flavor space. We

present general solution for both cases below :

s even The PMNS lepton mixing matrix is

U = Q(s)(3) Rz (0 —¢) diag (1, 1, 1) , (6.39)

with

my + mg — /m? + m2 + 2myms cos (40
tan?q) = ! ’ \/ . i 173 cos R). (6.40)
mi + ms3 + \/m% + m3 + 2my m3 cos (40R)

The Yukawa matrix Yp (}A/D) is constructed from Eq. |) using the expressions of 2(s)(3)

and €(s)(3’) corresponding to s-even. The parameters y; are in this case

M,
y? = 2—;2 <m1 — m3 + \/m% + m} + 2myms cos(493)) sec (20g) ,
g2 = Mf);ﬂz’ (6.41)
2 Moy 2 2
Ys =55~ + ms + \/ml + m3 + 2mymg cos (40g) ) sec (20g) ,

where v &~ 174 GeV. Notice that y; are real quantities, provided —7/4 < 0 < 7/4.

s odd The PMNS lepton mixing matrix is

U = Q(s)(3) Rz (0, — ) diag (+i, 1, 1), (6.42)
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with ¢ introduced in . The Yukawa matrix Yp (?D) is constructed using the expressions
of Q(s)(3) and Q(s)(8') corresponding to s—odd. The parameters yj, are defined as in (6.41]).

The smallest group A(6n?) which fulfills all constraints on n : n even and not divisible
by 3 and 4 is n = 10. For concreteness, we choose two explicit examples for this choice of
n, namely s = 1 and s = 2. The form of Yp is easiest computed from Eq. , but we can
also explicitly check by applying the conditions in to a general complex 3-by-3 matrix
Yp that this is the correct form of the Dirac mass matrix of the neutrinos. The expressions
are quite lengthy and thus we do not display them explicitly, but can be easily derived with
the information given above.

We notice that only five real parameters y;, 6, and g appear in Yp and that lepton
mixing depends effectively only on one free parameter 6, adjusted to 6} in order to obtain
best-fit with the measured mixing angles. If the expression in Eq. is proportional to
the identity matrix, # is given by #; and y; can be directly matched to the light neutrino
masses m;. If this is not true and we find a situation like in , there is only one coupling
yi directly proportional to one light neutrino mass m;, whereas the other two together
with #r determine the other two light neutrino masses. In addition, these three parameters
determine a further mixing angle, called ¢ in earlier notes, that together with 6, gives O}.
Hence, in both cases there are four experimentally constrained quantities (three neutrino
masses and 6y¢) which determine five free parameters, y;, 0, and 6. Thus, only one of them

(usually fr) can be chosen freely.

6.3.1.3 Numerical Example

We give here an example which leads to the mixing pattern of case 1, see [9]. The char-
acteristics of this mixing pattern are the following: the mixing angles can always be fitted
well (independent of the choice of the group A(6n?) as well as the CP symmetry X(s)), if

we choose the free parameter 6 correctly, i.e. we quote as best-fitting values for the mixing
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angles [9]

0.605
sin? 615 ~ 0.0219 , sin®f;5 ~ 0.341 , sin®fy3 ~ (6.43)
0.395

where the reactor mixing angle has been fitted to its central value. The free parameter
is thereby chosen as 6 ~ 0.18 or # ~ 2.96. The difference results only in the change of the
octant of the atmospheric mixing angle, for details see [9]. The results of the CP phases are

simple: the Dirac phase as well as the Majorana phase 3 are trivial,
sind =0 and sinf=0, (6.44)

while the Majorana phase a depends on the chosen CP symmetry X (s)

6
sina = (—1)"*! sin <7T8> ) (6.45)
n

The parameter k; takes values k1 = 0, 1, 2, 3 and is related to the CP parity of the neutrinos,
see for details [9]. For convenience, we show a numerical example in table where n = 26
fulfills all constraints (see below) and we only display values of sin« that are different in

magnitude. We always take k1 = 0 for concreteness.

S s=1 s=2 s=3 s=4 s=5 s=6
sina | —0.663 —0.993 —0.823 —0.239 0.465 0.935

Tab. 6.1: Numerical example for mixing pattern of case 1). We choose n = 26 and only
display values of s for which sin « is different in magnitude and different from zero. The
parameter k; is always set as k; = 0. The sign of sin « can be changed by taking k& =1 or
by choosing a different value of s than the displayed one. Remember s is constrained to be
0 <s<n-—1=25. The given values for sin a are approximated. We use the formula in

(6.46) for computing sin a.

In the limit of residual symmetries ¢, and G, we obtain that the lepton mixing angles
can be accommodated well for ¥ ~ 0.18(2.96) [9], i.e. sin?6;3 ~ 0.0219, sin? 615 ~ 0.341

and sin? 63 =~ 0.605 (0.395). Regarding the two physical CP phases in the cases of strong NO

150



Chapter 6. Resonant Leptogenesis in a Model of Discrete Flavor and CP Symmetries

and 10, we find that the Dirac phase ¢ is trivial, whereas the Majorana phase ay depends

on the chosen CP transformation X (s)
sinay = (=1 sin6¢, and cosay = (—1)FH cos6 ¢, , with ¢, = s (6.46)
n

where k =0 (k= 1) for cos29r > 0 (cos29g < 0) and r = 0 (r = 1) for strong NO (10).

6.3.1.4 Special Points

For particular values of ¥/;, and 9, the residual symmetry G, = Zy x C'P can be enhanced.
If ¥, = 0,7, the combination m ijj becomes invariant under a further Z, subgroup of G.
Similarly, for the choices g = 0,7/2, 7,37 /2 the combination m})m p preserves a symmetry
larger than GG,,. This symmetry is also larger than the one of m Dmg for ¥ = 0, m, since RH
neutrinos transform as the real representation 3’ of G that is unfaithful for n > 2.

These points of ERS are of particular relevance for phenomenology, since v/; deviating
from Y59 = 0 or 7 leads to a non-zero value of the reactor mixing angle 6y3. U close to
Ypo =0, m/2, m or 37/2 makes it possible for the RH neutrino N3 to be long-lived enough
for being detected with the LLP searches (see Eq. and Fig. , while simultaneously

maximizing the CP asymmetries ¢;, relevant for leptogenesis (see Egs. (6.102)) and (6.103))).

One can argue that the larger the ERS is, the smaller the deviation from points of ERS will
be, i.e. ¥p is expected to deviate from Vg by 00 = [Vgp —VUro| < 0.01, while ¥, can deviate
from 91 up to 09, = |9, — V0| ~ 0.2.

In one type of explicit models [265], the flavour and CP symmetry are spontaneously
broken to the residual symmetries G, and G, with the help of flavour symmetry breaking
fields and a peculiar alignment of their VEVs, achieved with a potential with a particular
form. Depending on the fields and the form of the potential, an ERS larger than G, and G,
can be preserved at leading order. Higher-dimensional operators then induce small deviations

from these points of ERS, thus explaining the particular sizes of ¥, and ¥5z. An example
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can be found in Ref. [266], where the correct size of ¥, and thus the reactor mixing angle
613 is generated in this way.

Higher-dimensional operators connecting different sectors of the theory are responsible
for the eventual breaking of the residual symmetries G, and G, and thus affect the given
form of mp, m; and M,,. In particular, they are also the source of corrections leading to a
small splitting in the RH neutrino masses. This splitting is crucial for resonant leptogenesis.
In the following, we focus on contributions to M}, that possess the residual symmetry G..
These are proportional to k, a positive power of the symmetry breaking parameter, measured

in units of M. A small splitting of the RH neutrino masses therefore arises:

My=M(1+2k) and My=Ms=M (1 —K). (6.47)

6.3.2 Case 2
6.3.2.1 Residual Symmetries

The residual Z; symmetry in the neutrino sector is generated by the same element

7 =c"?, (6.48)

as in Case 1. Thus, all comments made, in particular, the forms of Z(3) and Z(3') in
and (D.7)), (D.8), apply respectively.

The CP symmetry is given by the automorphism in (D.14]) and the inner automorphism
h = ¢*d" with 0 < s,t < n — 1 and thus depends on two parameters: X(s,¢). In the

three-dimensional representations 3 and 3’ X (s,t) is given by

X(s5,8)(3) = c(3)° d(3)! Xo(3) and X(s,8)(3) = c(3)*d(3) Xo(3)  (6.49)

and the explicit forms can be found in appendix [D.3]
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Here we always use s and t as parameters unlike in the analysis of lepton mixing patterns
in [9], where it turned out to be more convenient to use the parameters u and v that are

linearly related to s and ¢ as follows

u=2s—t and v=3t. (6.50)

According to the findings in [9], a suitable choice of the matrix €(s,t)(3) is given by

1 0 0
Q(S, t) (3) = Q(’LL, U)(3) = €i¢v/6 UTB R13 <_¢2u> 0 @_i‘f’v/Q 0 (651)
0 0 —1

with ¢, = =% and ¢, = 7%. The form of the matrix Q(s,?)(3'), derived from X(3)(s,?),
depends like the latter on whether s and ¢ are even or odd. The explicit form of Q(s,t)(3'),

however, does neither contain s nor ¢ are parameters. For s and ¢ even, we can use

1 00
Q(seven,teven)(3)=Urg | 0 1 0 | » (6.52)

0 0 ¢

for s even and t odd, a possible choice is

€—i7r/2 0 0

Q(s even, t 0dd)(3') = e ™/ Urg, Rys (Z) 0 e g |, (6.53)
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for s odd and t even, we can choose

1 0 0
Q(sodd,teven)(3)=Urg | 0 1 0 | , (6.54)
0 01
and for s and ¢t odd, we use
e 00
Qs 0dd, t0dd)(3)) = e/ Uy Ry (D 0 et o | (6.55)
0 0 1

Similar as in Case 1, the rotation associated with the representation 3 and thus with LH

leptons is always Rj3(f). In all these cases, 2(s,t)(3’) fulfills the two equations (Z(3)

always like in (D.8))

~1.0 0
Qs,1)(3)' Z(3) s, t)(3)=| 0 1 0 (6.56)
0 0 -1

and, hence also for the representation 3', i.e. RH neutrinos, the relevant rotation is in the
(13)-plane, namely Ry3(0r). We observe that for none of the above combinations of X and

Z in 3 and 3’, we find zero eigenvalues for Yy as long as we only consider cases in which n

is not divisible by four so that Z(3') is not the identity matrix, compare (D.7)) and (6.27)).

6.3.2.2 Constraints from and on light neutrino mass spectrum

As a further step, we present the form of the relevant matrix combination appearing in the

type 1 seesaw formula, involving (s, ¢)(3’) and Mg, see (6.32). We find that
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for s even and ¢ even

1

Q(Sat)(sl)T Mlgl Q<S7t)(3,)* = ﬁ“é ) (657)
0
for s even and ¢t odd
0 01
1
Q(s,1)(3) Mz Q(s,1)(3)* = ool (6.58)
0
1 00
for s odd and ¢ even
-1 0 0
1
Q(s,t)(i’)')T Mgl Q(s,t)(3’)* = A 0 1 0 , (6.59)
0
0 0 —1
for s odd and ¢ odd
0 0 1
1
Q(s,t)(3’)T M,gl Q(s,t)(3’)* = A 0 =1 0 ) (6.60)
0
1 0 0

We continue with computing the form of the matrix in (6.36)) for the different choices of s

and t being even and odd:

for s even and ¢ even

yi 0 0

1

M, 0 y2 0 |, (6.61)
0 0 w3
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for s even and ¢ odd

Y3 sin 20p 0 —1;ys3 cos20p

M, 0 —y3 0 , (6.62)
—y1y3 cos20gp 0 —y2 sin 20p
for s odd and t even
-y 0 0
L ) (6.63)
0 0 —y

for s odd and ¢ odd

—y?sin20gp 0 yiy3 cos20p

1
0 —12 0 . (6.64)

M,
yrys cos20p 0 y2sin20p

These forms are very similar to those encountered before in Case 1 and thus can be treated
in the same way to obtain PMNS lepton mixing matrix. As an example, we present the

general solution for one of the cases.

s even and t odd The PMNS lepton mixing matrix is in this case

U = Qu,v)(3) Ri3 (0, —n) diag (i, +i, 1), (6.65)

with

m1 + msz + \/m% + m3 — 2myms cos (46R)

tan’n = (6.66)

my + ms — \/m% + m3 — 2myms cos (460g)

156



Chapter 6. Resonant Leptogenesis in a Model of Discrete Flavor and CP Symmetries

The Yukawa matrix Yy, (Yp) is constructed from Eq. (6.4)), using the expressions of Q(u, v)(3)

and Q(u,v)(3’) corresponding to s—even and t—even. The parameters y; are defined as

M,
Y2 = 27}(; (—m1 + ms + \/mf + m3 — 2myms3 COS(493)> csc (26R)
2 = Mg;ﬂa’ (6.67)
2 Moy 2 2
Yi =53 (M~ ms + \/ml + m3 — 2mymg cos (40g) | csc(26g) ,

which are real for 0 < 0p < /2.

6.3.2.3 Numerical Examples

The results for lepton mixing are much richer and indeed in general all CP phases are non-
trivial. We can observe the following approximate dependence of the different CP phases on

the parameters u and v of case 2) (for k; > = 0 and no shift in )

2 3
sind ~ +1 T 3.3 (M> . sing ~ F5.6 <m) +93 <”> (6.68)
n n n
and most importantly
sin @ &~ — sin (m) : (6.69)
n

Detailed numerical results, i.e. tables with examples of n and u as well as v and 6 along with
explanations can be found in [9].

In order finish up the discussion of case 2, we present a choice for n and u (a combination
of s and ¢, see (6.50])) (as well as examples for v) that permit agreement of the three lepton
mixing angles with experimental observations at the 3 o level or better. We take all examples
from the analysis performed in [9]. We consider the two interesting cases with n even, n not
divisible by three and n not divisible by four, that have been analyzed in [9]. For simplicity,

we only take into account “unshifted" cases. So, there are two possible values of n that we
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can use:

n=10 and n=14. (6.70)

For both of these values of n three possible values of the parameter u = 2s — t allow to

adjust the experimental data of the lepton mixing angles well

(6.71)

In table we list the best fitting value of fp¢ (there is another value of # that also fits
the experimental data well, but we focus one value only for the moment, see [9] for details),
the results for the lepton mixing angles as well as for the two CP invariants Jop and I

(for definition of these two see also [9]) and CP phases § and 5. We display the different

n n =10 n=14
U u=—-1 u=0 u=+4+1|u=-1 u=0 wu=+1
Of 0.0932 2.96 0.0932 0.144 2.96 0.144
sin? 6,9 0.341 0.341 0.341 0.341 0.341 0.341
sin® 0,5 0.0218 0.0218 0.0218 0.0218 0.0218 0.0218
sin? fys 0.410 1/2 0.590 0.437 1/2 0.563
Jop —0.0178 0.0342 —0.0178 | —0.0274 0.0342 —-0.0274
sin d —0.529 1 —0.529 | —0.807 1 —0.807
I —0.0121 0 0.0121 | —0.0137 0 0.0137
sin 3 —0.861 0 0.861 —0.976 0 0.976

Tab. 6.2: Two examples for case 2) that fulfill all constraints on the index n and that can
accommodate the lepton mixing angles well for some value of 6, if u = 2s — t is properly
chosen. Since the CP invariant I; or better to say the Majorana phase o depends on v = 3t
only that can take a variety of values we discuss this Majorana phase and its different
admitted values for n and u in the main text. As always we take k; = 0 and ks = 0.

combinations s and t that lead to the values of w in (6.71): for n = 10 and n = 14 the value

u = —1 can be produced for

(s,t) =(0,1), (1,3), (2,5), (3,7), (4,9) (6.72)
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and for n = 14 we additionally have

(s,t) = (5,11), (6,13); (6.73)
similarly for n = 10 and n = 14 the value u = 0 can be produced for
(s,t) =(0,0), (1,2), (2,4), (3,6), (4,8) (6.74)
and for n = 14 we additionally have
(s,t) = (5,10), (6,12); (6.75)
and for n = 10 and n = 14 the value u = 1 can be produced for
(s,t) =(1,1), (2,3), (3,5), (4,7), (5,9) (6.76)
and for n = 14 we additionally have
(s,t) = (6,11), (7,13). (6.77)
For n = 10 and u = 1 as well as u = —1 we obtain using these combinations of (s,t) the

following values of v and approximate values of sin «, using the formula in with k; = 0

) v =23 v=9 wv=15 v=21 ov=27

sina | —0.809 —0.309 1 —0.309 —0.809

For n = 10 and u = 0 we obtain using these combinations of (s, t) the following values of v

and approximate values of sin a, using the formula in with k; =0
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v v=0 v=6 v=12 v=18 v=24

sin o 0 —0.951 0.588  0.588 —0.951

For n = 14 and u = 1 as well as u = —1 we obtain using these combinations of (s,t) the

following values of v and approximate values of sin v, using the formula in with k; =0

v v=23 v=9 ov=15 v=21 v=27 v=33 wv=39
sina | —0.623 —0.901 0.223 1 0.223 —0.901 —-0.623

For n = 14 and u = 0 we obtain using these combinations of (s, t) the following values of v

and approximate values of sin «, using the formula in with k; = 0

) v=0 wv=6 wv=12 v=18 v=24 v=30 v=36
sin « 0 —-0975 —-0434 0.782 0.782 —0.434 -0.975

6.3.3 Case 3a and Case 3b.1

6.3.3.1 Residual Symmetries

The residual symmetries in Case 3a and Case 3b.1 are chosen as follows: the Z5 symmetry

in the neutrino sector is generated by

Z =bc"d™ with m=0,....,n—1. (6.78)

Since Z involves the generator b Case 3a and Case 3b.1 can only be achieved with the help
of the flavor groups A(6n2). We have in general n different choices for the generator Z.
However, as discussed in [9], preferred values of m are either around m ~ 0 and m ~ n for
Case 3 a) or m ~ n/2 for Case 3 b.1), as long as the charged lepton masses are ordered

canonically. The form of Z in the representations 3 and 3', Z(3) and Z(3'), can be found
in appendix [D.1]
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The CP symmetry, used in Case 3a and Case 3b.1 is induced by the automorphism,
shown in Eq. (D.14)) in appendix [D.3] conjugated with the inner one, represented by the
group transformation h = bc*d"™®, s = 0,...,n — 1. The corresponding CP transformation

X(s) in 3 and 3’ is given by
X(5)(3) = b(3)"¢(3)* d(3)" ™" Xo(3) (6.79)
and
X(8)(3) =0b(8")¢(3)°d(3")"* Xo(3'). (6.80)

The explicit forms of X (s)(3) and X (s)(3') can be found in appendix [D.3|
The form of the matrix Q(s, m)(3), derived from X (s,m)(3) in Eq. (6.19) in appendix[D.3]

can be chosen as [9]

1 0 0 1 0 0
Qs,m)(B) =€ [ 0 w 0 [Ums |0 e3i% 0 | Ris(¢m) (6.81)
0 0 w? 0 0 —1

27

with ¢, = 7%, ¢, = ™ and w = €5 . The form of the matrix {(s)(3') only depends on

s

whether s is even or odd and is also independent of the choice of the parameter m. In

particular, we can use for s even

10 0 10 0
Qseven)(3)=10 w 0 [Um |01 0 |- (6.82)
0 0 w? 00 —1
and for s odd
10 0 i 0 0
Qsodd)(3)=|0 w 0 |Ums| 0 -1 0 |- (6.83)
0 0 w? 0 0 —i
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We note that the form of (s even)(3’) coincides with (s, m)(3) for the special choices s = 0
and m = 0 as well as that Q(sodd)(3’) coincides with a special form of Q(s,m)(3), namely
for s =n/2 and m = 0.

We have to compute the form of the matrix Z(m)(3) in the basis rotated via (s, m)(3)

for the representation 3 which means

1 0 0
Q(s,m)(3) Z(m)3) Qs.m)3)=| 0 1 0 | . (6.84)
00 —1

Note that this holds for all choices of s, m and n. So, we know that LH leptons, being in the
representation 3, are always accompanied with a rotation Ry5(6) with 6 being an arbitrary

rotation angle, related to the fitting of the lepton mixing angles.

In a next step we consider the form of Z(3’), see (D.12)) and (D.13]), in the basis rotated

by Q(seven)(3') and Q2(sodd)(3), respectively. The matrix Z(meven)(3’) reads as follows

in the basis rotated by Q(seven)(3’)

1 0 O
Q(seven)(3)' Z(meven)(3') Qseven)(3) =] 0 1 0 (6.85)
00 -1
and in the basis rotated with Q(sodd)(3') it reads
1 0 O
Q(sodd)(3) Z(meven)(3) Qsodd)(3)=| 0 1 0 : (6.86)
00 -1

Hence, in both cases we need a rotation Ry5(0g) for fields in the representation 3’, i.e. RH neu-
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trinos. Doing the same for the matrix Z(modd)(3’) in the basis rotated with (s even)(3')

-1 0 0
Q(seven)(3)' Z(modd)(3") Q(seven)(3)=| 0 1 0 (6.87)
0 01
and in the basis rotated with Q(sodd)(3), we find as well
-1 0 0
Q(s0dd)(3")" Z(modd)(3)Qsodd)(3)=| 0 1 0 |- (6.88)
0 01

Thus, in both bases the free rotation due to Z(modd)(3') is given by Rs3(fr) among the

RH neutrinos.

6.3.3.2 Constraints from and on light neutrino mass spectrum

A further step is to check the relevant combination in (6.32) for (seven)(3’) for which we

find
1 0 O
1
Q(seven)(3')TMglﬂ(seven)(?)*:ﬁ 01 0 (6.89)
0
00 -1
as well as for Q(sodd)(3") which leads to
-1 0 0
1
Q(sodd)(?,’)TMglQ(sodd)(3’)*:ﬁ 0 10 |- (6.90)
0
0 01

Using these results we see that for the combination analogous to the one shown in (|6.36))

(you have to change the rotation plane for R;;(fr)) the following holds
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for m even and s even: the structure of the matrix is trivial, i.e. diagonal.

for m even and s odd:

yr 0 0 y 0 0
0y 0 | Ria(=0r)Qs0dd)(3)" Mz Q(s0dd)(3")* Ri2(6r) | 0 4, 0

0 0 Ys 0 0 Y3
—y% cos20r  —yi1y2 sin20g 0
1
=5 | ~wiy2sin20g  y3cos20r 0 (6.91)
0
0 0 y§
for m odd and s even:
v 00 vy 0 0

0 y2 O Ras(—0r) Q(seven) (3 Mz Q(seven)(3')* Ros(0r) | 0 v 0
0 0 w3 0 0 wys
y? 0 0
=— | 0 y3cos20r ypys3sin20p (6.92)

0 yoy3sin20r —y3 cos20r

for m odd and s odd: the structure of the matrix is trivial, i.e. diagonal.

In conclusion, either the structure is trivial and we obtain a direct relation between the

Yukawa couplings and the light neutrino masses of the form

(6.93)

or this holds for only one of the three neutrino generations, whereas the other two belong to
a sub-sector that requires further diagonalization, in a way discussed already for Case 1. We

present one of the cases as an example below m even and s odd The lepton mixing
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matrix is in this case

U = Q(m,s)(3) Riz2 (0, — () diag(%i, 1,1). (6.94)

with

my + mo — \/m% + m3 + 2mymy cos (40R)

tan?( = (6.95)

my + ms + \/m% + m3 + 2mymy cos (40g)

The Yukawa matrix Y5 (Yp) is constructed from (??), using the expressions of Q(m, s)(3)

and Q(m, s)(3') corresponding to s—even and t—odd. The parameters y, are defined in this

case as
2 My 2 2
yio= 55 (= m + \/m1 + m3 + 2mymgy cos (40g) ) sec (26g) ,
M,
Y2 = 72002 <— my + my + \/m% + m3 + 2m; my cos (4«93)> sin (20g) , (6.96)
o Momg
Ys = UQ )

which are real for —7w/4 < 0 < 7/4.

6.3.3.3 Numerical Examples

Here we present two numerical examples for the mixing patterns of Case 3a and Case 3b.1.
The example for case 3a is taken from [9]. It also appears in [264] in the discussion of
neutrinoless double beta decay. The example for Case 3b.1 appears in [9] as well as in [264],

where unflavored leptogenesis in a “classical" type 1 seesaw scenario is analyzed.

Case 3a

For the mixing pattern of Case 3a, we choose

n=17 and m=1. (6.97)
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S ‘ O  sin®6, Jop sin I sin « Iy sin 3
s=21] 231 0.304 0.0319 0.969 0.144 0.712 0.0126 0.820
s=21 3.05 0.304 0.0060 0.184 —-0.144 -0.712 0.0018 0.119
s=31]0.134 0.335 —0.0095 —0.280 0 0 —0.0028 —0.190

Tab. 6.3: Example for mixing pattern of Case 3a. The parameters n and m are chosen as
n = 17 and m = 1. This entails as values for the reactor and the atmospheric mixing angles:
sin? 0,3 ~ 0.0225 and sin? 0,3 ~ 0.607. Note there are two different best fitting points for the
choice s = 2 that indeed lead to different results for the CP phases  and 3. The Majorana
phase « only changes sign. The fact that there is only one value for s = 3 is related to the
question whether the solar mixing angle can be fitted to its experimental central value or
not. If it cannot, then there is only one value of ff and it also entails that sin o vanishes
exactly. For details see [9]. As in all other cases k; = ko = 0.

Note this time there is no additional constraint on the choice of the index n apart from
that the resulting lepton mixing angles should match the experimental data well. The only
constraint on the group is the request to use one of the series A(6n?), since the generator
b is needed which is not part of the groups A(3n?). For m we have chosen the smallest
non-trivial value, as already mentioned above. Effectively a small ratio m/n (or close to
one) is needed for achieving small ;3. Regarding the choice of the CP transformation X (s)
there are, indeed, in total 16 choices and all of them lead to a reasonable agreement of the
lepton mixing angles with experimental data. However, we restrict ourselves to two choices
only. Some of them like s = 0 and s = 8 lead to CP conservation (either due to symmetry
or rather accidentally) and values s > n/2 usually reproduce results like the corresponding

value s =n — s < n/2. The two examples for CP transformations are characterized by

s=2 and s=3. (6.98)

In table we show the results for the parameter 6y, the mixing angles and the CP

invariants and CP phases.
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O sin®fy3  sin?61,  sin?0y3 Jop sin & I I sin o = sin 3

S =
S =
S =
S =
S =

1.31 0579  0.318 0.0220 0.0312 0.936 —0.147 —0.0104 —1/v/2~ —0.707
1.83 0.421 0.318 0.0220 —0.0312 —0.936 —0.147 —0.0104 —1/v2~ —0.707

1.83 0.645 0.319 0.0216 —0.0237 —0.739  0.208 0.0144 1
1.31 1/2 0.318  0.0220 —0.0338 —1 0 0 0
1.83 1/2 0.318  0.0220  0.0338 1 0 0 0

Tab. 6.4: Example for mixing pattern of case 3 b.1). The parameters n and m are chosen as
n = 8 and m = 4. Note there are two different best fitting points for the choice s = 1 and
s = 4. As in all other cases k; = ko = 0. Due to that sin o and sin # are not only coinciding
in magnitude (coming from the choice m = n/2), but also in sign.

Case 3b.1

For the mixing pattern of Case 3b.1, we choose like in [9] and [264]

n=8 and m=4. (6.99)

This combination fulfills the request m/n = 1/2, see above. And indeed with this choice the
sines of the two Majorana phases o and 3 have the same magnitude, compare [9]. We select

three choices of the CP symmetry

s=1, s=2 and s=4 (6.100)

that all lead to at least one non-trivial CP phase. The particular choice s = n/2 = 4 gives
trivial Majorana phases and maximal Dirac phase (as well as maximal atmospheric mixing,
see table [6.4). Again, some values of s like s = 0 lead to no CP violation at all and other
values of s like s’ = n—s > n/2 only produce results equivalent to those of s < n/2. In table
6.4] we display the values for 6y and the results for the mixing parameters. We note that
again we only display the best fitting value of 6§ and that we — for completeness — display
two such values for the choices s = 1 and s = 4. This example is only one of the simplest

ones, since n is small and thus we need to have m = n/2 in order to accommodate the lepton
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mixing angles well. For richer structures see tables and figures in [9].

A final comment regarding the numerical examples: since these are all taken from [9],
the value of 6 is always adjusted in such a way that the x? for fitting to the experimentally
measured mixing angles is smallest. However, in principle 8 can vary a little and the lepton
mixing angles are still compatible with experiments at the 3o level or better. This can be
easily taken into account, as indeed done in the analysis of leptogenesis and neutrinoless
double beta decay in [264]. This can also impact the resulting values for CP phases. Thus,

it should be noted that the values given here are only the ones for the best fitting case.

6.4 CP Asymmetries

Including the small mass splitting of the RH neutrinos, their out-of-equilibrium decays can
generate np via resonant leptogenesis [257, 258]. The CP asymmetries €;, due to the decay

of N; and in the lepton flavour « read

e ;glm (A aifip.ag) Re ((m})mD)) Fis (6.101)
with 7ip being mp in the RH neutrino mass basis and F;; related to the regulator that is
proportional to the mass splitting of N; [267].

We find the real part of (m})mD)zj to be zero, if either : = 3 or 7 = 3. Hence, €3, = 0
for all @ and €;, only has one contribution for i = 1,2. The imaginary part of M, ,17p a2 18
proportional to sin 3 ¢, for even s and to cos 3 ¢, for odd s, independent of the flavour . If

a is summed over, €; and €; both vanish. For strong NO and even s, the CP asymmetries

€10 Tead

€la ~

% (=295 +y3 (1 — cos 29R)) sin 3 ¢, sin Vg sindy o Fia, (6.102)
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and for strong 10, we find

Y1y

9 (=295 + yi (1 + cos29g)) sin3 ¢, cosIp cosVy o Fia, (6.103)

€la

with U1 o = V1 + padn/3 and p. = 0, p, = 1, p, = —1. For strong NO (IO) ¢, becomes
very small, if Vg ~ 0, 7 (Vg =~ 7/2,37/2). In addition, F;; vanishes for cos29r = 0. The
CP asymmetries €, are the negative of €1, with Fj5 being replaced by F3;. We note that

different values of s can lead to the same value of ¢,,. In particular, we find
€ia(5) = (—=1)° €ia(n — 5) = €ia(n/2 — 5) = (1) €0(n/2 4+ 5) for s <n/2. (6.104)

Egs. (6.46)), (6.102)) and (6.103)) show the close correlation between CP violation at low and
high energies.

6.5 Decay of Heavy Neutrinos

In this section, we study the decay lengths and branching ratios of the heavy right-handed
neutrinos in different cases of lepton mixing. Firstly, we discuss the decay lengths of the RH
neutrinos using their decay widths and identifying the enhanced residual symmetry (ERS)
points. The decay lengths near the points of ERS tend to be the longest. We discuss the
results in different cases of lepton mixing as well as for different neutrino mass hierarchies.
Secondly, we calculate the branching ratios for the decay of RH neutrinos by using the partial
decay widths for the relevant processes. We then discuss the results for branching ratios for

all RH neutrinos as well as their different decay modes.
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6.5.1 Decay Length

The decay widths I'; of the RH neutrinos /V; are given at the tree level by

A A

.~ (V) Vp)s M= (M} 1iep)i

8T 8 12

M, (6.105)

where the form of Y} is determined by the choice for generator Z of the Z; symmetry and
the choice of the CP transformation X. Despite this dependence on the generators of Z,
symmetry and CP transformation, we will see that I'; is independent of value of n and
depends only on odd/even behaviour for parameters s,¢ and ml?]

For M in the few hundred GeV range, we expect y; ~ 1077 and thus mostly non-prompt
decays at the LHC. To enhance the production cross-section at colliders, we can embed our
minimal scenario in the SM with extended gauge symmetry. If the RH neutrinos NV; are
charged under the new gauge group, they may be produced through the decays of the new
gauge boson(s) (for detailed discussion, see sec. :

6.5.1.1 Casel

The expressions for decay widths of the 3 heavy RH neutrinos in this case do not depend on

the values of s, and are given below :

L

M . M .
Do~ 2L (20 coston -+ 43+ 208 sin ) . Tom D (o cos? g+ 208 418 sin? )

M .
Ny ~ o (7 sin®Ur + v} cos” ) - (6.106)

In Case 1, strong NO and strong IO corresponds to y; = 0 and y3 = 0 respectively, i.e. the
lightest neutrino becomes massless. If Vg ~ 7/2, 37/2 (for strong NO) or dr ~ 0, 7 (for
strong 10), i.e. ¥ close to points of ERS, N3 can have a very long lifetime, since I's tends to
zero. Thus, N3 can be searched for with the long-lived particle detectors. The decay lengths
L for N3 are shown in Fig. for different values of M and mass scale for the lightest

34 Tt might also happen that T'; is totally independent of values
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Fig. 6.1: Case 1 N;o3 decay lengths plotted against 0 for different values of RHN mass
scale M (upper Panels) and light neutrino mass mq (lower panels) for My = 4 TeV.

neutrino myg. In doing so, we assume that N; are produced via a new gauge boson Z" with

mass Mz = 4 TeV, meaning the Lorentz boost factor is given by v = My /(2M). As M is

increased, there is an enhancement in L for N3 for ¥z around the ERS. The decay lengths

become more sharply peaked with decreasing my, especially for N3. N3 can be detected with

the MATHUSLA detector or can be probed at the LHC via displaced vertex signatures,

along with V; o decays, the latter giving rise to either prompt or displaced vertex signals at

the LHC, depending on the choice of ¥g.
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Fig. 6.2: Case 2 N; o3 decay lengths plotted against 0p for different values of RHN mass
scale M (upper Panels) and light neutrino mass mq (lower panels) for My = 4 TeV.

6.5.1.2 Case 2

The decay widths of the RH neutrinos in this case depends whether ¢ is even/odd and

independent of s.

t even :
M . M .
I' ~ oY (2y% cos® g + y5 + 293 sin’ 79R) , Iy~ A (y% cos® g + 295 + 43 sin’ 19R) ,
M .
I's ~ e (y% sin29p + 2 cos’ 193) : (6.107)
t odd :
M 2, .2, .2 M 2 2, .2
i~ o (y1 +yg+y3) » Do o (y1 +4y2+y3) :
M 2, .2
Dym o (v +43) (6.108)

As can be seen above, I's is independent of ¥ for odd values of ¢ and non-zero in all cases
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Fig. 6.3: Nj23 decay lengths plotted against 05 for different values of RHN mass scale M

for Case 3a (left panel) and for Case 3b.1 (right panel) with Mz = 4 TeV.

including strong NO and strong I0. Thus in Case 2, the ERS points are present only for

even values of ¢ and lies at the same values of ¥ as in Case 1 for both mass orderings,

irrespective of s values as shown in Fig. Note that similar to Case 1, strong NO and

strong IO in this case corresponds to y; = 0 and y3 = 0 respectively.

6.5.1.3 Case 3a and 3b.1

The decay widths of the RH neutrinos in Case 3a and 3b.1 depends on the combination of

(m, s) being even/odd as well as allowed mass orderings are restricted. There is an important

distinction to be noted that unlike other cases where N3 becomes long-lived, in Case 3a and

173



Chapter 6. Resonant Leptogenesis in a Model of Discrete Flavor and CP Symmetries

3b.1, it is V; for which the decay length is the longest near ERS points.

m even, S even :

Pix o (308 +63) + (4 — 13)(cos 20 — 22 sin205)) |
M |
Tyr oo (3(0F + 3 +643) — (4} — v3)(cos 20k — 2v2 sin20p)) |
1927
M |
Pam o (307 +93) +205 — (5 — y3)(cos 20k — 2V2 sin20r) ) . (6.109)

m even, s odd :

M
Dia o (307 +38)+ (0 — 9) cos20) |
~ o 2 2 2 s o
Iy =~ 192~ (3(341 +y5 +6y3) — (11 3/2)0052191%) ’
M
Dy~ o (3% +u3) + 203 — (4 — v3) cos 20) . (6.110)

m odd, s even :

M
Do o (48433 + 48+ 08— 1) cos20n) |

M
2% oo (2% +11(53 + v3) — 7(43 — ¥3) cos 20r) ,
M
Dy~ o (208 +3(s3 +43) + (43 — v3) cos 20g) . (6.111)

m odd, s odd :

M
T (4yf+y§+y§+(y§ —y§)cos219R> ,
Pom oo (207 4+ 1105 +43) — (03 — 43)(7 cos20R + 6v2 sin20r) ) |
M
Pam oo (2084303 +93) + (43 — yd)(cos 20 +2V2 sin20p) ) . (6.112)

In Case 3a, strong NO and strong 1O corresponds to y; = 0 and y3 = 0 respectively. As can
be verified, ERS points are exhibited only for even values of (m,s) with mass ordering re-
stricted to being normal ordered (NO). These points correspond to values of V5 ~ 0.8, 1.8,
obtained by setting v; = 0. While in Case 3b.1, strong NO and strong IO corresponds to

ys = 0 and yo = 0 respectively. In this case, ERS points are also exhibited only for even
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values of (m,s) but with mass ordering being restricted to IO and these points correspond

to values of 95 ~ 0.37, 1.37.

6.5.2 Branching Ratios and Signals at MATHUSLA

Assuming M > {mpy, my,,m.}, a heavy RH neutrino N; can decay into l, W, v, Z and
v, H, through its mixing with SM leptons. The corresponding partial decay widths for these

channels are

g ? (MP = miy (M2 + 23

D(N; = 1, W) = i V)i
( ) 64 7 M7 miy, (Y5 ¥p)
2,2 2 2\2 2 2
g v (M7 —mz)* (M7 +2m%) ot ¢
PN = va2) = gy i e V) VD)ias  (6.113)
202 (M2 —m2)2 .. -
(N, 5 v H) = L7 (M — miy) (Vi ¥5)ia

128w M2 mi,

The branching ratio for N; — X, where X refers to any of the three above mentioned final

states

B I'(N; = X)
BR(N: = X) =3 [T(N; = loW) +T0(N; = v Z) + T(N; = va H)] (6.114)

A production cross section op0q = o(pp = Z' — N;N;) 2 1 fb is needed at the /s = 14
TeV LHC with an integrated luminosity of 3 ab™! for at least 4 signal events at MATHUSLA
[268]. Once the RH neutrinos are produced, the different BRs for N; — ¢~ WT are predicted
in terms of the underlying Yukawa structure.

Consider N3 decay at MATHUSLA, for Case 1 we find

1:27.7:18.1
BR(N3 — e*W¥) : BR(N3 — p“W7¥) : BR(N3 — 7=WTF) = , (6.115)
8.5:1:3.7

where the ratios in the upper (lower) line are given for strong NO (IO). These are independent
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of U and s, and almost independent of M, if M > My,. This can also be seen in Fig. [6.6]
where BR(N; — [, W) remains constant for all values of s/n with M = 250 GeV, my = 0 eV
and Y tuned near the ERS. Measuring them at MATHUSLA for at least two charged lepton
flavours « [268], allows a test of the neutrino mass hierarchy at the high-energy frontier. It
could also be tested with prompt or displaced vertex signals from the decays of N; o at the
LHC. However, their BRs depend on the chosen CP symmetry X(s) as well as on 9. For
instance, for M = 500 GeV, s = 2, n = 26 and §¥g = 0.01 (i.e. ¥ close to a point of ERS),

we get
1:49:6.6
BR(N;, — e*W¥) : BR(N; — pW¥F) : BR(N, — 7=WTF) = :
173:1:1.6
1:17.6:3.0
BR(Ny — e*W¥) : BR(Ny — p=“W7¥) : BR(Ny — 7=WTF) = . (6.116)
1:3.3:48

where the ratios in the upper (lower) line are given for strong NO (I0). Note that due to
the Majorana nature of the RH neutrinos in the type-I seesaw scenario, BR(N; — (ZW ™)
and BR(N; — ¢, W) are the same.

For Case 2, the BRs have been plotted for N; and N, for different (s,t) cases that
showcase points of ERS, shown in Fig. and Fig. respectively. Similar to Case 1,
the BR for N3 decay to ¢,W is independent of ¥ and s, and almost independent of M, if
M > My,. Moreover, the BRs for (N3 — p W) and (N3 — 7 W) are equal for both NO and
IO, as can be seen in in Fig. [6.9]

For Case 3a and 3b, the BRs are shown in Fig. and Fig. respectively. Unlike
previous cases, BR for N3 decay is not constant and depends on the the chosen CP symmetry

X(s,m) as well as on ¥g.
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Fig. 6.4: Case 1 N; decay branching ratios for Ny — I, W, (o = e, ui, 7) as a function of s/n
for strong NO and strong 10 with M = 250 GeV.

6.6 Collider Signals

In this section, we discuss the collider signatures in our scenario and probe further to under-
stand their complementary nature to the prospects of leptogenesis. Firstly, we discuss the
production of heavy RH neutrinos at the colliders and our use of SM extension for enhancing
the production cross section. Next, we discuss the collider signatures at LHC for the pro-
duction of RH neutrinos, specifically the LNV processes with a really low SM background.
Finally, we present the relevant parameter space for the prospects of successful leptogenesis

and its implications for detection at LHC and future 100 TeV collider.

6.6.1 Production of Heavy Neutrinos at Colliders

To observe N; decays at colliders, an efficient production mechanism is required. In our

scenario, however, Yukawa couplings v; are too small, y; ~ 1077, for the production cross
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Fig. 6.5: Case 1 Ny decay branching ratios for Ny — I, W, (o = e, i, 7) as a function of s/n
for strong NO and strong 10 with M = 250 GeV.

section via the Drell-Yan process pp — W* — N;{, (where ¢, stands for a charged lepton
with flavour «v) to be observable at the LHC [269, [97]. We thus consider a mechanism for RH
neutrino production that does not rely on Yukawa interactions. An example is the extension
of the SM with a gauge symmetry U(1)y that is a linear combination of the symmetries
U(l)y and U(1)p_r [40, 270]. The charges of the SM particles, the RH neutrinos and one
new scalar under U(1)x are given in terms of two real parameters zy and x¢. The associated
gauge coupling is gx and the gauge boson Z’. We assume that the couplings of the latter to
all fermions are flavour-diagonal and -universal. RH neutrinos are pair produced via gauge
interactions pp — Z" — N;N;. This production channel is only kinematically suppressed by
the mass of the new gauge boson, M. If M; < My /2, the two RH neutrinos are produced
on-shell. Very similar production cross sections are expected for all /V;, since their masses
are (almost) degenerate, see Eq. (6.47)). For some values (2, z¢), the branching ratio (BR)

of Z’ to two RH neutrinos can be enhanced with respect to the other decay modes by up to
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Fig. 6.6: Case 1 N3 decay branching ratios for N3 — I, W, (o = e, ui, 7) as a function of s/n
for strong NO and strong 10 with M = 250 GeV.

a factor of 5 [271]. Stringent LHC dilepton limits [1, 2] require Mz 2 3.7 TeV for gx equal
to the SU(2),, gauge coupling, as in the so-called sequential SM. They can be relaxed for
smaller gx and completely avoided, if Z’ is leptophobic. The latter necessitates, however,
an extension with new fermions in order to keep U(1)x anomaly-free [272, 273 274] 275].
In this work, we only consider the special case (zg,rs) = (0,2), which corresponds to the

minimal B — L model [38] [39].

6.6.2 Same-Sign Dilepton Signals at LHC

For decays of N, at the LHC, one can therefore search for the striking lepton number
violating (LNV) process pp — 2" — N;N; — €§€§ +2WF — Kfﬁg + 45 (for o # [ this
process also violates lepton flavour) [259], which has a much smaller SM background than
the corresponding lepton number conserving process, pp — Z' — N;N; — (505 +WHW ™ —

E(f@ +454. In the narrow decay width approximation, the cross section for the LNV process
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Fig. 6.7: Case 2 N; decay branching ratios for Ny — [, W, (o = e, 1, 7) as a function of t/n
for strong NO and strong 10 with M = 250 GeV.

can written as

oy = o(pp = Z' — NiN;) x BR(N; = (o WT) x BR(N; — (WT) x [BRIWT — jj)]>.

(6.117)
The production cross section for N;N; is generated using the universal FeynRules output
(UFO) file for B-L-SM model [276, 277, 278] along with the MadGraph_ aMC@QNLO-v2.8.3
- Monte Carlo event generator at parton level as shown in Fig. [6.13] The BRs for N — (W
have been discussed earlier in Sec. and BR for WT — jj is already known from the
SM. The results for opnv with Yukawa structure from Case 1 as a function of heavy neutrino
mass scale My for My = 4 TeV, s = 2, n = 26 and normalized to the coupling strength
gp—r = 1 is shown in Fig.[6.14] For NO, 77-channel has the highest production cross section
and lowest the ee-channel for 1O. For 10, ee-channel has the highest production cross section

and lowest for pu-channel for IO. These results can be understood from analyzing Eq. (6.117))
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Fig. 6.8: Case 2 Ny decay branching ratios for No — [, W, (v = e, 1, 7) as a function of t/n
for strong NO and strong 10 with M = 250 GeV.

and Fig. [6.4l For points corresponding to s = 2, n = 26 in Fig. the BR for N — (W
is highest for 7-channel and lowest for e-channel in NO, s even case while it is highest for

e-channel and lowest for mu-channel in in IO, s even case.

6.6.3 Correlation with Leptogenesis

Following the formalism developed in Refs. [279, 267], we compute the baryon asymmetry
np in our scenario. For the SM extended by U(1)p_r, important washout processes, like
N;N; — Z' — ff (f stands for any SM fermion), are mediated by Z’ [280, 281]. These
affect both washout and dilution factors in the Boltzmann equations for the RH neutrino
and lepton asymmetry number densities. A lower limit on My follows for a given value of
gB—1, if successful leptogenesis is demanded. This is illustrated in Fig. for Case 1 with
gp—1 = 0.1, n = 26 and Y being a point of ERS for strong NO (I0). In addition, we choose

s = 2 in order to maximize the Majorana phase (see Eq. (6.46))) and generate higher np as
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Fig. 6.9: Case 2 N3 decay branching ratios for N3 — [, W, (v = e, 1, 7) as a function of t/n
for strong NO and strong 10 with M = 250 GeV.

well as mgp, as discussed in next section. The color graded legend indicates the value of
ns/nY*, where np is the baryon asymmetry produced in the model and 7% is the observed
baryon asymmetry of the Universe. We are interested in collider production of N through
the decays of Z’ and hence do not concern ourselves with the mass range My > My /2
indicated as the white region. The bounds from dilepton channels data studied by ATLAS
collaboration requires Mz > 4.12 TeV for gp_ = 0.1, shown as grayed out region in the
plots. As one can see in Fig. m, successful leptogenesis requires Mz 2 4.3 (5) TeV for
strong NO (IO) in Case 1. For a U(1)x model with leptophobic Z’ instead, these limits can

be relaxed to a certain extent.

An important feature to be noted in Fig. for a given point in the My — My plane,
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Fig. 6.10: Case 3a N; o3 decay branching ratios for N; — I, W, (o = e, u, 7) as a function of
s/n for strong NO, m even, s even with M = 250 GeV.

nRO > 1. This can be qualitatively understood using Egs. (6.102)) and 6.103@,

M50 exo  (yay3 (—y3 +93) sinVUra)vo  2Amg,
- ~ 2

ny o (Y (—y3 +yi) cosVra)io  AmE

tan g o > 1 (6.118)

Furthermore, the results for g from resonant leptogenesis are compared with the contours
of opoa in Fig. . It turns out that the region of parameter space in Case 1 allowing
successful leptogenesis yields opoa S 0.1 ab for strong NO at the /s = 14 TeV LHC,
which is not sufficient for the detection of decays of N3 at LLP searches. In a future 100
TeV collider, opr0q is less than 30 ab but for a fairly low background can lead upto ~ 900
events. For strong IO, the cross sections are smaller than strong NO case by at least an
order of magnitude. However, these conclusions might change in other models, if, e.g., Z’

is leptophobic. Since the production cross section strongly depends on ¢g%_;, the prospects

35 For a comprehensive quantitative comparison of g in both cases, efficiency factor for asymmetry pro-
duction needs to be taken into account.
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Fig. 6.11: Case 3b.1 Nj o3 decay branching ratios for N; — [, W, (o = e, 1, 7) as a function
of s/n for strong 10, m even, s even with M = 250 GeV.

Fig. 6.12: lepton number violating (LNV) process pp — Z' — N;N; — €§€§ +2WF —
E?;E%[ + 47 (for o # (B also violates lepton flavour)

might be improved for heavy Z’ due to the relaxed constraints on the maximum allowed
value of gg_r. For instance if Mz ~ 6 TeV, the production cross section at 100 TeV collider

can reach nearly upto 18 fb in Case 1 for strong NO.
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Fig. 6.13: pp — Z’ — N;N; production cross section as function of RHN mass scale My
at /s = 14 TeV LHC (solid lines) and /s = 100 TeV future collider (dotted lines) for
MZ’ = (4, 5,6) TeV.
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Fig. 6.14: Production cross section for same-sign LNV dilepton signals (see Sec. [6.6.2)) as
function of RHN mass scale My at /s = 14 TeV LHC for strong NO and strong 1O for
le =4 TeV

For Case 2, successful leptogenesis requires My = 4.2 (4.3) TeV for strong NO (10), with
the results for opq4 remaining same as in Case 1. For the parameter space in Mz — My
plane, successful leptogenesis occurs only for Case 3b.1 and absent in Case 3a, and requires
My 2 5.2 TeV for strong 10 as shown in Fig. [6.17. The region of parameter space in Case
3b.1 allowing successful leptogenesis yields opoa < 0.01 ab for strong 10 at the /s = 14

TeV LHC, which is not sufficient for the detection of decays of N3 at LLP searches.
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Fig. 6.15: Case 1 : Prediction of the baryon asymmetry np relative to the observed value 1% in
the plane of the RH neutrino mass M and the mass My at gp_r = 0.1, n = 26 with ¥ being a
point of ERS and s set to 2(17) for strong NO (IO) in the left (right) panel. Red points correspond
to |np| in the 50 interval around 7. The contours show opreq at the /s = 14 TeV LHC (solid)
and and /s = 100 TeV future collider (dashed) in ab.
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Fig. 6.16: Case 2 : Prediction of the baryon asymmetry np relative to the observed value n%bs in
the plane of the RH neutrino mass M and the mass My at gg_r = 0.1, n =14, s =1,t =2 (i.e.
u = 2s —t = 0) with 9 being a point of ERS for strong NO (I0) in the left (right) panel. Red
points correspond to |np| in the 50 interval around n%bs. The contours show oproq at the Vs =14
TeV LHC (solid) and and /s = 100 TeV future collider (dashed) in ab.

6.7 Correlation of Low Energy and High Energy CP

Phases

In this section, we discuss about neutrinoless double beta (0v33) decay, which is one of the

most important theorised LNV process to discern about the Majorana nature of the neu-
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Fig. 6.17: Case 3a (left panel) and Case 3b.1 (right panel) : Prediction of the baryon asymmetry
np relative to the observed value n%bs in the plane of the RH neutrino mass M and the mass My
at gp—r = 0.1, n = 17(20), m = 16(10) with ¥z being a point of ERS and s set to 10(2) for strong
NO (IO) in the left (right) panel. Red points correspond to |np| in the 50 interval around n%*.
The contours show oproq at the /s = 14 TeV LHC (solid) and and +/s = 100 TeV future collider

(dashed) in ab.

trinos. The predictions for this yet unobserved process depends explicitly on the Majorana
phases a and 5. We focus on various scenarios of lepton mixing for which leptogenesis has

been studied earlier. A nuclear isotope decaying through O3/ decay would exhibit a half-life

0vpBB
T of 1
FOV/BB — 710—1//313 — GOV |MOV|2_ Lee (6119)
m
1/2 €

where G% is the phase-space factor, |[M%|? is the matrix element squared for this LNV
transition, m.. is the effective Majorana neutrino mass and m, is the electron mass. The
values of G% and |M%|? cannot be measured independently but can be computed based on
the nuclear isotope, whereas m., is expressed only in terms of neutrino masses and lepton

mixing parameters,

2 2 2
Mee = |Upyns 11 ™1 + Upnins 12 M2 + Upnins 13 M| (6.120)
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Fig. 6.18: Case 1 : Predictions for np as a function of effective neutrino mass mgg for all
values of s for n = 26, My = 0.8(1.1) TeV with My = 4.9(5.0) TeV for strong NO(IO) in
the left(right) panel. The shaded region indicates the mgg range accessible to future Ovs3
experiments, LEGEND200 (green) and nEXO (red). The blue shaded bar corresponds to 3¢

interval around 7n%*.

that, according to the parametrization of Upyns, given in appendix 7?7, reads
_ 2 2 ) 2 ia .2 i3
Mee = [COS™ O19 cOS™ 13 my + sin® O15 cos” 013 €' my + sin“ O3 € mg‘ ) (6.121)

An upper bound on the effective Majorana neutrino mass has been set by several experiments,
using different nuclear isotopes: GERDA ("6Ge) [282], KamLAND-Zen (*%Xe) [283], EXO-
200 (*36Xe) [284], CUORE-0 (!3°Te) [285], and NEMO 3 (}°Mo among others) [286]. The

strongest bound on m., is given by the KamLAND-Zen experiment
Mee < (61 —165) meV at 90% C.L. (6.122)

with the largest uncertainty arising from the one of the associated nuclear matrix element.

6.7.1 Case 1

1 )
mO ~ 3 ‘ Am2, 4 2(—=1)F1tk26in? g 5\ [ Am2,,,

NI . (6.124)

: (6.123)

1 .
mi9 ~ 3 ‘1 +2(—1)" cos? § %%

ee
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Fig. 6.19: Case 2 : Predictions for np as a function of effective neutrino mass mgg for all
values of ¢t for u = 2s — ¢t = 0, n = 14, My = 0.8(1.1) TeV with Mz = 4.3(4.3) TeV for
strong NO(IO) in the left(right) panel. The shaded region indicates the mgg range accessible
to future OvB5 experiments, LEGEND200 (green) and nEXO (red). Red points correspond

to |np| in the 5o interval around 7.

The value of the effective Majorana neutrino mass mgg, accessible in neutrinoless double
beta decay experiments, crucially depends on the choice of the CP symmetry and is in
this scenario considerably restricted [264]. For n = 26, J; ~ 0.18 and strong NO, we get
0.0018 eV < mgp < 0.0040 eV, while for strong 10, we find 0.015eV < mgs < 0.048 €V, using
the best fit values for Am?2, and Am?2, [287]. For strong IO, most of the admitted values
of mgg can be tested with the proposed experiment LEGEND [288] and all of them can be
explored with nEXO [289], whereas it is challenging to test the values of mgs predicted for
strong NO with current and future experiments. The corresponding values of ng have been
generated for My = 0.8(1.1) TeV for strong NO(IO). For NO, the My is set to 4.9 TeV and
5.0 TeV for the case of 10. These values of My and My have been chosen by analyzing red
points in Fig. [6.15] As can be seen in Fig. few values of s like s = 2,4 can explain
experimentally observed 7p for strong NO. Note that while some values of s like s = 17 can
produce correct magnitude of np but the baryon asymmetry has a negative sign implying
an anti-matter dominated Universe. It should also be pointed out that since inclusion of Z’
only contributes to the washout of generated baryon asymmetry, increasing the value of My
is akin to integrating out the Z’ from the low-energy effective theory which leads to higher

values of 7.
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Fig. 6.20: Case 3a (left panel) and Case 3b.1 (right panel) : Predictions for 5 as a function of
effective neutrino mass mggs for all even values of s for n = 17(20), m = 16(10), My = 2.8(1.2)
TeV with Mz = 5.8(5.6) TeV for strong NO(IO) in the left(right) panel. The shaded region
indicates the mgs range accessible to future Ovff experiments, LEGEND200 (green) and

obs

nEXO (red). Red points correspond to |np| in the 50 interval around n%*.

6.7.2 Case 2

., (6.125)

1 - . W\
mNO 3 VAmM2 | — 2(—1)kth2eite (Cosesin ¢2 — 7sin  cos ¢2> \/m
JAm2,. (6.126)

1 .
mlf ~ 3 ’1 + (=1)" €™ (cos ¢, + cos 20 — i sin 20 sin ¢p,,)

In this case, we set n = 14, ¥, = 2.96 and u = 2s — t to 0 implying only even values of ¢
are allowed. For strong NO, we get 0.0020eV < mgs S 0.0039€eV, while for strong 10, we
find 0.018eV < mgs < 0.048eV. The corresponding values of 7z have been generated for
My = 4.3 TeV in both cases. For NO, the My is set to 0.8 TeV and 1.1 TeV for the case of
I0. Similar to case 1, these values of My and Mz have been chosen by analyzing red points
in Fig.[6.16, As can be seen in Fig. [6.19] s = 2 can nearly explain experimentally observed

ng for both orderings.
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6.7.3 Case 3 a and 3b.1

1

(mY9)3, ~ 3 sin? 0\/Am2,, 4 (—1) cos® 0 \/ AmZ..| (6.127)
1 .

(méeo)gb.l ~ 3 }\/ﬁsin 0 + cos § e 3 ’ AmZi,. (6.128)

In case 3a for a given n, only certain values of m ~ 0,n reproduce the observed neutrino
mixing angles with allowed ordering restricted to NO. Thus, we set n = 17, m = 16 with
Y1, computed separately for each value of s/n. In case 3b for a given n, values of m which
reproduce the observed neutrino mixing angles are m ~ n/2 with allowed ordering restricted
to 10. Thus, we set n = 20, m = 10 with ¥, = 1.83. For case 3a with strong NO, we get
0.0013eV < mgp < 0.0042eV, while for case 3b with strong 10, we find 0.023eV < mgg <
0.043 €V.

The corresponding values of np have been generated for My = 2.8(1.2) TeV for Case
3a(3b.1). For case 3a, the My is set to 5.8 TeV and 5.6 TeV for case 3b. Similar to previous
cases, these values of My and Mz have been chosen by analyzing red points in Fig.[6.17 As
can be seen in Fig. , s = 2,8 can explain experimentally observed np for case 3b.1 (right
panel) while none of the s values for case 3a (left panel) satisfy the criteria. The maximum

np that can be produced in the case of strong NO Case 3a is only around 2.8 x 1071

6.8 Conclusion

We have presented a type-I seesaw scenario with a flavour and CP symmetry as well as three
RH neutrinos with almost degenerate masses in the few hundred GeV to TeV range. One
of the RH neutrinos can be long-lived enough in order to be tested with the MATHUSLA
detector, whereas the other two can be searched for at the LHC. Requiring ng to be generated
via resonant leptogenesis constrains the prospects for detecting RH neutrinos at colliders, if

light neutrino masses follow strong 10. In this case, however, future neutrinoless double beta
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decay experiments can fully probe our scenario and thus provide complementary information

to collider experiments.
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Chapter 7

Conclusions

“The answer is out there, Neo. It’s looking for you. And it will
find you if you want it to."
- Trinity, The Matrix (1999)
SM is a highly successful theory which has been tested to great precision in experiments.
It describes the fundamental particle interactions at the energy scales being probed today
~ 14 TeV. Although we can predict the outcome for most processes in particle physics with
SM, there have been few theoretical and experimental indications that points us towards
physics beyond the SM. One of the major clear indicator is the non-zero neutrino masses,
which leads to flavor eigenstate conversions during their propogation. The SM only features
left-handed neutrinos interacting only through the weak nuclear force, which renders them
massless. Since, this is in conflict with the observations, we need a BSM paradigm to explain
neutrino masses. All proposed extensions of SM feature new particles species or extended
gauge sector, which leads to new interactions for SM neutrinos. These new interactions might
play a pivotal role in the discovery of BSM physics. Hence, it becomes highly crucial to probe
and quantify the effect of these interaction in the current and future planned experiments.
For this endeavour, even theoretical inconsistencies of the SM can help us point in the right
direction.
In the second chapter, we find that in the extensions of the electroweak gauge group which
contribute to the electric charge, there are strong limits on the new gauge couplings from

the requirement that the couplings remain perturbative till the GUT scale. We obtain those
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limits for the minimal versions of U(1)g, and LRSM models and study their implications
for collider phenomenology.

In the third chapter, we develop a method to extract necessary and sufficient conditions
to ensure vacuum stability in LRSM by using the application of gauge orbit parameters in
two-Higgs fields case. We also show application of copositivity criteria and its usefulness
in simplifying the analysis for vacuum stability. We show that vacuum stability constraints
along with other theoretical constraints (pertubativity, unitarity, scalar mass spectrum) cou-
pled with RGE analysis can help us narrow down the allowed parameter space for the quartic
couplings in the potential of a BSM candidate.

In the fourth chapter, we perform a general field-theoretic study of scalar NSI of neutri-
nos with matter due to a light scalar mediator, which is valid at arbitrary temperature and
density. We find that sizable scalar NSI effects athough precluded in terrestrial experiments
are still possible in the Sun, supernovae and early Universe environments, which may be de-
tected in future solar and supernova neutrino data, as well as in the form of extra relativistic
species (ANeg) and neutrino self-interactions in cosmological observations.

In the fifth chapter, we probe the consequences of a hidden U(1) sector which interacts
with the SM neutrinos through mixing with the RH neutrinos. While for other SM particles,
it interacts only through loop effects. Assuming the most general Dirac and Majorana mass
matrices, we have derived loop-induced couplings of Z to charged leptons and quarks. We
find that future beam dump experiments like SHiP and FASER together with upgraded
collider searches will have substantially improved sensitivity on such a dark photon. Thus,
we conclude that hidden sectors might not be totally dark as previously expected.

In the sixth chapter, we present a type-I seesaw scenario embedded with a flavour and
CP symmetry. We study the prospects of baryon asymmetry production through resonant
leptogenesis as well as probe the signatures in colliders (LHC, 100TeV future) and long-
lived particle searches such as MATHUSLA. We find that neutrinoless double beta decay

experiments can fully probe our scenario and thus provide complementary information to
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collider experiments.

In summary, we discover that well motivated BSM scenarios with new neutrino inter-
actions - general neutrino interactions with scalar, type-I seesaw scenario, hidden sector
models - have experimentally testable consequences. Most of these scenarios though not
UV-complete models, but can provide the necessary bedrock to probe novel signatures and

future observations to help push our understanding into the unknown.
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Appendix A

Two-loop RGEs for the minimal

LRSM

Here we list the S-functions for the gauge couplings gs 1. r pr, the quartic couplings A1 2 3 4,
p1,2 and aj o 3 in the scalar potential (2.17) and the Yukawa coupling h; in the minimal

LRSM up to two-loop level, which are obtained by using PyR@TE [93] [94] :E]

1 11

Blos) = 15|~ Ted]+ 1622 [69?9 (20%; + 3 (997 + 99% — 5293 — 8h7)) ] , (A1)
1o 1

Blor) = 15 |-39h)+ 162 lgi (93, +3 (g7 + 493 — h?) +843) ] : (A.2)
1 7 3 1 1 3 2 2 2 2 2

B(gr) = 62 | 3 QR} + (16722 39R (2793L + 991, + 80gR + 3695 — 9ht> , (A3)
L it 5 1 L 3 2 2 2 2 2

BlgsL) = 62 |3 982 T (16722 9IBL (12293L +3 (99L + 819k + 895 — 2ht)} A)

36 Note that some of the one-loop coefficients obtained here are different from those in Refs. [T13 [114]. In
particular, the coefficient for gr in these references is —5/2, while, with the same matter and scalar fields
that contribute to the running of gg, we found it is —7/3.
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B(A2)

1 73
o2 {8 (3g;§ + 29797, + 3gj§) +16(202 + 422 + 22 +3)2)
5
+30% + 3arag + a3 = 6 — 0N (g7 + gh) + 160 + 120
L1 29148 23545 (- 191g% 9k} L 69
(1672)2| 16 16 L 16 4 8

5 2
+9128L <24a% + 10@% + 240 a3 + g)qh? — 3h?>

+ 15)\3>

1
g7 (123, (30h7 — 69X, — 56X3) + 629g7,

48

=72 (15047 + 8 (13M7 + 8As A\ + 443 + 1843) ))
or2 157\

+gh <30a1 + 1505 — =1+ — L 15)\3>

45
+o% (48a§ 1708 + 48ay05 + A hE + 156X + 4803 + 216)] + 96/\1)\3>

29
—300[%/\1 — 2401%)\1 - ?ag)\l - 300&10&3)\1 — 1920&%)\2 - 960[3)\3 - 1440[10&2/\4

13a3

—T2003\ — 1203 — — 48105 — 19003 — 18afas — 243
+16g2h7 (5X1 — 2h7) + 36h{ — 12X hy — 96h7 (2X7 + 43 + A3 + X3 + M1 s)

—456)% — 3843 — 345601 A3 — 704\ N5 — 2208\ A3 — 3328 A\

—1792X3)7 — 352X\ — 5632\3)3] A
4 1 2
1 3
1672 [1”3 + 305 + Jehi = 9] + gR) + 200 (M +2)5) + 12A2h§]
1 3
+W [ — 240&%)\1 - 300&%)\2 + 240&%)\2 + 5@%)\2 — 30@1043)\2 — 24&%)\3

5
—3601 a2\ — 18anas\y — 2405 — 120503 + 24a5g%, + g/\gg%th

57 45 Oht

2 o 45 ., 9K 2
+gR 480(2 —+ ?)\th — 372 + 54)\4 + 72)\1)\2 + 288)\2)\3
231 143
+80Nog2h7 — ?/\Qg% — ?Agg;g — T20\3h7 — 36X9h)

— 144\ \oh? — 288Xa\3h? + 38405 — 512XA5 — 4320\, 0]

—1248X502 — 480302 — 488\2 )\, — 1312A1A2A3] : (A.6)
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B(A4)
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+9603a; + 14aia; + 5ai + 48a3as — 6 (204% + 2a3a; + 8aj + ag) g

+6 (207 + 20501 + 83 + a3 ) h} + 192} + 160p3 + 312103 + 176 p2)

—2 (300 + 15a3 + 154p; + 96p2) g — 3 (12a§ + 12030, + 4802

+303 + 17607 + 8003 + 1280192 ) g7, + 3397 ] , (A.9)

199



Appendix A. Two-loop RGEs for the minimal LRSM

B(p2)

5(041)

1
63 [39122 (97 — 4951) — 3 + 1202(2p1 + p2) — 12p2 (207 + 91 ]
1 2 4 2 2 2 4
+m l?’ (293L (1439R + 5002) + 4951, (9 (—4p1 + Tp2) g + 739k
+18 (2p1 — p2) p2) — 3 (—4a§p1 — a3 py + 20 a3p9 + 2005 py
+80a3py — 203 — 4araj + 3a397 — 3azh; + 8ps + 224p,p3 + 224p§p2)

+4 (9p1 + 8p2) gR + 144p5 (201 + ,02) - 11993)] (A.10)

1
1672 [69}12 + 407 + 1603 + a3 + 4ag (A + 2X3) + 48y + 8az( A + A3)

3
+8ai1(2p1 + p2) + 203(3p1 + 4p2) — 5@1@9% + 11g3, + 493,) + Galhfl

1 [24545
(16x2)2| 6

167 g1 (o1 — 40as) + gy, (—4}1? +
) (g s 347
b ( 6h + 2l + 50ag + 100A, -+ 40X + 801 + 40,02)

3
1/ (60g7 — (1501 + ) g7 — 2 (1501 h7 + 40} + 1603 + o}

6403 + 64ashs + 3201 (A1 + 2X3) + 384an)y))

11 45
A T 4

— 309r9BL — 297951 (th — 10ay + 19a3)
268041

+ 30a3)

+9% (11a§ + 4403 + —hZay + 12003\ + 603\

+48c1 A3 + 2433 + 288y + 25601 p1 + 108ai3py + 1281 ps + 1O4a3p2>
+923L <404% + 160&% + Oz% + 48a3p1 + 64z po

+o (56h§ + 32 (4p1 + 2,02))) — 64aqazpy — 801 p1pa — 64aizpr po
—1503 — 60 — 12h?a? — 48h2a3 — 1720105 — 3hZal 445a1a§
—10001 A — 320302 — 9600 A2 — 768a3\5 — 16001 A2 — 12803\
—2400; \] — 144a3\] — 80a p — 24azpt — 1200 p3 — 960305

(A.11)
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5(042)

—18htay + 40g2hia; — Tajas — 80asas — 120aiA; — 224a5\

—30a3)\; — 120h%a1 A — 48hZas )| — 6dagash; — 76803\ — 48a7 s
—32003A3 — 12033 — 48hZa; A3 — 48h aisAs — 64 asAs — 80 A A3
—64as\ A3 — 288hZan g — 5760 a0y — 1920030y — 576\ Ay

—1152a9 X904 — 5760 A3 My — 9602 py — 38405 p; — 24aip; — 48 ai3py
—48aipy — 192apy — 12043,02] , (A.12)

1

3
o2 l — 5042(39% +11g% +4g3,) + 6(201 + az) Mg + dag (A + 12X + 4)3)

+8a2(2p1 + p2) + 40&2(2061 + 063) + 6062}7,?]

1 243, 45, . 4 (2027 268
6wy [ = g oash + g oasi + g (S0 60M) + oasy
3
F4005g2h% + S g2 (2 (4 (az (a3 + 88Xy + 96X0 + 32)3)

8
+1203\ + 201 (a2 + 12)4)) + 15047 )

+912~z (240&2)\1 + 2889 Ao + 96052)‘3912% + 7201 Ay + 3634 + 2560&2p1

+128aips + 2201109 + 11asas + f&gh?)

+éaggj§L (24 (201 + a5 + 32p1 + 16p2) + 12097 + 5h7)

—36a2A\% + 192052 — 2400502 — 1120109001 — 560003\ — 3840 g\
—192c5003 A9 — 384 A Aa — 160y g3 — 80cgais Ay — 144aig A A3
—384a M0 A3 — 7202 Ny — 28803y — 3003y — T201a3)y — 144 A Ay
—T203A1 g — 2881 Aoy — 1443 oy — 14401 A3\

—T203A3 4 — 80a2p% — 120a2p§ — 192a1a0p1 — 9620301 — 961 p o
—48asaigpa — 80aaprp2 — 60043 — 44904204§ — 4304%042 —43a1 a3 — 30042h;1
—12h2 (2001 + 240y + 8ao)s + 6ay Ay + 3ashy + 2010 + azas) |, (A.13)

(A.14)
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5(043)

B (he)

1
1672

3
lélag — 5043 (Bg% + 11g%2 + 49?91:) + 8arag + das(A — 2)3)

+4053(p1 — 2p2) + 60(3h%]

+(1671T2)2 [83804394BL + (139]28L (14491%5 <4a3 + h?)

+a3 (24 (201 + a3 + 8 (p1 — 2p2)) + 5ht2))

—418% (—18¢7 (16011 + 8as + Tg%, + 30k} + 64X, — 128);)
~12g% (8801 + 44as + 45h7 + 160p; — 320p,)

—12 (—448a;, A1 — 224a3); + 1280, A3 4 64z g — 768\
—384a1p1 — 192a3p1 + 1281 p2 + 64z ps — 12404%

—48a3 — 2903 — 124aya3 + 160g2h7 + 384)3 + 1920}

—48 (201 + az + 2X\; — 4X3) b — T2h} — 1447 + 23043

+192\ A3 — 128p% + 2882 + 192p1p2) + 729g7 + 11539312) ] : (A.15)

9 9 1
162 l— hy <89§ + ZQE + 1912% + 69]23L> + 5h?]

1 1 2 2 2 2 2
 i62E [ — mht< — ghy (4 (—80% + 31h7) + 2797 + 2797
~97ghs, + 3 (997 (2797 — 48¢% — 86h7)

+2 (— 997, (2492 + 43h7) — 992g3h7 + T8g}, + 25929

+3 (—1207 — 4803 — 903 — 120105 + 64 (20 — As) by

+136h) — 80A] — T68)3 — 1283 — 192)] — 64\1)s ) ) + 2527 )] (A.16)
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Appendix A. Two-loop RGEs for the minimal LRSM

To see how the fermions get their masses in the LRSM, we write down the Yukawa

Lagrangian:

Ly = hiQL0Qg +hQPQr + h'pDibr + hip Dy

+/rYpCinArr + He. (A.17)

where ® = ,®*0y (03 being the second Pauli matrix) and C' = iy, is the charge con-
jugation operator (v, being the Dirac matrices). After symmetry breaking, the quark and
charged lepton masses are given by the generic formulas M, = hik+ hix' for up-type quarks,
My = hir' + hix for down-type quarks, and similarly for the charged leptons, where we have
neglected CP violation in the fermion matrices. To account for the SM fermion hierarchy,

we set k' /k ~ my/m; ~ 1/60, then the top and bottom quark masses are respectively

my =~ hizk =~ hivew, mp =~ hize + ;Lg:s’fa (A.18)

with hly and hi,; the (3, 3) elements of the h? and h9 matrices. It is expected that for the
bottom quark mass hly < hi; ~ O(1). With the first two generation quarks much lighter
than the third generation in the SM, we consider only the RG running of h; = hi; in the
quark sector, as shown in Eq. .

In the lepton sector, the tauon mass m, ~ hik’ + hisr (hs and hi, are respectively
the (3, 3) elements of the k' and A’ matrices), which is closely related to the Dirac mass
matrix for neutrinos mp = h'x 4 h's’. The elements h%; and hS; cannot be very large for
TeV-scale RHNs, or we need fine-tuning or large cancellation in fitting the charged lepton
masses and the tiny neutrino masses. Thus we have neglected also the matrices h¢ and A’ in
the S-functions above. For the RH scale vg 2 10 TeV, as implied by the scalar perturbativity
constraints in Figs. and [2.8] if the RHNs are all the TeV-scale, say My ~ 1 TeV, the
Yukawa coupling fr ~ My/vg < 0.1, and we do not include it either in the S-functions

above.
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Appendix B

Limiting cases for scalar NSI

expression

B.1 Limiting cases for scalar NSI expression

In this Appendix we evaluate the self-energy given in Eq. corresponding to the tadpole
diagram of Fig. [f.1 We shall evaluate only the fermionic contribution to Eq. (4.14), from
which it is easy to read of the anti-fermionic background contribution as well. We also
provide an exact expression for the medium-dependent neutrino mass, which can be evaluated

numerically.

B.1.1 Case 1l: p>my>T

Breaking the integration limits and expanding the occupation number as an infinite series,

we can write Eq. (4.14) as follows:

MfYapYs 2 2 my
Amyes = 5 5 | |Hy/#? —mF+msln
2m2m ([ e A\ —mG
00 1 e
+ > (=1)" [ dE " FWIT\ JE2 —m3 + | dE e "W/ B2 — m;D .
n=1

my o

(B.1)
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Appendix B. Limiting cases for scalar NSI expression

As T — 0, the first term in the series dominates the result. We know that sum over all
momentum states weighted by occupation number yields the number density. Inverting the

relation to obtain u, we get:
W = (372Np)3 +m? =~ (3n°Ny)3, (B.2)
where in the second relation we assumed g% > mfc. Thus, for p1 > my we have

2
YapYy my (3Ng\3
Attap = m;Q(W) ’ (B:3)

as given in Eq. (4.16).

B.1.2 Case 2: T'< < my

When p < my, the expression for ¥ of Eq. (4.14) can be written as a weighted series of

modified Bessel function of the second kind:

MyYapYs 1 myT /T nmg
Amyap = 72m? Zl - W R, ( 7 ) (B.4)

For z — 0o, we can use the asymptotic form for K, (z) :

T 42 — 1
K, ~ e % 1 o B.5
(2) € 22 ( + 8z + ) ( )

Due to the exponential suppression, the n = 1 term in the sum will be dominant in Eq. (B.4)).

This yields:

3
2U Y T\?2
Amy, a5 ~ YiYep (n;; > e (ms=m/T (B.6)
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Appendix B. Limiting cases for scalar NSI expression

To relate the above function to the number density N¢, we use

d3k 1
) Eu/T_|_1

(2
1 \/ _mf
F/m eE-m/T 1
1 o
*Z

Ny = 2

= / dE E\/B? —m3 e F=n/T(— 1yt
e 2T nm
_ n+1 n,u,/T f)
- }j ! e (T . (B.7)

Using Eq. (B.5)) in the expression above and retaining only the dominant n = 1 term, we

have

3
me>2 ~(myg—p)/T
Ny o~ 2 (B /T B.8

! ( 2m ‘ (B-8)

Thus, the medium-induced neutrino mass in the limit 7' < p < my evaluates to:

Amy, g ~ yfyaﬁ]\ff, (B.9)

mg

as given in Eq. (4.15)).

B.1.3 Case 3: p<my T

For z — 0, the asymptotic form for K, (z) is:

K, (z) ~ "W (Z>_V . (B.10)

Using the above in Eq. (B.4), we can write the mass correction as:

M yYapYs r T2 o
Amy,ap =~ 2 Zl 1 w/T (B.11)
sy T?
= TIBI Ly (—et/T), (B.12)
7Tm¢
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Appendix B. Limiting cases for scalar NSI expression

where Li,(z) is the polylogarithm. In the case |z| — 0, Li,(—e*) ~ —(1 — 27")((n). Using

this one obtains:

gy T
Yrbasr” (B.13)
12my

Again using Eq. (B.10)) in Eq. (B.7) and retaining only the n =1 term we get:

Ay a5 =

Ny~ =2 o) (3) (B.14)
~ ———/1a(—€ = — . .
! a2 3 o272

Thus, the scalar NSI expression for ;1 < my < T evaluates to:

2
2 3
Yapysmy [ 7 Ny
Am, g =~ , B.15
el = T (12«3)) (B.15)

as given in Eq. (4.17)).

B.2 Calculation of neutrino self-energy in neutrino
background

Here we evaluate the neutrino self-energy arising from a neutrino background as given in

Eq. (4.31). We can rewrite the delta function in Eq. (4.31)) as follows:

P\? 2 1
J [(k—i—) —-m ] = ——0(cosf — cosby), (B.16)
2 ’ k|[p|
where
k2 — K2+ 2 —m2 4k
cosly = — bl 1~ My T ko (B.17)
|k|[p|
Using kinematical arguments and | cos 6y < 1, we find the range for ky and |k|*:
ko s {2 tmyo0b, kP {2 kP (B.18)
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Appendix B. Limiting cases for scalar NSI expression

where

2
1
bz = (1615 Il b — i+ 03 12 (B.19)

Changing the integration variables to spherical coordinates and integrating over cosf we

obtain:

kmax |k‘2 ﬁ .
Z;ﬁ - _ ycwgvﬂ 0' dko/ + d|k|2 (k + 2 +m )2 _n, (ko 4 po) ) (B.ZO)
1672|p| Jimin k|2 K — k242 — m¢;rmy 2

This contribution can be decomposed as given in Eq. (4.22)). By defining

7 /oodk: (ko) In | 0P~ : Ky —mi (B.21)
= 0 Ny (rRo) N , .
my kOpO _ 2 + ‘p’ /k? m2
the quantities Jy, J,, J, in Eq. (4.24) can be written succinctly as:
T = —2m, T, (B.22)

Jp =~ +m2—m3) T —2lp| [ dko ny(ko)\/k§ —m?., (B.23)

J 2 [ dky Ko (ko) 1 kopo_pQ ks —my (B.24)
v = = 0 ko My KRo) 1 .
v kopo — — |pl\/k§ —m?

These integrals (J,,, Jp, J,) cannot be evaluated analytically in general. However, they may
be evaluated in the high temperature limit. For this purpose we set m, to zero and assume
the chemical potential p is small. This condition should be realized when the results are

applied to early Universe. The integrals in this limit are evaluated to be:

2v/2|p|T
Jn &~ —2m,Tn2 1n< ‘ﬂp’ > (B.25)
¢>
272 2v2[p|T
J, 7T|p|—|—|p|2Tlr12ln(\/_E)‘), (B.26)
3 mg
272 167|p|T
J, o~ I (12g’(—1)+1n(6ﬁ|2p|>>. (B.27)
6 mg
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Appendix B. Limiting cases for scalar NSI expression

These results have been applied to derive the energy shift for neutrinos and antineutrinos in

Sec. [4.2.2] see Eq. (4.33)).

Similar calculation can be performed for the case of thermalized scalar field ¢. By defining

kopo + p* + |ply/ kg —m3 (B.28)
kopo + p* — \p\\/kg - mi ’

the contribution from thermal ¢ to Eq. (4.24)) can be labeled as J%,J?, J¢ and given by:

m? p?

76 = /Oodko ng(ko) In

me

J? = —2m, 1, (B.29)

J]? = —p2 I¢+2|p|/m¢ dk‘o 7’L¢(l€0)\/k’8 —mi, (B30)
. 0 kopo + p* + |ply/k§ —m

Jo = —2/ dko (ko + po) ny(ko) In 2 S (B.31)
Mg kopo + p? — |Pl\/kg — m3

These terms should be added to the terms J,, J,, Jn, of Eq. (4.24) so that they become
Jp + J]‘f, Ju+ J?, Jm + J2. The results of the matter-dependent neutrino mass will go

through with these replacements.

B.3 Examples for finite medium effects in relativistic
cases

Here we work out Eq. (4.46) in the relativistic limit for two different density profile distri-

butions.

B.3.1 Constant density distribution

For a relativistic medium like electron background in supernovae, the quantity (ff) in

Eq. (4.46]) takes the form:

(fflsn = % <37TM>§ . (B.32)
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Consider a constant density distribution such that
Ni(r) = Ni0)O(R—7)., (B.33)

where R is the radius of the constant-density spherical body. Plugging the (ff) in Eq. (#.46)

yields a general form for scalar NSI in relativistic media with g > m; > T :

2

o 3\3 r .

Ay a5(r) = Yos U1 4 ()3 (e_m‘”/ xN?/S sinh (mg ) dx
mgr 2 \T 0

+ sinh (m 1) / x N?/‘g e Mot dm) . (B.34)

For number density profile in consideration, the above equation yields:

: (F. (r<R) (B.35)
N 3 < = )
Amy,ap(r) = Yor U7 (3 f(0)> X {
2mg T m F. (r>R) , (B.36)
where

md)R—l—l —ms R .
F.=1—-—- ¢ h B.37
- o e sinh (mg 1), ( )

—m¢ T
F. = em . [my Rcosh (mg R) — sinh (my R)] . (B.38)
¢

Note that the pre-factor in Eq. (B.34) matches the scalar NSI contribution calculated in
Eq. (4.16) assuming point contact interaction.
For the non-relativistic case our formalism gives the same result derived in Ref. [I58] and

given below:

Ay ey = P28 Nr(0) {F < =R (8.39)

mg F. (r>R) (B.40)

where the functions (F., F.) are identical to the ones in Egs. (B.37) and (B.38).
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B.3.2 Exponential density distribution

Given a relativistic medium (g > my > T') with the following number density profile:

Ni(r) = Ni(0)e " O(R—r) (B.41)

where R is the radius of the spherical body in consideration, Eq. (B.34) yields:

2 G (r<R) (B.42)

. 3IN:(0)) 3 < )

Amy,ap(r) = gﬁyf< i )> x{
Mg T T G- (r>R) , (B.43)
where
mer 3mir 2\ 9 9 221
G 2xmy | € Y A —r(2 +my)
< = €
; (g~

sinh(mgr)(meR + 228 + 1) —R(Z+myg)
- (o + D)2 o o
¢ 3
m2 (2R _ 1) - A2 2AR 2 4\
G. — sinh(m¢R) ¢< 3 ( ) 4)\92)(2 3 ) e*(m¢r+¥) ( mi)\2)2 —mgr
) 2
my — =5 3 My — ~9-
m3 R 422 Rmy  4xmy \
— —_ 2\ R
+ cosh(myR) | —2 ) 122 et (B.45)
2 2
(m3 = %)

Similar analyses can be done for other relativistic cases such as for early Universe cosmology
(u < my < T) albeit with a different pre-factor.

For an exponential density distribution with a cut-off in the non-relativistic case we
obtain:

Yas Y5 Ny(0)

m¢7’

K. (r<R) , (B.46)
Amy, ap(r) = {

K. (r>R) , (B.47)

where we can obtain the functions K. and K< by replacing A — % in G- and G- respec-

tively, i.e., K(\)s(<) = G(3A/2)>(<). This expression is in full agreement with the result of
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Ref. [I58].

B.4 Calculation of thermal mass for the scalar field

Here we carry out the evaluation of the self-energy diagram of ¢ to calculate its thermal
mass. As shown in Sec. ¢ can develop a medium-dependent mass, which is given by
Eq. (4.66]). This contribution can be written as:

M = M;+ My, (B.48)
where
dp P’ L'y(k+p/2)
_ 2 2 P 2 f
M, = 4yf/ o (k . +mf> Ty (B.49)
d*p P’ I'y(k—p/2)
L2 2 2
My = 4yf/ 2n)] (k T +mf> (kb p/27 — i (B.50)

Since M; — M, with the replacement p — —p, we will focus only on simplifying the

expression for M.

o0 d®p p? 5((k+p/2)* = m?) P
_ 2 2 2 f 0
My = 4yf/_§0 ahy [ B (k - +mf> G oot <k0+2) . (B5I)

The delta function can be written as

p 2 2 1
0 (k:—i—) —m} = ——0(cosf — cosby), B.52
[ 2) ™ = Tl J (B.52)
where
k‘2— k2—|—ﬁ— 2 —|—k
cosfy = — k" + 7 = my o+ oo (B.53)

|||
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Using kinematical arguments and | cos 6y < 1, we find the range for ky and |k|*:

—p
b {2 dmpoo), I {2 ) (B.54)
where
2
1
k)2 = 4(|(pli\/I(pl)2+4kop0—4m§+4k3+p2> . (B.55)

Thus, changing the integration variables to spherical coordinates and integrating over cos 6

we get:

] g o kg — kP — &+ m3 Do
M, = — / dk/ dlk n<k+> B
1 12lp] g T e MM - lkP+e+mr U0 2 (B.56)

Integrating the above integral with respect to |k|?> and adding the contribution from both
M and M, yields:

2 (o0}
M = yi/ dko ny (ko) \/kE — m?

7T2 mg
m2 2
2ol o (Iply/& =% = 52) — kint
_ 27T2|p| mf — T / dko nf (ko) hl — 3
f (Iply/s —m3+ %5 — ki

In the limit mg — 0, the mass correction for scalar reduces to Eq. (4.67).

(B.57)
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Appendix C

Explicit calculation of loop diagrams

C.1 Explicit calculation of loop diagrams

In this appendix, we compute loop diagrams presented in Fig. in the mass basis. In
the main text, we use two-component Weyl spinors for conceptual simplicity. However,
technically it is more convenient to convert them to four-component Dirac/Majorana spinors
so that the standard trace technology can be employed. Following the same convention as

Ref. [207], we rewrite Eq. as
£5 (G2 2,T0s + (GR)I LTty + [(Gw) W Tt +he], (C.1)

where P, = (1 —75), 7% =+"Py, and

1/}04 = ) ¢z = | . (CQ)

For simplicity, we symbolically denote the relevant product of neutrino-gauge couplings by
Gx (it may stands for different quantities in different diagrams), which will be replaced by

specific couplings when actually used.
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Appendix C. Explicit calculation of loop diagrams

C.1.1 The Z diagram

The diagram is presented in the upper right panel in Fig. [5.1 We first compute the vacuum

polarization part of the diagram (i.e. without the external fermion lines):

iM,, = Gx / (;Z:;Tr[ Y PLA(q — k) 3 PLAG(K)] (C.3)

where ¢ is the momentum of Z’ and

Adlp) = ——. (C.4)

Taking into account the Lorentz structure of the amplitude, this can be further decomposed

as :
, 1G
ZM;LV - _Fﬂi [f1<mi7mj7q2) qqu + FQ(mhmj?qQ) guu} ) (05)
where
Smi} — 22m?m? + 5md  2m3(3m? — m?) m?
J—_' i ) 2 _ 7 1'% ] 7 7 7 ey
mm ) = P S o ()
21 >
+ 3 L + log <mg>] +0(¢%) (C.6)
F: iy 1Tg, ) = — L — : 1 —
s ) = 3 s (1)
2 NE 0 2
+ (mj +mj) . + log 3 +0(7) - (C.7)

The full amplitude of the Z diagram can be written as

Mz =—1Gx / (Z:;TT [V PrA(q — k) v PO (k)] AY (q) w(pi) v Prru(pe),  (C.8)
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where the most general form of A%"(¢q) in R, gauges is

A ()= g - T (1 g, (C.9)
¢ —my ¢ —&my,

We proceed with the unitarity gauge corresponding to & — oo, and the soft-scattering limit

q<<mZ:

¢—o0, g<my 1"
A (k) 5
my

By applying the result of Eq. (C.3)) to Eq. (C.8]), we obtain

(C.10)

Gx

I
2,02
16m2m7,

IMy = — {]:1(77%'77”3‘, q2) 4.9y + ‘F2(mi7 mj, qz) g,ul/} U(pl)WVPL/RU(Zb)a (Qll)

where F; and F, were already given in Egs. (C.6) and (C.7)), respectively.

C.1.2 The W diagram

The diagram is presented in the upper left panel in Fig. The amplitude reads:

4

. . 'k ——
iMy = —i Gx / W)Y PLAj(k — 1)y PLAi(ps — k)v“PLu(pQ)AEL(k), (C.12)

(2m)
where
1
AMﬁzp_m; (C.13)
—1 k. k.,

Similar to the Z diagram, we take the unitarity gauge (¢ — oco) and the soft-scattering limit

(¢ — 0). The quantity in the loop integral is proportional to

d'k
/@WVE%%_WW&&%—@W&NQHE@¢&+@&M+Q&£%Qm
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Here (C,, C}, C,) are functions of scalar invariants p? and p3. The last two terms are sup-

pressed when imposing the on-shell conditions. Focusing only on the P, term, we obtain

. G ——
iMy = 2167):2}"(mi,mj) w(p1)y” Pru(ps), (C.16)

where

2m2 + 2m?2 + 3m3, . m; log (m?/m%V) — mjlog (mj /my)

F(mi,my) = 2m¥, (m?2 —m?2) m¥,
i j
m? +m? [1 2
+ TJ L + log (752)1 . (C.17)
W W
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Appendix D

Group Theory of A(6n°) and

Representation Matrices

D.1 Group Theory of A(6n?) and Representation
Matrices

As discussed in [290], the discrete groups A(3n?), n > 2 integer, can be described in terms

of three generators a, ¢ and d fulfilling the relations
d=e, "=e, d*=¢, cd=dc, acat=ctd !, adal=c (D.1)

with e being the neutral element of the group. The discrete groups A(6n?), n > 2 integer,
are obtained by adding a fourth generator b to the set of a, ¢ and d. The relations involving

b are

V=e, (ab?=ce, bebt=d?t, bdbt=c'. (D.2)

In the trivial representation 1 all elements of the group are represented by the character 1.

The explicit representation matrices ¢(3) for a, b, ¢ and d can be chosen in the irreducible,
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faithful, complex three-dimensional representation 3 as

10 0 1 0 O
aB)=10w 0 | .0@8)=]00 |, (D.3)
0 0 w? 0w 0
14 2cos ¢y, 1 —cos¢, —V/3sing, 1—cos¢, +/3sing,
0(3):; 1 — cos ¢y, + V/3sin oy, 1+ 2cos o, 1 — cos ¢, — /3 sin ¢y,
l—cosqbn—\/gsingzﬁn 1 — cos ¢y, + /3 sin b, 1+ 2cos ¢,

with w = €*™/% and ¢, = 2* and d can be computed via d(3) = a(3)%¢(3)a(3).
The existence of an irreducible, in general unfaithful, real three-dimensional representa-
tion 3’ requires that all its characters are real. This cannot be fulfilled in all groups A(6n?),

but only, if the index n is even. In this case the form of the representation matrices g(3’) is

and d(3') = a(3')?c(3')a(3’). Note that the representation matrices g(3’) do not depend on
the index n of the group and thus lead to the same representation for all groups A(6n?)
with even n. Indeed, we can observe that the group generated by the representation matrices
g(3’) has 24 elements and thus corresponds to the group A(6 - 2%) = A(24). This group is
isomorphic to the permutation group S;. This representation together with the one generated
by the representation matrices a(3'), ¢(3’), d(3') and —b(3’) (i.e. the representation matrix
b(3’) acquires an overall sign, see [261]) are the only real three-dimensional representations
in a generic group A(6n?) with even n and 3 1 n. To see this we inspect the characters of the
three-dimensional representations. Following [261] we see that the characters x(3gen) of a

generic irreducible three-dimensional representation 3., for a certain type of classes is given
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2mi/nh=0,..,n— 1 (labelling this type of class of the group A(6n?)) and

by n7 P! with n = e
l=1,..,n—1 (I labels the different pairs of three-dimensional representations). We have to
require that all 7! for a certain representation labeled by [ are real. This is ensured, if 7~
is real for all powers p with p = 0,..,n — 1, meaning 1~ should be real itself. Hence, 21/n
must be an integer. With the constraint on [, 1 <[ < n — 1, we know that there is a single
solution to 21/n being an integer, namely [ = n/2, i. e. there is a single pair of irreducible

three-dimensional representations that are real. In this case their characters are real for all

classes, as can be explicitly checked with the help of the character table, shown in [261].

D.2 Form of the Representation Matrices for
Residual Symmetries

In the following, we list the form of the representation matrices in the representations 3 and
3’ for the different residual symmetries, used in the discussion of Case 1, Case 2 and Case
3a and Case 3b.1.

In all these cases, the residual flavor symmetry in the charged lepton sector is generated

by a which corresponds to the representation matrices

1 0 0
aB)=0 w 0 |- (D.5)
0 0 w?

The residual flavor symmetry in the neutrino sector is generated by Z.

n/2

In Case 1 and Case 2, Z is chosen as ¢/* which is in the representation 3 of the form

Z@B)=5| 2 -1 2 (D.6)
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independent of the index n, while the form of Z = ¢*/? in 3’ reads either

1 00
Z@3Y=101 0 for n/2 even (D.7)
0 01
or
-1 2 2
1
Z(3) = 3] 2 -1 2 |= Z(3) for n/2 odd. (D.8)
2 2 -1
In Case 3a and Case 3b.1, Z is chosen as bc™d™ with m =0, ....,n — 1. In the represen-
tation 3 it is of the form [9]
1+ 2 cosym w? (1 — oS Ym + V3 sin'ym) w (1 — oS Ym — V3 sin’ym)
1
Z(m)(3) = 3| @ (1 — COSYm + V3 sinvm) 1 — €OSYm — V/3 sinym w? (142 cosvym)
w? (1—cosvm—\/§sin’ym> w (142 cosvym) 1 — cosYm + V3 sin v,

(D.9)
with v, = 27mm/n. For the special values, m = 0, m = n and m = n/2, the form of Z(m)(3)

simplifies and we find

1 0 O
Zm=0)3)=Zm=m)3)=| 0 0 «* | . (D.10)
0 w 0
and
-1 2w? 2w
Zm=n/@) =73 | 20 2 - | (D.11)
202 —w 2

Similarly, we can analyze the form of the representation matrix Z(m)(3’). The decisive cri-

terion for this form is whether m is even or odd and otherwise there is no further dependence
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on the parameter m for Z(m)(3'). So, for m being even we get

1 0 0
Z(meven)(3) =10 0 w? |, (D.12)
0 w 0
while for m odd we have
-1 2w? 2w
1
202 —w 2

We note that Z(meven)(3’) coincides with Z(m = 0)(3) = Z(m = n)(3) as well as
Z(modd)(3’) coincides with Z(m = n/2)(3).

D.3 CP symmetries and form of CP transformations

The CP symmetries correspond to automorphisms of the flavor group A(6n?), see discussion
in [9]. In the present analysis we employ the ones, as used in [264]. These can be obtained

as follows: consider the automorphism
a - a,c¢c — ct,d — dlandb — b (D.14)

The automorphism in Eq. (D.14)) can be represented by Xo(1) = 1 in the trivial representa-

tion 1 and by the matrix
1 00

Xo(3)=Xo(8)=| 0 0 1 (D.15)

010
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in both three-dimensional representations 3 and 3’. In Case 1, the CP transformation
X (s)(3) has the explicit form a(3)b(3)c(3)d(3)?* X,. The form of the CP transformation

X(s)(3) in the representation 3’ depends on whether s is even or odd, i. e.

1 00
X$)3)Y=1010 for s even, (D.16)
0 01
and
-1 2 2
X(s)(3") ::1)) 2 -1 2 for s odd. (D.17)
2 2 -1

In Case 2, the form of the CP transformation X (3)(s,t) in the representation 3 can be chosen
as ¢(3)°d(3)" Xy. and is more conveniently written in terms of the variables u = 2s — ¢t and
v = 3t with ¢, = =* and ¢, = =°. For the form of the CP transformation X(s,)(3')
depends like the latter on whether s and ¢ are even or odd. The explicit form of X (s,t)(3'),

however, does neither contain s nor ¢ are parameters. For s and ¢ even we have

1 0 0
X(seven,teven)(3)=1| 0 0 1 |, (D.18)
010
for s even and t odd we find
-1 2w? 2w
1
X (seven,todd)(3") = 3 202 2w -1 |, (D.19)
2w —1 2w?
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for s odd and ¢ even we have

-1 2 2
1
X(sodd,teven)(3') = sl 2 2 -1, (D.20)
2 -1 2
and for s and ¢ odd we find
-1 2w 2w?
1
X(sodd,todd)(3)(3") = 3| 2w 202 -1 | - (D.21)
20 —1 2w

For Case 3a and Case 3b.1, the form of the CP transformation X (s, m)(3) is given as [9]

3 cos3d, +1isin3d, —24w sin 3 &, —24w? sin 3 &,
1 .
X(s)(3) = 3 ei0s —2iwsin3d;,  w? (3 cos3d, +isin3d,) —2i sin 34,
—2iw? sin 34, —24 sin 3 0 w (3 cos3ds + 1 sin 3 d;)
(D.22)

27i
3

with 6, = ms/n and w = e5 . The form of the CP transformation X (s)(3') only depends on

whether s is even or odd. In particular, we can use for s even

1 0 0
X(seven)(3) =10 w? 0 |, (D.23)
0 0 w
and for s odd
-1 2w 2uw?
X(sodd)(3) = ; 2w —w? 2 |, (D.24)
2w 2 —w
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