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Preface

The Standard Model (SM) of particle physics stands as one of the most
successful scientific theories of the 20th century. It has passed numerous
experimental tests with extraordinary precision and has accurately described
the electromagnetic, weak, and strong interactions among elementary
particles. The discovery of the Higgs boson at the Large Hadron Collider
(LHC) in 2012 marked the crowning achievement of the SM, confirming its
mechanism of mass generation. Yet, despite these triumphs, the SM leaves
many fundamental questions unanswered.

Why do neutrinos have mass? What is the nature of dark matter? How
can we resolve the hierarchy problem? What explains the baryon
asymmetry of the universe? Is there a deeper symmetry behind the SM
gauge structure? These puzzles, and many others, provide strong motivation
for the search for physics beyond the SM (BSM).

This book offers a comprehensive introduction to BSM physics, aimed at
advanced undergraduate students, graduate students, and researchers with
an interest in high-energy theory and phenomenology. The topics covered
span a wide range of well-motivated extensions of the SM, including:

e Two Higgs Doublet Models (2HDMs), which provide a richer scalar
sector and natural explanations for dark matter and baryogenesis;

e Gauged U(1)p_r models, which accommodate neutrino masses and
right-handed neutrinos in a theoretically consistent manner;

e Left-Right Symmetric Models (LRSMs), offering a compelling
framework for restoring parity symmetry and generating neutrino
masses through seesaw mechanisms;

e Grand Unified Theories (GUTs), such as SU(5), which seek a unified
description of the SM forces;

e Supersymmetry (SUSY), a symmetry that links fermions and bosons
and addresses the hierarchy problem;



e Theories with extra spatial dimensions, which aim to resolve
outstanding theoretical puzzles and may connect particle physics with
quantum gravity.

Special emphasis is placed on the phenomenological implications of
these models. Chapters examine how BSM physics manifests in collider
signatures, flavor observables, neutrino experiments, and cosmological
measurements. Particular attention is given to the testability of these models
at current and future experiments, including the LHC and proposed next-
generation colliders. The interplay between particle physics and cosmology,
especially in addressing the nature of dark matter, dark energy, and the
matter-antimatter asymmetry, remains a central focus in contemporary
particle physics.

The structure of the book reflects a logical progression: from
foundational motivations for BSM physics, to detailed presentations of
theoretical frameworks, to their testable predictions. Throughout, both
theoretical consistency and experimental viability are prioritized.

This book is the result of years of engagement with the open questions at
the frontier of fundamental physics. It is intended as both a learning tool
and a reference for those aiming to deepen their understanding or contribute
to the development of particle physics BSM. Whether used in a classroom
setting, during independent study, or as a guide to research, we hope this
volume provides readers with both conceptual clarity and inspiration for
further exploration of the fundamental laws of nature.

Shaaban Khalil






CHAPTER 1

Introduction to Physics BSM

DOI: 10.1201/9781003457701-1

The Standard Model (SM) of particle physics is a highly successful
quantum field theory that describes electromagnetic, weak, and strong
interactions among elementary particles. It has provided a remarkably
accurate framework for understanding particle dynamics and interactions at
accessible energies. This chapter summarizes both the achievements and
limitations of the SM, drawing from reference [1].

1.1 SM OVERVIEW AND FEATURES

The SM is based on the gauge symmetry:
SU(3)C X SU(2)L X U(l)y,

where SU(3)¢ corresponds to quantum chromodynamics (QCD), which
governs strong interactions, while SU(2), x U(1)y describes electroweak
interactions.

The model respects gauge invariance and Poincaré symmetry, and it is
renormalizable, ensuring well-defined predictions at various energy scales.
The matter content of the SM comprises three generations of fermions, each
consisting of a left-handed quark doublet and a left-handed lepton doublet
transforming under SU(2)r, along with right-handed singlets for the up-
type quark, down-type quark, and charged lepton. The gauge sector
comprises eight gluons, three weak gauge bosons, and one hypercharge
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gauge boson. Electroweak symmetry is spontaneously broken by the Higgs
mechanism, which gives masses to the weak bosons and fermions. Table 1.1
summarizes the field content and quantum numbers of the SM.

TABLE 1.1 The SM field content and quantum numbers under the gauge group
SU(3)C X SU(Q)L X U(l)y. d

Fields Components SUB3)e SU(2). UQ)y
(Spin)
Fermions
L (”) (12) ! 2 z
€/ L
E ep (1/2) 1 1 -1
0 <U) (112) 3 2 ++
d L
U ug (1/2) 3 1 +2
D dp (1/2) 3 1 —%
Gauge
Bosons
B L B,u 1 singlet singlet singlet
W,u WHW-, W3 (1) singlet triplet singlet
GM Gi(a=1...8)(1) octet singlet singlet
Higgs
+ 1
e | e

A key relation in the SM is the Gell-Mann-Nishijima formula, which
links the electric charge Q to the third component of the weak 1sospin 73

and the hypercharge Y:

Y
Q=T3+7-

(1.1)

This equation emerges from electroweak unification, where the symmetry
SU(2)r x U(1)y is spontaneously broken to U(1l)gy via the Higgs



mechanism. The resulting massless photon and massive weak bosons reflect
the decomposition of gauge degrees of freedom. The Gell-Mann-Nishijima
relation provides a consistent framework for assigning electric charges to all
SM particles.

1.1.1 The SM Lagrangian

Having outlined the particle content, gauge symmetries, and charge
assignments in the SM, we now present its full Lagrangian formulation. The
SM Lagrangian encodes the dynamics and interactions of all fundamental
fields,  incorporating  gauge  invariance under the  group
SU(3)c x SU(2)r x U(1)y, spontaneous symmetry breaking via the
Higgs mechanism, and the generation of fermion masses through Yukawa
interactions [2—7].
The total SM Lagrangian can be written as:

Lsm = Lym + Lk + Litiges + Ly
(1.2)
where:

e Yy describes the gauge fields and their self-interactions.

o %k contains the kinetic terms of fermions and their gauge interactions.
* ZHhiges governs the Higgs field dynamics and potential.

e % accounts for the Yukawa interactions between fermions and the

Higgs field.

Gauge Field Kinetic Terms

The Yang-Mills part of the SM Lagrangian describes the dynamics of the
gauge bosons:

1 a 17 1 i vi 1 v
Lo = 7 G, G = ZW W — —B,, B,

(1.3)

where the field strength tensors for the SU(3)¢, SU(2), and U(1)y gauge
groups are:



G, =09,Gi—0,G% — g, f"™ GG,
(1.4)
W, =0,W;—0,W)—ge*Wiwk,
(1.5)
B,, =08,B,—8,B,.
(1.6)

Here, g,, g, and gy are the gauge couplings for SU(3)¢, SU(2)r, and
U(1)y, respectively. The gluons G, (a =1,...,8), weak gauge bosons
Wﬁ (¢ =1,2,3), and the hypercharge field B, correspond to the gauge

groups SU(3)¢, SU(2)r, and U(1)y, respectively. The structure constants
fe¢ and €% satisfy the commutation relations:

[TO‘,Tﬂ] = if*PT, [’ra,Tb] = je%ere,
(1.7)
for SU(3)¢ and SU(2), respectively.

Fermion Kinetic Terms

The kinetic terms for fermions, including their gauge interactions, are given
by:
3

Lk =i, (Zﬂ”DuLy‘ + Ejy*D,uEj + Q7" D,Q;
=1

+UA"D,U; + ijDMDj),
(1.8)
where the covariant derivative is:
D, =8, —ig,A"GS —igT'W,, — igyY B,
(1.9)

This expression depends on the specific gauge representation and
hypercharge Y of each fermion, as summarized in Table 1.1. For example:



IN*D,L = Ly* <8u — %ga W, + ZQTYB,L> L,

(1.10)
E’Y“D'uE = ’)/'u (8ﬂ + igYBu)E,
(1.11)

A e ig ig
Q“y"D,QP =Q"y* [(aﬂ — T W T’”BQM

1gs
— ‘2’ Aaﬁ-Gﬂ]Qﬂ.

(1.12)

Analogous expressions hold for U and D quarks. Here, ¢’ and /¢ are the
Pauli and Gell-Mann matrices, and the indices «, 8 denote color.

Higgs Sector

The Higgs Lagrangian consists of kinetic and potential terms for the scalar
doublet field ¢:

ngiggs = (D#QS)T(DNQS) - V(¢)’
(1.13)

with the covariant derivative:

ig ig
D, = (aﬂ — 5o Wi TYBM> ¢.

(1.14)
The scalar potential is:
V(9) = 1*"6 + A(¢19),
(1.15)

where A > 0 ensures the potential is bounded from below. Electroweak
symmetry breaking occurs when p? < 0, giving rise to the Higgs VEV and
generating masses for the weak bosons and fermions [7-9].

Yukawa Interactions




The Yukawa Lagrangian governs the interactions between fermions and the
Higgs field, which after electroweak symmetry breaking generate fermion
masses:
3 - - J—
Ly == (viyLidB; + y4Q:U; + y4Q:6D;) + hc.

i5=1

(1.16)

Here, the dual Higgs doublet ¢ is defined as:
o (%)
(1.17)

and y°, y*, y* are complex 3 x 3 matrices of Yukawa couplings.

1.1.2 Spontaneous Symmetry Breaking and the Higgs Mechanism

In the SM Lagrangian, all fermions and gauge bosons are initially massless.
The Higgs mechanism introduces mass for these particles via spontaneous
symmetry breaking. The electroweak symmetry breaking pattern is given
by:

SU(2)L x U(l)yﬂ U(1)ewm,

(1.18)

where U(1)gpm corresponds to the electromagnetic gauge symmetry.
The Higgs field in the SM is a complex scalar doublet under SU(2),

and is given by:
¢+
’- (qsO)’

with quantum numbers listed in Table 1.1. For u? < 0 in the Higgs
potential (1.15), the vacuum is degenerate and spontaneous symmetry
breaking occurs, as illustrated in Fig. 1.1. The VEV of the Higgs field
satisfies:

(1.19)



2 2
|¢|2:%, where v:\/T’u.

(1.20)

V(o) V(o)

é i W ) B

pur >0 0 u? <0 v

Figure 1.1 The scalar potential V(¢4) for u? > 0 (symmetric phase) and
u? < 0 (broken phase), respectively. &

Choosing a specific vacuum, we take:
0
¢0 =1 v |-
V2

The action of the electroweak generators on the vacuum state ¢, is:

o ). e ()

(1.21)

1
2
1 1
57'3(}50 = —5%, Yo = ¢o.

(1.22)

Thus, the vacuum is not invariant under SU(2) x U(1)y, indicating that
these symmetries are spontaneously broken. However, the electromagnetic
gauge symmetry remains unbroken since:

Qoo = (%7’3 + %Y>¢0 =0.

(1.23)



The Higgs field contains four real degrees of freedom, three of which

become the longitudinal components of the W* and Z bosons via the Higgs
mechanism. These can be parameterized as:

_ L —irini(z)/2v ( 0 )
¢(@) = \/56 ! v+h(z))’

(1.24)

where n(z) (with i = 1,2,3) are Goldstone bosons and h(z) is the
physical Higgs field. In the unitary gauge, where ¢ — U(n)¢, the Higgs
field simplifies to:

o) = % (v +2z(w))'

(1.25)

1.1.3 Particle Mass Generation in the SM
Gauge Boson Masses

To derive gauge boson masses, consider the kinetic term of the Higgs
doublet:

Lin = (D) (D),

(1.26)
where the covariant derivative is:
LT . .Y
D,=9,— ngW# — zg'?Bu.
(1.27)
Substituting ¢ — ¢, the mass terms for gauge bosons become:
M2
Linass D My W W + =2 2,7",
(1.28)

with the physical eigenstates:



W= L

_ 1 2
fy —\/§(WM$ZWM),

Z, = cos GWW;:’ — sin 0w B,

A, =sinfOyW} + cosOwB,..

The corresponding masses are:

The Weinberg angle 0y is defined via:

/

sinfyy = —2
/g2_|_912
cosOy = 2g =
g°+g

Fermion Masses

In the unitary gauge, the Yukawa Lagrangian (1.16) becomes:

v+ h(z)

Py = —
Y NG

(yfjeTiGRj + yijuLiur; + y%TMde) +h.c.

(1.29)

(1.30)

(1.31)

(1.32)

(1.33)

(1.34)

(1.35)

(1.36)



(1.37)

The corresponding fermion masses are:

B

m , m ,
e \/5 u \/5

_yw

V2

mq

(1.38)

For three families, the Yukawa matrices Yy (with f =e,u,d) are 3 x 3
complex matrices. These can be diagonalized via unitary transformations:

fo = Vifr, fr—Usfr, vi— Vevr,

(1.39)

such that:
y§® = VlysUy.
(1.40)
The physical masses are then:
diag U

(1.41)

Higgs Mass
The Higgs potential after spontaneous symmetry breaking becomes:
2
V(#'9) = - wen)? e 2wt
(1.42)
— L ox?)n? 4+ avh® 4 2pt - W
) 4 4

(1.43)

From the quadratic term, the Higgs boson mass is:

Mh = \/2)\'02.



(1.44)

The Higgs mass and the self-coupling 4 are not predicted within the SM and
must be determined experimentally.

1.1.4 SM Interactions

This section provides a systematic overview of the SM interaction structure,
beginning with the electroweak and Higgs sectors, and highlighting their
implications for fermion masses, gauge boson couplings, and flavor
physics.

Electroweak Interactions

The electroweak interactions of leptons and quarks in the SM are derived
from the fermionic kinetic terms in the Lagrangian:
3 S . —
Lk = ZZ (LJVuDuLj + E"DuEj+ Q" D@,

Jj=1

—i—ﬁﬂ”DuUj + Ej’y“DMDj),
(1.45)

where the covariant derivative D, encodes the electroweak gauge fields.

The interactions of fermions with the gauge bosons are extracted from the
covariant derivatives:

YiyhDyp O gy (%(W;w + W, T)Py +eQA,

(T3PL — sin? OWQ)ZM) 1),

cos Oy
(1.46)
where P;, = %(1 —s), T+ =T, £ iT,, and e = gsin Oy = gy cos Oy .

The full electroweak interaction Lagrangian can be written in a compact
form:

Zew = Zem + Lne + Lo,

(1.47)

where



jEM = GAMJZ,

g
__ 9 gogn
e cos Oy * Tz

oo =L (Wiah W, ah).

9
V2

With the currents:
J;Z = ’QEVHQ’Q&,

Jy =y (T3Pp — sin® 0w Q)

Jb = gyPT Prap, T = gy T~ Pryp.

Electromagnetic Interactions

(1.48)

(1.49)

(1.50)

(1.51)

(1.52)

(1.53)

Electromagnetic interactions, mediated by the photon, couple only to

electrically charged fermions:

Lo = eA, 4,

with the current:

- B 2 1-
Jg = ZQ fivt'fi= —eyte+ Eu'y”u— Ed’y“d.

Neutral Current Interactions

Neutral weak interactions are mediated by the Z-boson:

(1.54)

(1.55)



Do = CLZ”JQ‘,

os O

(1.56)

with current:

Ty =3 f*(TPPL - Q'sin® Ow)fi
1i_ _ 1 :
= Eue'y"PLye + 67“(—§PL + sin? Ow)e
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(1.57)

Charged Current Interactions

Charged weak interactions are mediated by the W* bosons:

Foc = % (Wit + Wi,

(1.58)

with:

Iy = Z (vriv*eridi; + uriy"dr;Vij),
2y
(1.59)
J&L/T = Z <5Lj’Y”VLz‘5ij + ELj’Y“uLiVi})a
%,J

(1.60)

where V = Vegy = V¥V ¢ is the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [10, 11].
The CKM matrix parameterizes quark generation mixing:
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(1.61)



with s;; = sin 0;;, ¢;; = cos 8;;. Experimental values are [12]:

sinfy; = 0.2229 + 0.0022,

(1.62)
sinf; = 0.0412 = 0.0002,

(1.63)
sinf;; = 0.0036 = 0.0007,

(1.64)

§ =1.0240.22.

(1.65)

In the SM, neutrinos are massless and right-handed neutrinos are absent.
Thus, the lepton mixing matrix can be chosen trivial: V¥ = V¢, leading to
no observable lepton flavor mixing in the charged current sector.

Higgs Interactions in the SM

The kinetic Lagrangian (1.13) of the Higgs field contains the following
interaction terms of Higgs field and gauge bosons

9 2
9 g gMz
Als > Wi W TP h + gMwh) + Z,2" (g h* + 52— h)
W w

4
(1.66)

In the unitary gauge, the Yukawa Lagrangian Eq. (1.37) contains the
following interaction terms of the Higgs field with fermions

h - h _ _ —
-% D " zf:mfff = E(meee + myuu + mgdd)

(1.67)

As the neutrino 1s massless, it doesn't interact with the Higgs field. The
primary Higgs interaction channels in the SM are illustrated in Figs. 1.2 and
1.3.
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Figure 1.2 Feynman diagrams and rules of Higgs-gauge interactions in the
SM. &
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Figure 1.3 Feynman diagram and rule of Higgs-fermion interactions in the
SM. &

1.2 EVIDENCE FOR PHYSICS BSM

The SM is a four-dimensional quantum field theory invariant under the
Poincaré group and based on the local gauge symmetry

SU(?))C X SU(Q)L X U(l)y.



It contains three generations of point-like fermions (quarks and leptons),
gauge bosons mediating the fundamental forces, and a single complex
scalar Higgs doublet responsible for electroweak symmetry breaking via the
Brout-Englert-Higgs mechanism [7, 8].

In its minimal form, the SM does not include right-handed neutrinos,
implying that neutrinos are massless. This is in clear contradiction with the
experimental observation of neutrino oscillations, which imply nonzero
neutrino masses and lepton flavor violation [13, 14].

Despite its tremendous success in describing particle physics phenomena
up to the electroweak scale [12], there are several theoretical and
experimental indications that the SM is incomplete:

e Neutrino masses: The SM cannot accommodate nonzero neutrino
masses without extension.

e Dark matter: Astrophysical and cosmological observations require a
stable, non-baryonic component of matter not accounted for in the SM.

e Baryon asymmetry: The observed imbalance between matter and
antimatter in the universe cannot be explained by SM CP violation
alone.

e Hierarchy problem: The quadratic sensitivity of the Higgs mass to
ultraviolet scales suggests the need for a naturalness mechanism.

e Gauge coupling unification: The running of gauge couplings in the SM
does not result in unification at a high energy scale.

In addition to these conceptual issues, several experimental anomalies
provide further hints of new physics:

e Muon anomalous magnetic moment: The long-standing discrepancy
between the measured value of the muon g — 2 and the SM prediction
persists at the level of about 4.20 [15, 16].

e Flavor anomalies in B-meson decays: Deviations from lepton flavor
universality in rare B decays, such as R and Rp-, have been observed

and interpreted as potential signs of new heavy gauge bosons or
leptoquarks [17, 18].

In the following chapters, we will explore well-motivated extensions of
the SM that aim to resolve these open questions and anomalies. These



efforts represent the forefront of modern particle physics and may provide
critical insights into a more fundamental underlying theory.

1.2.1 Neutrino Masses

One of the most compelling indications for physics beyond the SM is the
observation of nonzero neutrino masses. In the SM, fermion masses arise
through Yukawa couplings to the Higgs field, but neutrinos were originally
assumed to be massless due to the absence of right-handed (RH) neutrino
fields. Consequently, the SM predicts lepton flavor conservation and no
neutrino mixing.

However, neutrino oscillation experiments have conclusively
demonstrated that neutrinos undergo flavor transitions, which can only
occur if neutrinos have non-degenerate masses and nontrivial mixing
angles. These results were first established by the Super-Kamiokande
experiment [13] and later confirmed by multiple independent experiments.

A minimal extension to the SM that accommodates neutrino masses is to
introduce RH neutrinos vg,, which are gauge singlets. This permits a
renormalizable Yukawa interaction:

L, =y, b dvg +he,

(1.68)

where /7, is the left-handed lepton doublet, ¢ is the Higgs doublet, and y, is

the neutrino Yukawa coupling. After electroweak symmetry breaking, this
yields a Dirac mass term m, = y,v, with v ~ 246 GeV.

To reproduce the sub-eV neutrino masses inferred from oscillation data,
one must assume a tiny Yukawa coupling, y, ~ 10712, which is many
orders of magnitude smaller than that of the electron. This severe hierarchy
is widely regarded as unnatural and has motivated alternative explanations
such as the seesaw mechanism [19, 20], which naturally generates small
Majorana neutrino masses through the exchange of heavy singlet fermions.

Type | Seesaw Mechanism

The Type I seesaw mechanism provides a compelling explanation for the
smallness of neutrino masses within a minimal extension of the SM. It
introduces heavy RH neutrinos, denoted by v, which are gauge singlets and

therefore do not interact via the SM gauge bosons. However, they do



participate in Yukawa interactions with the SM lepton doublets and the
Higgs field [19, 20].
The extended Lagrangian includes the terms:

— - 1
LD -y, lrovg — E(VR)CMRVR + h.c.,
(1.69)

where y, is the neutrino Yukawa coupling matrix, b = ioed* is the
conjugate Higgs doublet, and My is a Majorana mass matrix for the RH

neutrinos, which can be taken diagonal, real, and positive without loss of
generality.
Since Mp 1s not constrained by SM symmetries, it can naturally lie at a

very high scale. Integrating out the heavy RH neutrinos at energies below
Mj generates the dimension-five Weinberg operator, yielding an effective

Lagrangian:

2 JE—
L = ;JTR 0p $ 7L +hec.

(1.70)

This results in a Majorana mass for the light neutrinos after electroweak
symmetry breaking:

m, = _<¢0>2yu Mﬁl y;fa
(1.71)

naturally explaining their smallness for Mg > (¢%). This mechanism is
illustrated in Fig. 1.4.



Figure 1.4 Type I seesaw realization of the small Majorana mass for the left-
handed neutrino with m, ~ —(¢°)?y, M, 1yl a

After spontaneous symmetry breaking, the neutrino mass terms can be
written as:

1
& = —vrmpvR — —(vRr)*Mgvr + h.c.,

[\

(1.72)

where mp = y,(¢°) is the Dirac mass matrix. Combining terms, the full
mass matrix becomes:

—%m = (7, (VR)C)( OT ZZ) <(VL)C> +he.

M,

(1.73)

Assuming mp < Mp, this matrix can be block-diagonalized via a
unitary transformation:

Y 0 Mg

(1.74)

<
2

-1 mpMg* (z 0)
- \miM? 1 0 —i)



(1.75)

Thus, the light neutrino masses are suppressed by the large Majorana
scale Mp, while the heavy states acquire masses of order Mp. This

framework provides a natural mechanism for understanding the observed
neutrino mass hierarchy and is a cornerstone of many Grand Unified
Theories (GUTs) and leptogenesis scenarios.

Type |l Seesaw Mechanism

In addition to the Type I seesaw mechanism, several extensions of the SM
have been proposed to generate small Majorana neutrino masses. One such
extension is the Type Il seesaw mechanism [21, 22]. In this scenario, the SM
Higgs sector is augmented by a heavy scalar triplet A, which carries
hypercharge Y = —2 and transforms as a (1,3, —2) under the SM gauge

group.
The triplet scalar field can be conveniently represented by a 2 X 2 matrix:

A_[A/V2 AT
S\ A A 2)

(1.76)
In this case, the relevant terms in the Lagrangian are given by:
—~Lryper = % LriTo ALS 4 pp ¢TiTeA ¢+ M3 Tr(ATA) + hec.,
(1.77)

where YA is the Yukawa coupling matrix, pa is a trilinear scalar coupling
with mass dimension one, and M A is the mass of the scalar triplet.

After electroweak symmetry breaking, the neutral component of the
Higgs doublet acquires a non-vanishing VEV, inducing a small VEV for the
neutral component of A through the pua term. This leads to the effective
Majorana mass for light neutrinos:

(%) _

II Y, Y,
Megs =~ A YA AaYa
¢ M22

(9%)?
Ma

(1.78)



where pa = AaMa defines a dimensionless coupling Aa. This expression
mirrors the general seesaw formula, where Ma > (¢°) ensures the
smallness of neutrino masses. A diagram representing this process appears
in the left panel of Fig. 1.5. This elegant mechanism is referred to as the
Type II seesaw.

(a) (b)

(0°) (")
L8 (@ @
Y- : -
: A0 \\ My I.r
]/L < PN > I/L I/L —,—— UL
)Y )

Figure 1.5 (Left) Neutrino mass generation via the Type Il seesaw
mechanism involving a scalar triplet A. (Right) Type III seesaw mechanism
mediated by a heavy fermionic triplet . &

Type lll Seesaw Mechanism

Another compelling approach to generate neutrino masses is the Type 111
seesaw mechanism [23]. Here, the SM 1s extended by introducing fermionic
triplets ¥ with zero hypercharge (Y = 0), which couple to the SM lepton
and Higgs doublets via Yukawa interactions. In contrast to Type Il seesaw,
this scenario does not alter the scalar sector.

The SU(2), triplet fermion field is self-conjugate and can be written in

matrix form as:

(37 )
2 —2V2)

(1.79)
The relevant Lagrangian terms are:
L 1 -
—~ZLiypemn = Ys b B+ EME Tr (2" 2) + h.c.,

(1.80)



where Yy 1s the Yukawa matrix and My is the mass of the fermion triplet.
After electroweak symmetry breaking, integrating out the heavy X fields
gives an effective neutrino mass matrix:

I y. (")°

T
Meg = I's YZ .
¢ Msx,

(1.81)

This shows that, much like in the other seesaw variants, light Majorana
neutrino masses naturally emerge when My > (¢°). The process is
depicted in the right panel of Fig. 1.5. The Type III mechanism is
phenomenologically attractive due to the potential collider signatures of the
charged fermion components of X.

Linear and Inverse Seesaw Mechanisms

In the standard type I seesaw mechanism, the smallness of neutrino masses
is attributed to the exchange of heavy right-handed neutrinos with large
Majorana masses Mpr > v, where v is the electroweak VEV. However, this
high scale is far beyond experimental reach. Alternative low-scale
mechanisms such as the inverse seesaw [24, 25] and linear seesaw [26]
offer phenomenologically accessible frameworks where lepton number is
only softly broken, allowing Mz ~ €(TeV).

Both mechanisms introduce two Standard Model (SM) singlet fermions:
the conventional right-handed neutrino v, and an additional singlet S. These

frameworks differ in the nature of lepton number violation and in how small
neutrino masses are generated.

Inverse Seesaw

The inverse seesaw extends the neutrino sector by adding a small Majorana
mass term ug for the singlet fermion S, leading to the Lagrangian:

Lgs = qu‘lEl/R + Mg(vg)eS + ,ugﬁs + h.c.,
(1.82)

where y,, i1s the neutrino Yukawa coupling, and pug < Mp softly breaks

lepton number. After electroweak symmetry breaking, with mp = y,v, the
light neutrino mass is approximately:



(1.83)

This allows y, ~ €(1) and Mg ~ TeV, provided pg ~ €(1077) GeV.

Linear Seesaw

In the linear seesaw, lepton number is broken via a small Dirac-type
Yukawa coupling y¢ between the SM lepton doublet and the new singlet S,

and the Majorana mass term xg 1s absent:
Llss = yﬁq%m + Mp(vg)eS + ySEiSS +h.c.,
(1.84)

with yg < 1. The resulting light neutrino mass is:

2
— YYysv
l MR )

my,

(1.85)

which 1s linearly suppressed by the small lepton-number-violating
parameter yg. This again allows for a low seesaw scale, potentially within

reach of current collider experiments.

Both mechanisms naturally explain the smallness of neutrino masses
without invoking ultra-high energy scales and open the door for rich
phenomenology at the TeV scale.

1.2.2 Dark Matter

A wide consensus among astronomers, cosmologists, and particle physicists
holds that approximately 95% of the matter in the Universe is composed of
an invisible, non-luminous component known as Dark Matter (DM) and
Dark Energy (DE). The evidence for DM, in particular, emerges from a
range of astrophysical observations. One of the earliest and most
compelling lines of evidence comes from the rotational dynamics of
galaxies. According to Newtonian mechanics, the rotational velocity of
stars in a galaxy should follow:



(1.86)

where v(r) is the velocity at radius 7 G is the gravitational constant, and
M(r) is the enclosed mass. However, observations of numerous spiral

galaxies reveal that their rotation curves remain flat or even rise with
increasing distance from the galactic center, as shown in Fig. 1.6, indicating
the presence of additional, unseen mass [27, 28].

observed _f/&___*
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Figure 1.6 The observed rotation curve of the dwarf spiral galaxy M33
overlaid on its optical image [28]. &

Another powerful probe of DM is gravitational lensing, where the
deflection of light from distant galaxies by massive foreground objects
reveals much more mass than is visible. These lensing measurements



confirm that the gravitational mass far exceeds the luminous matter content
[29, 30].

These findings suggest that galaxies reside within massive DM halos,
extending far beyond their visible components. Moreover, precise
measurements of the cosmic microwave background (CMB), particularly
from the Planck satellite, provide strong evidence for the abundance and
non-baryonic nature of DM. The 2018 Planck results indicate [31]:

Quh? = 0.1430 £ 0.0011, Qph® = 0.02237 £ 0.00015,

(1.87)

where the significant difference between {2, and 2, implies that most
matter is not composed of baryons. This is consistent with Big Bang
nucleosynthesis predictions [32].

As shown in Fig. 1.7, the Universe consists of approximately 4.9%
ordinary (baryonic) matter, 26.6% DM, and 68.5% dark energy. Despite the
compelling evidence, the particle nature of DM remains unknown.

Dark Matter

Dark Energy




Figure 1.7 Composition of the universe based on Planck 2018 data. &

There are three principal methods to detect DM: direct detection, indirect
detection, and collider production. These are diagrammatically represented
by a generic Feynman diagram involving DM particles y and SM particles
(Fig. 1.8). Among various DM candidates, Weakly Interacting Massive
Particles (WIMPs) are particularly attractive. With masses in the 10 GeV—
TeV range and weak-scale interactions, WIMPs naturally lead to the correct
DM abundance through the freeze-out mechanism [33].

X X X SV SM X
SM SM X SM SM X
(a) Direct detection (b) Indirect detection (¢) Collider production

Figure 1.8 Generic Feynman diagrams for direct detection, indirect detection,
and collider production of DM. &

In the early Universe, WIMPs were in thermal equilibrium. As the
Universe cooled below T' < m,,, WIMP annihilation could no longer keep

up with the expansion, leading to a relic abundance. The Boltzmann
equation describing the evolution of WIMP number density 7, is:

dn
d_tX +3Hn, = —<av>(ni — (n;q)2),

(1.88)

where (ov) is the thermally averaged annihilation cross-section times

velocity. For non-relativistic DM, this cross-section can be expanded as
[34]:

6b My
<0"U>_a+?, (I::T.

(1.89)

The relic density is then given by:



ap? o 107 % 10z GeV ™
 VeMp(a+ )

(1.90)

where x, is the freeze-out parameter, g« is the effective number of
relativistic degrees of freedom, and Mp, is the Planck mass. This expression

shows that a weak-scale cross-section yields the observed relic density
Qh? ~ 0.12, a phenomenon often referred to as the WIMP miracle.

1.2.3 Higgs Mass Hierarchy

As discussed earlier, electroweak symmetry breaking in the SM is triggered
by the Higgs VEV:

) _ AMy 4 2 2 38 2
v = 7 ~ 10" GeV” <« Mp; ~ 10°° GeV~,

(1.91)

where My, is the mass of the W boson, g is the SU(2) gauge coupling, and
Mp, 1s the reduced Planck mass. This enormous disparity between the

electroweak scale and the Planck scale, spanning over 16 orders of
magnitude, has no natural explanation within the SM and constitutes what is
known as the hierarchy problem [35, 36].

The issue becomes more severe at the quantum level, as scalar masses in
quantum field theory receive large radiative corrections from higher energy
scales. For the Higgs boson, one-loop corrections from fermionic loops (see
Fig. 1.9) lead to a quadratically divergent mass correction:

2
> ATy g2y (A
omy = 8 {A 2mfln(mf>],

(1.92)



Figure 1.9 One-loop radiative correction to the Higgs boson mass from a
fermion loop. &

where 4 is the Yukawa coupling between the Higgs field and a fermion £, m;,

is the fermion mass, and A is the ultraviolet (UV) cutoff scale, which can be
as high as the Planck scale. For A ~ 10'° GeV, the correction becomes
dmp ~ 10°° GeV?, vastly exceeding the physical Higgs mass
mpg ~ 125 GeV. Reconciling such corrections with the observed Higgs
mass would require extreme fine-tuning of bare parameters, a situation
considered highly unnatural [37, 38].

In contrast, fermion masses such as the electron mass receive only
logarithmically divergent corrections (see Fig. 1.10):

om, = 2aemmeln( A >,
™

me

(1.93)



Figure 1.10 One-loop radiative correction to the electron mass. &

where a,,,, 1s the electromagnetic fine-structure constant. Even for a cutoff

A ~ 10 GeV, the correction remains modest: dm, ~ 0.24m.. Moreover,
in the limit m, — 0, the correction vanishes due to the restoration of chiral
symmetry, which protects fermion masses from large radiative corrections.

To resolve the hierarchy problem, many theoretical frameworks propose
new physics at or near the TeV scale. One prominent example is
supersymmetry, which introduces superpartners for all SM particles and
naturally cancels the quadratic divergences in Higgs mass corrections.
Other approaches include models with composite Higgs bosons, extra
spatial dimensions, or invoking the anthropic principle in a multiverse
framework [39].

These models aim to stabilize the Higgs mass without unnatural fine-
tuning, and many of them predict new particles or interactions accessible to
current or future experiments, making the hierarchy problem one of the
central driving forces in the search for physics beyond the SM.

1.2.4 Baryon Asymmetry

Baryon asymmetry refers to the observed imbalance between baryons—
particles composed of three quarks, such as protons and neutrons—and
antibaryons, their corresponding antiparticles, in the universe. This
discrepancy is one of the most profound puzzles in physics, requiring an
explanation that goes beyond the SM of particle physics. The SM, in its
present form, lacks a mechanism to account for this asymmetry, known as
baryogenesis. According to the SM, the interactions in the early universe
should have resulted in equal amounts of matter and antimatter, which



would have led to their mutual annihilation, leaving behind a universe
devoid of any baryons.

The enigma of baryon asymmetry, also referred to as the matter-
antimatter asymmetry, raises a critical question: why does the universe
consist predominantly of matter, with a clear absence of antimatter? Neither
the SM of particle physics nor the theory of general relativity can provide a
satisfactory explanation for this striking imbalance. In 1967, Andrei
Sakharov outlined three necessary conditions for the generation of a net
baryon number in the universe [40]:

e Baryon number violation,
e Thermal non-equilibrium,

e C (charge conjugation) and CP (charge-parity) violation.

During the early stages of the universe, all these conditions were likely
satisfied. However, our understanding of CP violation in particle
interactions and the ability to calculate the baryon asymmetry from first
principles remain topics of active research.

The baryon-to-photon ratio, which quantifies the baryon asymmetry of
the universe, is given by [41]:

np—n B

=6.1x 10,
Ty

(1.94)

indicating a small excess of baryons over antibaryons. Investigating the
origin of this asymmetry, particularly the role of CP violation, and deriving
it from first principles are central goals in the search for physics beyond the
SM.

Several mechanisms have been proposed to explain the baryon
asymmetry. One of the most well-known is leptogenesis, which involves the
violation of lepton number conservation. In this scenario, the early universe
may have seen the decay of heavy particles known as right-handed
neutrinos. These decays could have resulted in an excess of quarks over
antiquarks, which then generated the observed baryon asymmetry through
sphaleron interactions. Other mechanisms beyond the SM have also been
suggested, including GUTs, where the three fundamental forces of the SM
(strong, weak, and electromagnetic forces) are unified at high energies [42].



1.2.5 Other Unresolved Theoretical Questions

Furthermore, when we look closely at particle physics, we find some really
interesting questions that the SM can't fully answer. These questions
include:

Electroweak Symmetry Breaking: We still lack a complete
understanding of how particles acquire mass, making this one of the
most important questions in modern physics.

Symmetry Group: The SM is based on a specific gauge symmetry
group, SU(3)¢ x SU(2)r x U(1)y, but the reason for this particular
choice remains unclear. Understanding its origin could provide deeper
insight into the fundamental forces of nature.

Unification: Can all the known fundamental forces be described within
a single, unified framework? Achieving such unification would greatly
simplify and deepen our understanding of the universe.

Three Families of Particles: The Standard Model contains three
generations of similar fermions, but the reason for this replication is
unknown. Uncovering its origin could offer deeper insight into the
structure and behavior of fundamental particles.

Quantum Gravity: While we have successful quantum theories for
three of the four fundamental forces, gravity remains incompatible
with quantum mechanics. Developing a consistent theory of quantum
gravity is one of the most profound challenges in theoretical physics.

Cosmological Constant: The cosmological constant in FEinstein's
equations is vastly smaller than theoretical expectations.
Understanding this discrepancy could shed light on the nature of
vacuum energy and the universe's accelerated expansion.

These questions highlight the limitations of the SM and underscore the
need for new theoretical frameworks to address these unresolved mysteries.
The pursuit of physics BSM represents a major endeavor in the scientific
community, aimed at achieving a deeper understanding of the fundamental
structure and dynamics of the universe.

1.3 POSSIBLE DIRECTIONS FOR BSM



In this section, we will explore a range of avenues and approaches that
physicists are actively investigating to expand our comprehension of
fundamental particles and forces beyond the SM. These diverse directions
encompass various theoretical frameworks and concepts, all geared toward
tackling the constraints of the SM and striving for a more encompassing
depiction of the universe.

Extension of Gauge Symmetry: One direction involves extending the
gauge symmetry beyond the SM gauge symmetries. This could
introduce new particles and interactions that might help explain some
of the unanswered questions in particle physics.

Extension of Higgs Sector: Another avenue is to expand the Higgs
sector, which is responsible for giving particles mass. Extending this
sector could provide new insights into the origins of mass and the
fundamental nature of the Higgs boson.

Extension of Matter Content: Expanding the matter content involves
introducing new types of particles or matter beyond what is currently
described in the SM. This can lead to a richer and more diverse particle
spectrum.

Extension with Flavor Symmetry: Flavor symmetry extensions seek to
understand the relationships between different types of particles and
their properties, such as different flavors of quarks and leptons. This
extension may reveal underlying patterns in particle physics.

Extension of Space-time Dimensions: Some theories propose the
existence of extra spatial dimensions beyond the familiar three
dimensions of space. These extra dimensions could help address
various questions in physics, including the unification of forces.

Extension of Lorentz Symmetry (Supersymmetry): Supersymmetry
extends the concept of spacetime symmetry, known as Lorentz
symmetry. It posits a connection between particles with different
intrinsic angular momenta (spin), potentially leading to a more unified
theory of particles and forces.

Incorporate Gravity (Supergravity): Incorporating gravity into the
framework of particle physics is a significant challenge. Supergravity
attempts to merge the principles of general relativity (gravity) with the



concepts of supersymmetry from particle physics. It is a step toward a
unified theory of all fundamental forces.

e One-dimensional Object (Superstring): Superstring theory proposes
that the fundamental building blocks of the universe are not particles
but tiny, vibrating strings. This theory aims to reconcile gravity with
quantum mechanics and provide a unified framework for all
fundamental forces.

These directions represent the ongoing efforts in theoretical physics to
push the boundaries of our knowledge and explore new frameworks that
can address the unresolved questions posed by the SM. While each
direction has its own set of challenges and complexities, they collectively
contribute to the pursuit of a more comprehensive and unified theory of the
fundamental forces and particles in the universe.

Throughout the chapters of this book, our objective is to delve into as
many potential avenues beyond the SM as we can, providing a
comprehensive overview of the ongoing pursuit for a deeper comprehension
of the universe.






CHAPTER 2

Two Higgs Doublet Models

DOI: 10.1201/9781003457701-2

The Two Higgs Doublet Model (2HDM) is a well-motivated extension of
the SM of particle physics, achieved by introducing a second complex
scalar doublet in addition to the one present in the SM [43]. This extension
offers a promising framework to address phenomena beyond the SM, such
as the baryon asymmetry of the universe and the existence of dark matter
candidates. In this chapter, we examine the theoretical structure and
phenomenological implications of 2HDMs, highlighting how this
framework can resolve some of the SM limitations.

The two complex scalar doublets in a 2HDM are typically denoted as @4
and ®,, and are expressed as follows:

¢1 2
w8 ()

Here, ¢, #?, ¢, and ¢) represent the scalar fields associated with the two
Higgs doublets. These doublets can acquire VEVs, which break the
electroweak symmetry, giving mass to the /' and Z bosons and to fermions
through Yukawa couplings.

The 2HDM can be classified into several types based on the manner in
which fermions (quarks and leptons) couple to the Higgs doublets and the
specific Yukawa couplings. The most common types are:

1. Type-I 2HDM: In this model, only one Higgs doublet, ®,, couples to
the charged fermions (both up-type and down-type quarks as well as
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charged leptons), while ®; does not couple to any fermions [44]. This
1s sometimes referred to as a Fermiophobic 2HDM.

2. Type-II 2HDM: In this configuration, one Higgs doublet, ®5, couples
to the up-type quarks, while the other, ®;, couples to the down-type
quarks and leptons [44]. This model is the one most commonly used in
the Minimal Supersymmetric Standard Model (MSSM).

3. Lepton-Specific 2HDM: Here, one Higgs doublet exclusively interacts
with leptons, while the other interacts with quarks. This can lead to
interesting phenomena involving changes in lepton flavors.
Occasionally, this is referred to as Type-X 2HDM [45].

4. Flipped 2HDM: In this variation, the roles of the two Higgs doublets
are reversed compared to Type-II. The doublet that couples to up-type
quarks in Type-II now couples to down-type quarks and leptons, and

vice versa. This variation is sometimes referred to as Type-Y 2HDM
[46].

5. Type-111 2HDM: In this model, both ®; and ®, couple to both up-type
and down-type quarks as well as charged leptons. This type is known
for its tendency to generate Flavor Changing Neutral Current (FCNC)
interactions at the tree level [47]. To comply with strict experimental
limits, specific assumptions on the Yukawa couplings must be made.

The choice of the 2HDM type depends on the specific physics
phenomena under consideration and the experimental constraints. 2HDMs
can have a much richer Higgs boson phenomenology compared to the SM,
including the presence of additional Higgs bosons: a heavy neutral CP-even
Higgs boson (H), a pseudo-scalar (4), and charged Higgs bosons (HY).
Moreover, these models allow for the potential occurrence of FCNCs and
CP-violating effects.

It is important to emphasize that the 2HDM does not alter the successful
predictions of the SM but rather enriches the scalar particle spectrum. This
extension opens the door for the existence of new particles beyond those
predicted by the SM. Additionally, 2HDMs are not limited to SM but can
also be incorporated into larger frameworks such as Supersymmetry.

These models are actively studied both theoretically and experimentally
to explore their predictions and assess whether they can explain observed
phenomena that the SM cannot. On the experimental front, this includes
searching for additional Higgs bosons and measuring their properties in



particle collider experiments such as those conducted at the Large Hadron
Collider (LHC).

2.1 2HDM SCALAR POTENTIAL

The most general SU(2)r x U(1)y -invariant scalar potential of the 2HDM
involving two complex scalar doublets ®; and P, is given by [48, 49]:

1
V(®1,85) =m? o &, +m,d]d,— [m%szif%—kh.c.} +5h(@]e,)

1
+ 5 A2(2)82)7+ A3(2]21) (D)) +X4(2]22) (B]21)

1
+ 5A5(<I>I<I>2)2+,\6(<1>}<I>1)(<b§<1>2)+>\7(<I>§<b2)(q>{<b2) +hel.

@.1)
Here, m2,,m32,, \1234 are real, while m2,, A5 7 are generally complex,

leading to 14 real independent parameters.

Discrete Symmetry and FCNC Suppression

To suppress FCNCs at tree level, a Z, symmetry is imposed:
b, - —P;, I, — Py,

(2.2)

which eliminates terms with m2, = A = Ay = 0. Soft breaking of Z, is
allowed via a non-zero but real m2, to retain CP conservation.

Theoretical Constraints

To ensure physical viability, the 2HDM parameters must satisfy several
theoretical constraints [48, 49]:

1. Perturbativity: Couplings must remain perturbative: |A\;| < 4.

2. Tree-Level Unitarity: Scattering amplitudes must satisfy partial wave
unitarity bounds, restricting combinations of 4.



3. Vacuum Stability: The potential must be bounded from below. This
implies:

A1 >0, A>0, A3>—vVAAy, A3+ Ag— ‘)\5‘ > —1/ A1 o.
(2.3)

4. Electroweak Precision Constraints: The model must comply with S, 7,
and U parameter bounds.

5. FCNC Constraints: FCNCs are avoided by the Z, symmetry; further
suppression can be achieved by proper Yukawa alignment.

6. Naturalness: Large hierarchies between mjy and M, introduce fine-
tuning. Define:

A — dln M2
—Hax Oln p;

where p; € {m};, A\ }.

(2.4)

Vacuum Expectation Values and CP Conservation

To preserve electric charge and CP symmetry, only the neutral CP-even
components develop VEVs:

(0 w5 ()

(2.5)
with v2 = v% + v% = (246 GeV)?. The minimization conditions yield:
m?, = m%QZ—j — %Alv% — 34505,
(2.6)
mi, = m%z_; — %AQ’U% — Asa507,

2.7)



where Agq5 = A3 + Ay + A5. In CP-conserving 2HDMs with softly broken
Z,, the model is characterized by eight parameters:

v
A1, A2, A3, A, As, m2s, tan 8 = —, and .

U1

2.8)

2.2 THE HIGGS SPECTRUM OF THE 2HDM

The scalar sector of the 2HDM consists of two SU(2), scalar doublets, ®;
and ®,, each with hypercharge +1. They can be parameterized in the
unitary gauge as:

¢1+ <132+
3, = o, =
A F@ et ) T o atim) )

2.9)

where v; and v, are the VEVs of the doublets with

v? = v? + v} ~ (246 GeV)?. The 8 real degrees of freedom decompose

into three Goldstone bosons, eaten by the W* and Z bosons, and five
physical Higgs states: two CP-even scalars (4, H), one CP-odd pseudoscalar
(4), and two charged scalars (™) [48, 49].

Charged Higgs Sector

The mass matrix for the charged scalars ¢7, ¢35 is given by:

1 = -1
M7, = (mfz - 50\4 + >\5)v1v2) <_11 U_1>,

(2.10)

which yields one zero eigenvalue corresponding to the charged Goldstone
boson G*, and one massive eigenstate:

m?2 1
2 12 92 2
M. = ———0° — —(Ag+ A .

H* vlvgv 2( 4 5)1)

(2.11)



The physical charged Higgs boson is:
H* = —sinf¢7 +cos B¢y, tanf= 2—2
1

(2.12)

CP-0Odd Scalar Sector

The pseudoscalar mass matrix in the (71, 72) basis reads:
a2 = <m§2 _)\5> ( v? —0121)2),
V1V2 — V1V v]

yielding one massless Goldstone boson G and one physical CP-odd scalar
with mass:

(2.13)

2
m
m% = —20% — As0?,

(2.14)

and eigenstate:
A = —sinfn; + cos Bna.

(2.15)

CP-Even Scalar Sector

The CP-even scalar fields ¢; and ¢, mix to form the mass eigenstates /# and
H. Their mass matrix is:

v
m2, <2 + vl —m2, + A3gsv102
Mp = "
H —m2, + Asu5v1v2 m2, 2 4 v
12 345U102 12 vy 22Uy

(2.16)

where Asg5 = A3 + Ay + 5. Diagonalizing this matrix via a mixing angle a
yields the mass eigenstates:

h = —sina¢; + cosa ¢,



(2.17)
H =cosa¢)+ sina gz,

(2.18)

with m? < m3%, by convention. The lighter scalar 4 is typically identified
with the observed Higgs boson at 125 GeV.

2.3 2HDM INTERACTIONS

2HDM leads to richer phenomenology, including the possibility of FCNCs
and new interactions involving the Higgs and gauge bosons, as well as
fermions. In this section, we explore the key interactions in the 2HDM,
focusing on the gauge boson and Yukawa interactions.

Gauge Bosons in 2HDM

In the 2HDM, the gauge bosons interact with the Higgs bosons in a manner
similar to the SM. The kinetic terms for the Higgs doublets are given by:

Ly = (Du‘ﬁl)T(D“‘I’l) + (Du‘I’z)T(D”‘%),

where D, represents the covariant derivative acting on the doublet fields. It

accounts for the interaction of the Higgs fields with the gauge fields while
maintaining gauge invariance. For a doublet field ®;, the covariant
derivative is expressed as:

. o Y
D,®; = (0, — ngWﬁ — zg’EB#)@’i,

where g and g’ are the gauge coupling constants for the SU(2)r and U(1)y
gauge groups, respectively, W/ and B, are the gauge fields associated with

the SU(2) and U(1)y groups, ¢“ are the Pauli matrices, and Y represents
the weak hypercharge.

After spontaneous symmetry breaking, the Higgs doublets acquire VEVs,
denoted as v; and v,. From the kinetic terms %, one derives mass terms

for the gauge bosons, resulting in the following expressions for the gauge
boson masses:



—t

1
My, = 29202, My = 2(92 +g*)v?, M3 =0,

where v = 4/v? + v is the total vacuum expectation value. Additionally,

the neutral Higgs bosons couple to the W and Z gauge bosons. These
couplings are given by:

& +g”
L D 1 v[sin(8 — a)ZZh + cos(B — o) ZZH|

—1—%21) [sin(8 — a)WWh + cos(8 — ) WWH],

(2.19)

where & and H denote the light and heavy CP-even Higgs mass eigenstates,
respectively, and a and £ are the mixing angles in the Higgs sector.

Yukawa Interactions in 2HDM

In the 2HDM, the most general gauge-invariant Lagrangian for the Yukawa
interactions between the Higgs doublets and SM fermions is given by:

Lyukawa = — »_ Y 1Q@idr + Y;"Q®iur + Y L ®ip + hoc.,
i=1,2

where i indexes the two Higgs doublets (®; and ®3), and Ci>,- = 1039
denotes the conjugate of the Higgs doublet ®;. The Yukawa coupling
matrices for the up-type quarks, down-type quarks, and leptons are
represented by Y%, Y, and Y, respectively.

After electroweak symmetry breaking, the Higgs fields acquire VEVs,
resulting in fermion masses. The Yukawa couplings can be related to the
mass matrices. For example, the up-type quark mass matrix M, is given by:

v u u
M, = (Y + tan YY),

where tan 8 = vq/v1 is the ratio of the Higgs VEVs. This relation shows
that diagonalizing the fermion mass matrix does not necessarily diagonalize
the Yukawa coupling matrices, thus allowing for FCNCs at tree level. These
FCNCs can have observable consequences, such as in H — ds decays,
which contribute to K — K oscillations [48]. To suppress these effects, it is
often required that the neutral flavor-changing mediator be heavy, with a



mass scale around 10 TeV. One common method to reduce FCNCs is to
impose a Z, symmetry, which can lead to Type I or Type I 2HDMs.

As previously noted, in the Type I 2HDM, all quarks couple to a single
Higgs doublet. In contrast, the Type Il 2HDM assigns fermions to different
doublets based on their electric charge: up-type quarks (Q = +2/3) couple

to ®;, while down-type quarks (@ = —1/3) couple to ®,. This structure
plays a crucial role in suppressing FCNCs. The corresponding Z, symmetry

charge assignments for Type I and Type Il models are summarized in Table
2.1.

TABLE 2.1 Z, charge assignments for the Higgs doublets, up-type quarks, down-type
quarks, and leptons in both Type I and Type II 2HDMs. I

Field Type I Z, Charge Type Il Z, Charge
P, +1 +1
P, -1 -1
Up-type quarks +1 +1
Down-type quarks +1 -1
Leptons +1 -1

In Type I and Type Il 2HDMs, the Yukawa couplings to the neutral Higgs
bosons 4, H, and 4 Higgs bosons are given by:

Briana = 3 L (& ffh+ el fH — il fr4)

f=uddt

— { \/ivv“d u (mu€4 Pr+ma€4Pr)dH"

\/imgfﬁ

+ EERH++h.c.},

(2.20)

where Pp g denotes the projection operators for left-/right-handed
fermions, and the corresponding factors ¢ are outlined in Table 2.2.

TABLE 2.2 Yukawa couplings of u,d, £ to the
neutral Higgs bosons #,H,A4 in the four different



models. The couplings to the charged Higgs
bosons follow Eq. 2.20. &

Type | Type 11

& cosa/ sin 3 cos a/ sin B
3 cosa/ sin —sina/ cos B
31 cos a/ sin 3 —sina/ cos B

o7 sin o/ sin 8 sin o/ sin 8
¢4 sina/ sin 8 cos o/ cos 8
¢, sin o/ sin 8 cos a/ cos 3
{ffl cot 8 cot 8
¢ —cot 8 tan 8
§£1 — cot B tan 8

24 PHENOMENOLOGICAL CONSEQUENCES

The 2HDM gives rise to distinctive signatures that can be tested through
collider experiments and precision measurements. This section highlights
key phenomenological implications, focusing on the decay modes of the
Higgs bosons, their production channels at the LHC, and potential
contributions to the anomalous magnetic moment of the muon.

2.4.1 Higgs Decays

We examine the dominant decay channels of the heavy neutral scalars H
and A4, as well as the charged Higgs boson H*, in Type I and Type II
2HDMs. Our analysis is performed in the alignment limit, sin(8 — a) =~ 1,
in which the light CP-even scalar /4 exhibits SM-like couplings and
reproduces the observed Higgs boson properties [48]. In this limit, the tree-
level couplings of H to WW and ZZ vanish, while 4 and H* do not couple to
gauge boson pairs at tree level for any value of sin( — «).

The partial decay widths of the heavy scalars into fermion pairs are given
by [50]:



_ Grm m> ﬂ3, go:h,H,
T(p = ff) = No——2(ef)? "7
4\/271’ /Bfa SOIA,

2.21)

G + )
S Vil gy | (mi(€D)? + mi(€)?)

fef
(1 B m?c + m?c, ) B 4m?m?c,§A§A ]
2 )

L(H" = ff) =Ne

2

(2.22)
where:

e N¢ = 3 for quarks and N¢o = 1 for leptons,

e G is the Fermi constant,
* m, denotes the mass of the decaying scalar ¢ = h, H, A,

e mp= 1s the mass of the charged Higgs,

* my, my are the masses of the final-state fermions,

o V¢ 1s the CKM matrix element (or 1 for leptonic decays),

B = \/1 — 4m§/m2, and

m? m2,
By = A2 <—m2f Vo )

gt My

. 532 are the model-dependent Yukawa coupling modifiers [48].

We also consider the loop-induced decays of the scalar particles,
including the decay modes ¢ — vy, ¢ — Z~, and ¢ — gg, where ¢
represents any of the heavy scalars H, A, or H*. The corresponding decay
widths are given by [51]:

Gpa]%:Mm 2

3
T(p—=vyy) =—2F Q2If(mys,No) + I, + 17|,
128v/273 Xf: A Wt

(2.23)
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64/ 273 my

(2.24)
T _ Crosmy s ron 2
(6= 90) =7 fz_; 7 (mg, 1)

(2.25)

where the fermionic loop functions I }P and J }D depend on the particle

masses and Yukawa couplings. The fermionic loop functions are as follows
[S1]:

4m§
_NC

P—B?miCO(O, 0,m2, m?c, m?c, m?)}

2
my

THnpNe) =€l oo =,
—|—4N0m?¢00(0, 0, m?a, m?c, mf,, m?c)

forp = A,
(2.26)
AN _ _
J;f(mf,NC) = §£ % 4Ncey [J1(my) — Ja(my)] foryp = h, H,
_4NCC{/ [—Ja(my)] forp = A,
(2.27)
where c{/ is the vector coupling of the fermion f to the Z-boson, given by

c{/ = -1 <T3]; —2Q fs%[/), with T3fL denoting the third component of

28WCW
the weak isospin for fermion f. The functions J;(m¢) and J2(my) are given
by:

2m>
f
Jl(mf) = m{l +2m§00(0,m2z,mi,m?c,mi,mi)
® Z
my 2 2 2 2 2 2
+ 9 9 [BO(mt,mmf’mf) _BO(mZamfam )] ’
mw —mZ

(2.28)

2

Jao(my) = m3Co(0,my,m’,

’m?7 m?’ m?)’



(2.29)

where B, and C, are the Passarino-Veltman functions [52]. These functions
are defined as:

4m?
BO(mi,mzam2) :A_2g( m2 )a

(2.30)

2.31)

with A denoting the regularization constant and g(x) and f(x) defined as:

(x — 1) arcsin < %) forxz > 1,
9(z) =
z(1—z) [ln ( i:/\/g) — iw} forz < 1,
(2.32)
[ 2
[arcsin (\/; ] forx > 1,
f@) = LA
—% [ln ( i:\fli_i) — iw} forz < 1.
(2.33)

Finally, the loop functions I, I Iﬁi’ Jv‘f,, and J I(f{i are common to all types

of Yukawa interactions and can be found in Ref. [51].

In the type-1 2HDM, the decay of the neutral Higgs boson H into a gauge
boson pair, such as 4y or Z=, can be enhanced for large values of tan .
This enhancement occurs because, while the fermionic decays (including
the gg mode) are suppressed at large tan 3, the charged scalar loop
contribution to the vy and Z+ decay modes is not always suppressed. On
the other hand, such an enhancement does not occur in the decay of A4, as
there isno AH " H ~ coupling.

For charged Higgs boson decays with mg= = 150 GeV, the dominant
decay mode in both the type-I and type-II 2HDM is into 7v for tan 8 2 1,
while hadronic decay modes can also dominate in the type-Y 2HDM [53].



2.4.2 Higgs Production at the LHC

At the LHC, neutral and charged Higgs bosons can be produced through
several key mechanisms, depending on the Higgs sector structure. In the
type-11 2HDM, the production of the additional neutral Higgs bosons H and
A occurs predominantly via:

e Gluon fusion: gg — H, A, a loop-induced process mediated primarily
by top and bottom quarks. The effective coupling is enhanced at low
tan 8 by top loops and at high tan 8 by bottom loops.

o Associated production with bottom quarks: pp — bbH, bbA, relevant at
large tan 8 where the Yukawa couplings to down-type quarks are
enhanced.

e Associated production with top quarks: pp — ttH, ttA, most sensitive
attan g ~ 1.

On the other hand, vector boson fusion V'V — H and associated production
with gauge bosons are suppressed in the alignment limit (sin(8 — a) ~ 1),
and forbidden for the CP-odd Higgs A4 due to the absence of V'V4 couplings.

The dominant decay channels of H and 4 depend on mass and tan 8. At
high tan 8, decays to down-type fermions dominate: H/A — bb, 71,
though these suffer from significant QCD and Drell-Yan backgrounds.
Decays to u* ™ offer better mass resolution despite lower branching ratios,
and can be competitive at low Higgs masses [54]. Simulations show that the
bbH /A — bbrt7~ channel provides better sensitivity than gluon fusion in
the high tan g regime [55, 56].

The charged Higgs bosons H* provide distinctive signatures that can be
probed at colliders:

e For my+ < my, they can be produced through top quark decays,
t — H'b. In the type-II Two-Higgs-Doublet Model (2HDM), such
decays offer discovery potential for tan 8 < 2 and tan g = 20, given
sufficient integrated luminosity [57].

e For myg+ > my, direct production channels such as gb — tH ~ and
pair production via qq, gg — HTH~ become significant. These
processes are governed by the Yukawa interaction:



g

Lrn =
%74

H+f(mb tan 8 Pg + m; cot B Pr)b + h.c.

(2.34)

The cross-sections are enhanced for both low and high values of tanf,
making these channels complementary in probing the parameter space of
the model.

2.4.3 Muon Anomalous Magnetic Moment

The anomalous magnetic moment of the muon, defined as a,, = % (9, — 2),

is a precisely measured observable that provides a sensitive probe of
physics beyond the SM. The latest combined measurement by the Fermilab
Muon g—2 experiment and the earlier E821 experiment at Brookhaven

reports a discrepancy with the SM prediction at the level of 4.2 0 [15, 16]:
Aay, =a® —a)M = (251 £59) x 1071

(2.35)

This suggests that potential new physics contributions should lie in the
range:

215 x 10711 < Aa}jP <637 x 1071,

(2.36)

(a) (b)
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Figure 2.1 One-loop Feynman diagrams for the muon g — 2.

1

In the 2HDM,, additional contributions to a, arise from both one-loop and

two-loop diagrams involving the extra scalar states H, A, H*. At one loop,
the electromagnetic vertex correction for a lepton £ has the general form:



1ok

£(p"\THe(p) = £(p') |y F1(K?) + ~ Fy(k*) | £(p),

2my
(2.37)
where the anomalous magnetic moment is given by ay = F»(0).
The 2HDM one-loop contribution is [58]:
o = S5 S e e
(2.38)

where j = h, H, A, H*, r], = m?,/M?, and the loop functions f;(r) are:

1 2 92—
) = [ e
(2.39)
1 3
Fa(r) 2/)  p—
(2.40)

! —z(l —z)
fre(r) :/0 dwm.

(2.41)

However, one-loop effects are typically too small to explain the observed
anomaly unless the scalar masses are of order a few tens of GeV. A more
significant contribution arises from two-loop Barr-Zee type diagrams [59,
60], especially when involving heavy fermion loops.



Figure 2.2 Barr-Zee two-loop Feynman diagrams for the muon g — 2.

The dominant two-loop Barr-Zee contribution is:

it = ot NG T (5 )

(2.42)
where ¢ = h, H, A, and O mg N, ! are the electric charge, mass, and color
factor of the loop fermion, respectlvely. The loop functions are:

= e
(2.43)

ga(@) :/Olda:w(l_lx)_mln[x(lw_m)].



(2.44)

The pseudoscalar 4 yields a positive contribution to Aa,,, while the CP-

even scalars 4,H give negative ones. Thus, a light pseudoscalar with
enhanced couplings to leptons, particularly in Type-II 2HDM with large
tan 3, can provide a viable explanation for the observed anomaly.

2.5 INERT HIGGS DOUBLET

Within the framework of the 2HDM, the Inert Higgs Doublet Model
(IHDM) arises when one of the Higgs doublets, typically denoted as P,
does not acquire a VEV, while the second doublet &5 does. This leads to the

vacuum structure:
- (0) @)

As a result, ®5 is responsible for electroweak symmetry breaking and
generates masses for the SM particles, whereas ®; remains inert: it does not
participate in symmetry breaking nor couple to fermions at tree level.

The 1nert nature of ®; i1s ensured by imposing a discrete Z, symmetry
under which &; — —®;, while all SM fields and ®5 remain even. This
symmetry forbids ®; from acquiring a VEV and ensures that its
components interact only in pairs, preventing tree-level mixing with @,
[61].

After electroweak symmetry breaking, the doublets are parameterized as:

H* G+
P, = . ) &,y = . )
! —5 (8 +id) 2 5 (v+h+iG°)

where G* and G are the Goldstone bosons absorbed by the W™ and Z
bosons, respectively. The fields S, 4, and H* originating from ®; are
physical scalars, which are stabilized by the unbroken Z, symmetry and
thus become potential DM candidates.

The scalar potential, constrained by the exact Zs symmetry (which

forbids the m%2<I>J{<I>2 term), takes the form:

(2.45)



Vo=l @] + 3] ol + A [D1]* + Xa|@2|* + A3 |@1 7| Bo|
A
+hal@] @l + 2> [(@I%)Z + h.c.].

(2.46)
After minimizing the potential, the physical scalar masses are:
mi =2\’
(2.47)
2 2 1 2 2 2
myg :/1/1‘{’5()\3"‘)\4"‘)\5)'0 :,U:1+)\Lv7
(2.48)
2 2 1 2 2 2
my = p1+ 5 (As A= As)v” = pt + Aa’
(2.49)
2 2 1 2
My =K + 5)‘30 )
(2.50)

where A 4 = %()\3 + A4 = A5). The model's independent parameters can
be expressed as {mp,mg,m4, mpg=, A2, A\r}, with the DM candidate
identified as the lighter neutral scalar between S and A. Here, we assume the
CP-odd scalar 4 is the lightest and thus serves as the DM candidate.

Assuming a standard thermal history of the Universe, the relic abundance
of inert scalar DM is determined by its annihilation cross-sections into SM
final states, including:

A'A_>f1f_‘ (f:t’b’c’T7l'L)7
AA W W, ZZ, vy, vZ,
AA— H H".

For m4 < myw z, three- and four-body final states from off-shell vector
bosons (VV* and V*V* with V =W, Z) become relevant. The relic
density Qh? is obtained by solving the Boltzmann equation, which at
freeze-out yields the approximate expression:

Q2 ~ 107 % 10° GeV !
~ Mp V9x (ov)




(2.51)

where Mp, is the Planck mass, g« is the effective number of relativistic

degrees of freedom, and (owv) is the thermally averaged annihilation cross-
section. Detailed relic density computations often require numerical tools
such as MicroMEGAs [62], ensuring consistency with the latest observational

data from Planck:
Qcpmh? = 0.120 + 0.001

(2.52)

The IHDM thus presents a minimal, well-motivated framework where a
stable scalar, protected by an exact symmetry, can account for the observed
DM in the Universe, while remaining consistent with current collider and
cosmological constraints.






CHAPTER 3

Minimal B — L extension of the
Standard Mode

DOI: 10.1201/9781003457701-3

As discussed in Chapter 1, the SM of electroweak and strong interactions
has been remarkably successful in accounting for a wide range of
experimental observations. Nevertheless, he discovery of non-zero neutrino
masses provides direct and compelling evidence for physics BSM. The
phenomenon of neutrino oscillations, confirmed by solar and atmospheric
neutrino experiments, implies that at least two neutrino species must
possess non-zero mass [13, 14].

A particularly well-motivated and minimal extension of the SM that
accommodates neutrino masses is based on the enlarged gauge group:

SU(3)c x SU(2), xU(1)y x U(1)p_g,

where B—L denotes the difference between baryon (B) and lepton (L)
numbers. This extension, commonly referred to as the B—L extended SM
(BLSM), is particularly attractive from a theoretical standpoint because it
becomes anomaly-free upon the inclusion of three SM singlet fermions, one
per generation. These additional fermions are naturally identified as RH
neutrinos [63, 64].

In the minimal B-L model, the breaking of the extra U(1)p_ gauge
symmetry 1s achieved via a complex scalar SM-singlet field that develops a
VEV at the TeV scale [64]. This gives rise to of an additional neutral gauge
boson Z, and a new scalar particle. These new states can lead to observable
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signals at the LHC, such as resonant production of Z bosons or extended
Higgs-sector signatures [65, 66].

The minimal B— L model is considered “minimal” in both its scalar and
fermion sectors:

e A single additional complex scalar singlet is introduced to
spontaneously break the U(1) p_ symmetry.

e Exactly three RH neutrinos, transforming as vg ~ (1,1,0,—1), are

included to cancel all gauge and gravitational anomalies associated
with the extended gauge symmetry.

As we will discuss, this model offers a simple, testable, and elegant
framework to explain the origin of neutrino masses via the type-I seesaw
mechanism, while predicting new particles accessible at current or near-
future collider energies.

3.1 CONSTRUCTING THE BLSM

The particle content of the BLSM includes, in addition to the SM fields, the
following new states:

(1) A scalar field y, which is a SM singlet carrying a B—L charge of
+2. Its VEV spontaneously breaks the U(1) g1, gauge symmetry.

(1) Three SM-singlet fermions v; (2 =1,2,3), each with a B—L

charge of —1. These fermions serve a dual purpose: they cancel the
B—L gauge anomalies and enable the implementation of the type-I
seesaw mechanism for generating light neutrino mass generation.

Table 3.1 summarizes the particle content of the BLSM, along with their
charge assignments under the extended gauge group.

TABLE 3.1 The SU(2)1, x U(1)y and U(1) 51, quantum numbers of the particles in the model. <1

/ VR €R 0 Ug dp ¢

SU2)L xUQ)y | (2,-1/2) (1,0) (1,-1) (2,1/6) (1,2/3) (1,-1/3) (2,1/:
U1l)p_r ~1 -1 -1 1/3 1/3 1/3 0




The minimal gauge-invariant Lagrangian of the B—L extension of the
SM can be written as [64]:

Lp1=ym+ L5+ L+ Ly,
3.1)

where the Yang-Mills (gauge kinetic) part includes the kinetic terms for all
gauge bosons:

Pym = —1GLGe — TWa Whve — LB, B
1 v k v
~+B),B" — £B,,B"™,

(3.2)
where k 1s a real parameter representing kinetic mixing between the two
Abelian gauge fields. The field strengths are defined as

B, = 8,B,—8,B,, B,, =08,B,—08,B,.

(3.3)

The kinetic mixing term can be removed via a suitable field redefinition,
leading to canonically normalized field strengths [66]. After diagonalization
of the kinetic terms, the most general covariant derivative takes the form:

D, =0, —igsT*G) —igr'W; — igYB, —i(gY + g"YB,L)B;L,
(3.4)
where g and g’ are the gauge couplings of U(1l)y and U(1)p 1,
respectively, § is a mixing parameter arising from the diagonalization

procedure, and Y, Yp_ 1, are the respective charges.
The fermionic part of the Lagrangian is

="gf = Z 'l/_)i’yuDlL/(pa
¥
(3.5)

where the sum runs over all SM fermions, including the RH neutrinos vy,

which are necessary for anomaly cancellation and for implementing the
seesaw mechanism. The B— L charges are:



1
YBfL(QLv UR, dR) = g,

Yp r(¢r,er,vg) = —1.

The scalar content consists of the usual SM Higgs doublet H and an
additional SM-singlet scalar y, which is charged under U(1)p_; and is
responsible for spontaneously breaking the B—L symmetry. The scalar
Lagrangian is

Z, = Dygl” + [Dux|” = V($,x),
(3.6)
with the scalar potential
V($,x) = mig'e +mix'x + A (16)” + X (x"x)? + As(xx) (¢79).
(3.7)

Recall that the scalar field ¢ is a Higgs doublet, and y is a singlet, with
B — L charges of 0 and +2, respectively.

Finally, the Yukawa interactions for quarks and charged leptons are as in
the SM:

Ly D _yu(jLI:I'UfR — YdqrPdr — yeZLqSeR + h.c.

(3.8)

And for neutrinos, the presence of vp allows both Dirac and Majorana mass
terms:

— 1
%y O —y lrHvp — §yM17fzxz/R + h.c.
(3.9)

The first term generates a Dirac mass after EW symmetry breaking, while
the second provides a Majorana mass for v when y acquires a VEV,

realizing the type-I seesaw mechanism.

3.2 B — L BREAKING, HIGGS AND GAUGE MASSES



The spontaneous breaking of the B— L symmetry proceeds analogously to
electroweak symmetry breaking. It is triggered by a non-vanishing VEV of
a scalar field that is a singlet under the SM gauge group but charged under
U(1)p_r. In this setup, the Higgs sector consists of:

o A complex SU(2) singlet scalar field, x ~ (1,1,0,2), responsible
for breaking the U(1) p_r, symmetry, and

o The usual SM Higgs doublet, ¢ ~ (1,2,1,0), which breaks the
SU(2), x U(1)y symmetry down to U(1)¢p,.

The most general renormalizable scalar potential involving both fields
can be written as:

A t
V(¢ x) =mid'g+mixx+ (¢1¢ xx) (Al ’ ) <¢T¢>-
S A2/ \x

(3.10)

As in the SM, for the potential to be bounded from below, the quartic terms
must satisfy positivity conditions. This requirement translates into the
following stability conditions:

)‘1’)‘2 > 07
(3.11)
4X1 A9 — )\% > 0.

(3.12)

To achieve spontaneous symmetry breaking with non-zero VEVs v and

!

v, the mass-squared parameters must satisfy m? <0 and m2 < 0.
Minimizing the potential with respect to the fields yields:

oV
i 0 =m?+2X0¢+ AsxIx =0,

(3.13)

oV
v 0 = mj+2hax x+s¢'¢=0.

(3.14)



Solving these equations leads to the VEVs [64]:

9 —4)\2m% + 2/\3771%
v - 9
Dirs A2
(3.15)
v’z _ —4)\1m§ + 2)\37’71% .

A Ay — A2
(3.16)

The vacuum configuration is taken to be:

(3.17)

Since the denominators in Egs. (3.15) and (3.16) are positive by Eq.
(3.12), the numerators must also be positive to ensure real VEVs:

—2Xom? + Agm3 >0,  —2\;m3 + Agm? > 0.

(3.18)

These inequalities imply that both m2, m2 > 0 are not allowed, regardless
of the sign of A;. Scenarios with mixed signs, such as m% > O,m% < 0,
require A3 < 0. For m?, m3 < 0, both signs of Ay are permitted. In the

decoupling limit A3 — 0, the two sectors become independent, and V>

reduces to the familiar SM expression. Combining Egs. (3.15) and (3.16),

one can express v'> in terms of v:

V? =

—2(m?2 4+ A\v?)
A3 '

(3.19)

This relation shows that if v’ > v, then a fine-tuned cancellation between
Asv'? and 2m? is needed to obtain the correct electroweak scale
v =~ 246 GeV. To avoid such fine-tuning, the B—L symmetry should be
broken at a relatively low scale, typically v’ ~ €(1) TeV. We assume that

the singlet VEV Vv is larger than the doublet VEV v, i.e.,



! v

> [(@°)] = —=.

V2

)| = NG

It is important to note that the scale v' is not fixed a priori. However, the
mass of the U(1)p_ gauge boson B/, as well as the masses of the right-

handed neutrinos, depend directly on v'. Thus, experimental bounds on extra
neutral gauge bosons can be used to set lower limits on the B— L breaking

scale.

3.2.1 Higgs Masses

To determine the scalar mass spectrum, we expand the potential (3.7)
around the VEVs, given in (3.15) and (3.16). Working in the unitary gauge,

the scalar fields can be written as:

B 0 v 4 ha(x)
¢(z) = (v+\f;1§(z)>, x( )_—\/5 :

The scalar potential then becomes:

A
V(hi,hs) = Av*hi + Xav?h52 + Azvv'hihh + 73 (v'h3hy + vhih3)

A
hi+ fh;‘.

M

+ A0k} + Av'h + 1

The mass terms are given by the quadratic part of the potential:

1 A2 Ry hy
—M?(hi,hs) = (h1 h 2 ( )
2 ( ! 2) ( 1 2) (%'U'Ul )\2,012 h2

This matrix is diagonalized by an orthogonal transformation:
(h) B (cos@ —sin0> (hl)
H) \sinf cos6 hy)’

where the mixing angle 6 is defined as:

(3.20)

(3.21)

(3.22)

(3.23)



| As|vv

tan 260 = oo
(3.24)
The masses of the physical Higgs bosons /# and H are:
mi g = Ao’ + A T \/(Alvz — A202)2 + A2v20'2,
(3.25)

Here, h corresponds to the SM-like Higgs and H is the heavy Higgs
associated with the B—L breaking sector. The parameter 4y controls the

mixing between the two Higgs states [65]. In the limit A3 — 0 or v’ > v,
the mixing vanishes, and we recover the SM Higgs mass mp, = v/2A1v and
the B—L Higgs mass mpy = V290, However, for non-zero /3 and

moderate v, the SM-like Higgs mass receives corrections and can be lighter
than in the pure SM case, which has important implications for Higgs
phenomenology [67].

3.2.2 Gauge Sector and Mass Mixing

The gauge boson masses arise from the scalar kinetic terms after
spontaneous symmetry breaking. In this U(1)p_ extension, the charged
gauge bosons W* = (W} FiW2)/v/2 acquire their standard masses
My~ = gv/2, unaffected by the Abelian extension.

The neutral gauge bosons, however, mix due to the extra U(1)p_r
symmetry. In the unitary gauge, the scalar kinetic terms yield:

in 1 1 .
LH = 50 Dby + < (i +0)? [PIWS — WL+ (gW] — o B
1 1
~gBY)| + 30"hy uhy + 5 (ha + v') (29" BY)?,
(3.26)

In the basis (B, W4', B'*), the neutral gauge boson mass matrix is:

g* —g9 qg
2 / 2

M2 = "’7 -99 g —99
! " 2
95 -9 7+ (L)



(3.27)

Applying the electroweak rotation:

cosf, sinf, O
Rgw(0,) = | —siné, cosf, 0],
0 0 1

(3.28)

we isolate the massless photon and obtain the 2 x 2 submatrix for Z and Z.
The physical eigenstates are:

\ ( cos 0, sin 0, \ ( \
—sinf,cosf cos@,cosd sinf

\Z n sin 0,sinf  —cosf,sinh cos 0' B’“
(3.29)
where the mixing angle 6 satisfies:
tan 20’ = 20Vg 9"
- i 2
7+ (=) (e +97)
(3.30)
The physical masses are:
My =0,
(3.31)
2
~9 41J’g"
/a2 + 02 | 1 g+ ( ) P
My, =V9 I 12 -9 |
2 2 g —|—g Sop /g2+g/2
(3.32)
! 1" 2
vvg2+g’2[1( §2+(4vg> g
MZ’ _— 1 +

(3.33)



where

(3.34)

In the limit § — 0, corresponding to the pure B — L model, the mixing

vanishes (¢’ = 0), and one recovers the SM result M, = 1/2v4/g% + ¢"22.
We adopt g = 0 in what follows, consistent with experimental limits on
Z--Z' mixing, which require it to be less than 103 [68].

3.3 NEUTRINO MASSES IN THE BLSM

In this section, we analyze neutrino masses and mixing in the B — L
extension of the SM, where the neutrino masses arise through a TeV-scale
seesaw mechanism [64]. After U(1) g_;, symmetry breaking, the field y can

be shifted around its VEV:

1
x = —=(ha + 7).

V2

The term %y m(VR)Sxvr leads to a right-handed neutrino mass:

1

Mp=——yuv'.
2v2

Similarly, after electroweak symmetry breaking, the field ¢ can be shifted

as:
0
¢ = hitv |
V2

giving rise to a Dirac neutrino mass term:

1

mp = —=Y,V.
V27

Thus, the mass matrix for the left- and right-handed neutrinos is:



% . 0 mp

B (mg MR>'

The masses of the light and heavy neutrinos are given by diagonalizing this
mass matrix:

-1, T
my, ~ mpMgp mp, m,, ~ Mg.

This is the seesaw mechanism, where large M results in very light neutrino
masses, m,,, of the order 102 eV,
In the usual seesaw mechanism, My is typically assumed to be of the

order of the Planck scale, ~ 10 GeV, to accommodate a Dirac neutrino
mass mp, of order 100 GeV. However, there is no direct evidence that such a
large scale is required, and a “low scale seesaw” with Mg ~ TeV is an
acceptable alternative, especially when Dirac neutrino masses are small, of
order 10™* GeV.

A commonly used parametrization for the Dirac neutrino mass matrix is
[69]:

- diag
mp = UPMNS\/ My, R\/MR,

where m,o,l; is the diagonal light neutrino mass matrix, Upp;ng 1s the

lepton mixing matrix, and R is an orthogonal matrix parametrized by three
complex angles. A possible parametrization for R is:

ag

( cact 51€2 S2 \
R=1 —s1c3 —c18283 cic3 — 818283 Sica |,
\ 8183 — C382C1 —C183 — S1S82C3 6362}

where ¢; = cos(6;) and s; = sin(6;), fori = 1,2, 3.

3.4 Z GAUGE BOSON IN THE BLSM

The Lagrangian describing the dynamics and interactions of the additional
U(1) p_r, gauge boson, denoted by Z, is given by:
Ly =—sgl 7wt

4 2
_g//JMB—LZ/p’

M3 Z,Z'" + 29" Z, Z'"x* + 4¢"'x 2, Z'*



(3.35)
where the B — L current is

_ 1_ 1= _ _
Jf L— 3 WYt + gd’yﬂd — eyue — vy,

(3.36)

Experimental constraints from LEP II and LHC searches place a lower

bound on the Z mass in B — L models [70]. These constraints typically
yield

MZI
"

2 6TeV,

(3.37)

", !

implying a scale for breaking symmetry v’ ~ &(TeV), since Mz = 2¢"v'.
Here, the electroweak scale remains v ~ 246 GeV.

The interactions of the Z boson with SM fermions are governed by their
B — L charges:

L5 =N"g'"Y] | Z, fy"f.
7
(3.38)

In this minimal B — L model, tree-level Z-Z mixing is absent, and Z
couples directly to SM fermions via their B — L quantum numbers [64].
The partial decay widths of the Z boson are approximately given by:

Nyé 2
F(ZI — Z+€7) ~ MMZ/,
2471
(3.39)
//Yq 2
N7 —qf) ~ (9 ser) My (1+22),
(3.40)

(QHYE_LV m? 4m? a
z ~————"Mu|1- ¢ 1-— ¢ (1 —s)
(Z' — tt) 8 Z M%, M%, + -



(3.41)

As shown in Fig. 3.1, the leptonic branching ratio of the Z boson is
improved relative to its hadronic decays. This is due to [Y5_,| = 3|Y4_;/|,

leading to:

BR(Z' — £"07) ~20%, versus BR(Z — £707) ~ 3%.

BR
1
S Z'— I'T
10'—  Z'— bb,cT,sS
G Z'— tt
m,.(GeV)
10-2|i||||||||||I||||I||||I|||||||||II||||||||I||||||

500 600 700 800 900 1000 1100 1200 1300 1400

Figure 3.1 Branching ratios of the Z boson as functions of M. Figure
adapted from [65]. &

Hence, the clean di-lepton signal makes Z a promising early discovery
channel at the LHC [64, 65, 71].

3.5 BLSM WITH INVERSE SEESAW MECHANISM

In this section, we review the TeV-scale B—L extension of the SM
incorporating the Inverse Seesaw (ISS) Mechanism, as proposed in Ref.
[72]. The model 1is based on the extended gauge group



SU3)¢ x SU(2)L x U(1)y x U(1)p_r, where the U(1) p_ symmetry is
spontaneously broken by a SM singlet scalar field y carrying a B—L

charge of —1. This breaking gives rise to a new neutral gauge boson Z. To
ensure anomaly cancellation, the model introduces three RH neutrinos vg,,
each with a B—L charge of —1. In order to implement the ISS mechanism,
the model also includes three additional SM-singlet fermions S; with B—L

charge —2, and three fermions S, with charge +2. The complete set of

B—L charge assignments for the fermions and scalar fields is summarized
in Table 3.2.

TABLE 3.2 B — L quantum numbers of fermions and Higgs partic
<

PartiCIG Q MR dR L eR VR ¢ X Sl

ra

Ys_;r |1/3|1/3|1/3| -1 |—-1|—-1]|0]|-1]|-2[H

The relevant part of the Lagrangian is given by:

1 — - -

fB—L = —ZB;WBUW + ’L[LD#’}’NEL + Z.eRD'u’)"ueR + Z.VRDM’}’HVR
+i81D,y"S1 +iS2D,y"Se + (D*$) D¢ + (D*X)'D,x
~V($,x) — (yeﬂqﬁe}z + Yl dvr + ys(VR)xSs + h.c.)

1 1
- W(Sl)CXT4.S’1 - W(S2)6X452,

(3.42)

where B:W =0,B, — 8,,B;L is the field strength of U(1)p_r, and D, is the

covariant derivative. The last two terms in the Lagrangian are non-
renormalizable and are required for generating small masses for S} and S, at

the TeV scale, essential for the ISS.
After B — L symmetry breaking, the Z gauge boson acquires the mass:

Mz = g"v' with ' ~ €(1TeV),

(3.43)

where v = (x)/v/2 is the vacuum expectation value (VEV) of the y field.
The constraints from LEP II on Z — Z' mixing lead to My /g" > 6 TeV



[73].
The neutrino mass terms arising from the Yukawa interactions are:

&£ =mpvrvg + Mg(vg)©Ss + h.c.,
(3.44)

where mp = %yyv and Mg = %ygv’ . These terms give rise to the

neutrino mass matrix in the flavor basis:
( 0 mp O \
M,=|mL 0 Mg]|,
0 Mg ps
(3.45)

where ps ~ 1071% GeV is the Majorana mass term for S,, and Mj is of

order the TeV scale.
The diagonalization of the neutrino mass matrix leads to the light
neutrino masses:

my, = mDMglus(Mlj%ﬂ)ilm%'
(3.46)

Thus, the light neutrino masses can be of order eV, with a TeV-scale My 1f

ps <K Mpg. The heavy neutrino physics in this model can be probed at the
LHC [64].






CHAPTER 4

Left-Right Symmetric Model

DOI: 10.1201/9781003457701-4

One of the most well-motivated extensions of the SM is the Left-Right
Symmetric Model (LRSM). Originally introduced by Pati and Salam in
1974 [74], the LRSM was further developed and analyzed in detail by
Mohapatra and Senjanovi¢ [22, 75]. These models provide a natural
framework for addressing parity violation in weak interactions, as well as
the origin of neutrino masses via the seesaw mechanism.

The LRSM is based on the extended gauge group:

SU(3)C X SU(2)L X SU(2)R X U(]')BfL'
(4.1)
At low energies, this symmetry is spontaneously broken down to the SM

gauge group, and eventually to electromagnetism. The symmetry breaking
proceeds in two stages:

SU(2)L X SU(Q)R X U(l)B_L — SU(2)L X U(l)y — U(l)EM,

where the electromagnetic charge operator is given by a generalized Gell-
Mann—Nishijima relation:

1
Q=T +Tp+5(B- L)

4.2)
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This expression emerges naturally from the symmetry-breaking sequence in
which the gauge group SU(2)g x U(1) p_, reduces to the SM hypercharge
group U(1l)y. The hypercharge itself is defined as a specific linear
combination of the right-handed isospin and the B — L quantum number.
When substituted into the conventional expression for electric charge, this
leads directly to the above generalized Gell-Mann—Nishijima relation. This
formulation not only reproduces the correct electric charges for all SM
fermions but also illustrates the consistent embedding of hypercharge
within the extended gauge symmetry of the LRSM.

Like the SM, the LRSM includes strong interactions via the SU(3)¢
gauge group. However, its weak interaction sector is extended to
SU(2)r x SU(2)r x U(1)p—_r, which implies the existence of additional
heavy gauge bosons. In particular, the LRSM predicts two charged right-
handed gauge bosons W}}—L and a neutral gauge boson Zp, in addition to the

SM gauge bosons.

The phenomenology of the LRSM strongly depends on the scalar (Higgs)
sector responsible for symmetry breaking. Various choices for the scalar
content, such as bidoublets, triplets, or doublets under SU(2)r g, lead to
different variants of the model with distinct features. These choices impact
not only the mass spectrum of gauge and scalar bosons but also the nature
of neutrino masses (type-I, type-II, or hybrid seesaw mechanisms), flavor
structure, and potential collider signatures.

4.1 CONVENTIONAL LEFT-RIGHT MODEL

In the LRSM, RH fermions are grouped into doublets under SU(2) g, and
the B — L quantum number plays a crucial role in anomaly cancellation and
neutrino mass generation. The spontaneous symmetry breaking of
SU(2)r x U(1)p_r, to U(1)y is achieved via a triplet scalar field Ag. The
field content of this model and the associated quantum numbers are given in
Table 4.1. Contrary to the SM, all RH components of fermion fields
transform as doublets under SU(2)g, reflecting the left-right symmetric

nature of the model.

TABLE 4.1 Field content of the LRSM and respective quantum numbers. <
Fields Components | SU(2);, x SU(2)g x U(1)p_L




Fields Components | SU(2); x SU(2)g x U(1)p_¢

Fermions

L; (V) 2 1 -1
€/L

Lp (V> 1 2 -1
€/ R

Or (“) 2 1 +3%
d L

Or (“) 1 2 +5
d R

Gauge bosons

WL Wi, w3 triplet singlet singlet
WR Wj%t, Wj:’i singlet triplet singlet
B B singlet singlet singlet
U
Scalars
() Y @f 2 2 0
o, @I
Ar o A 3 1 +1
AL A
2/ L
Agr (% A++> 1 3 +1
0 _A*
A V2 / R

The full Lagrangian of the LRSM includes gauge, kinetic, scalar, and
Yukawa parts:

gLRSM = gGauge + gKinetic + zScalar + gYukawa'
4.3)
The gauge kinetic terms for the gauge bosons are
1 a apv 1 7 N2 1 7 iz 1 uv
gGauge = _ZGW/G - ZWLHVWL - ZWR[I,I/WR - ZVW/V ’

(4.4)



with field strength tensors:

G = 0,G.—0,G% — g, f GG,

4.5)
Wi =0Wi, - 0,Wi, — g W] Wf,
(4.6)
Wi = 0,Wg, — 0, Wg, — gre " Wi, Wh,,
4.7
Vi =08,V —8,V,.
(4.8)

The fermionic kinetic terms and their gauge interactions are encoded as:
3 J— J—
LKinetic = Z [LLjiv*DuLr; + Lrjiv*D,Lg;

7=1
+ aLji’Y“DuQLJ‘ + éRji’Y”DuQRj] ;

(4.9)

where the covariant derivatives for the leptons and quarks take the form:

DL, = (aﬂ - igTLa- Wiy + ig%VM)LL,
(4.10)
D,Lr = ( b — igTRU. Whr, + ig%VIJLR,
(4.11)
D.QrL = (3u - igTLU' Wi, — ig%vu —igsA- Gu) Qr,
(4.12)
D.Qr = <8u - igTRU' Whry — ig%vu —1gsA - Gu) Qr-

(4.13)



The scalar sector in the LRSM plays a crucial role in the sequential
symmetry breaking:

SU(2)1 x SU2)r x U(1)p_1 24 SU(2)1 x ULy ~2 U(1)enr.

In addition to breaking the gauge symmetry, the scalar VEVs are
responsible for generating particle masses. The electroweak symmetry is
broken by the VEV of the bidoublet scalar ®, giving rise to the masses of
SM fermions and gauge bosons, while the heavy masses of the RH gauge
bosons Wg, Zr and RH neutrinos are generated through the VEV of the
RH triplet Ag.

The gauge-invariant Yukawa interaction 1; @1 g requires that fermions
transform as doublets under both SU(2), and SU(2) g, and the scalar field

® transforms as a bidoublet under the extended gauge group. Specifically,
® is a 2 x 2 complex matrix with B — L =0, whose columns form
doublets under SU(2) 1, and rows under SU(2) g. As a result, the VEV of ®

does not break the U(1) p_1 symmetry.

To spontaneously break SU(2)r x U(1)p_r and reduce the symmetry to
that of the SM, an additional scalar field is introduced. This is typically
chosen to be a right-handed triplet Ar ~ (1,3, 42), which acquires a large
VEV. For the restoration of discrete parity symmetry at high energies, a left-
handed counterpart Ay, ~ (3,1,+2) is also included in the scalar sector

[74].
The Lagrangian of scalar fields is given by

gScalar = gSIgarllar - V((I)7 AL7 AR)’

(4.14)

where the kinetic Lagrangian is given by
et = Ttl|Du®|?] + Tr[| DuA, ] + Tr[| DA ).

Scalar

(4.15)

The most general gauge invariant and renormalizable Higgs potential given
as follows [76]:



V(®,A,,A,) = —piTr(®'®) — p3Tr(®'® + 1@) — piTr(ATA, + ATA))
+ A [Tr(@7®)]2 + A {[Tr(2T®))% + [Tr(27®)]2} + A\ Tr(DT®)Tr(21D)
+ MTr(@1@)Tr(®1® + 1) + p {[Tr(ATA))]? + [Tr(AT A )%}
+ p2{Tr(ATAT)Tr(A,A ) + Tr(ALAL)Tr(A,A,)} + p3{Tr(A]A)
x Tr(ALAL)} + pa{Tr(A, A )Tr(AFAT) + Tr(A A ) Tr(ATAT)}
+ oy Tr(®21)[Tr(ATA, + ATA )] + a{Tr(37@)Tr(ATA )
+ Tr(@®N)Tr(ATA )} + a3{Tr(®'®)Tr(AT A ) + Tr(®2H)Tr(ATA )}
+ asTr(®®TA, AT + &TRA, AT) + B Tr(AT A 8T + ATSTA | )
+ BoTr(ATRA BT+ AT DTA &)} + B, Tr(ATRA, BT + AT BTA 3)},

(4.16)

where the conjugate Higgs bidoublet is defined as
0* g+
‘520'2@*0'2: ( @27 q)?k),
~o; &
(4.17)

which transforms in the same way as ®.
Finally, the Yukawa interactions responsible for fermion masses are given
by:
S =Q, (ch1> + Yqé)QR + L (n@ + Y@)LR
+fLLECiocy AL Ly + frLECio,ARLy +h.c.
(4.18)
Here, Y, f’q, Y:, Yy are Dirac-type Yukawa matrices for quarks and leptons,

and fr, fr are symmetric Majorana-type couplings for neutrinos. After
symmetry breaking, the Lagrangian generates:

» Dirac masses for charged fermions and neutrinos via (®),

¢ Majorana masses for neutrinos via (A g g),

naturally realizing both the type-I and type-II seesaw mechanisms [20]. The
LRSM thus provides a compelling framework for addressing open
questions in the SM, including the origin of neutrino masses, the nature of
parity violation, and new physics at the TeV scale [77].



4.2 SPONTANEOUS SYMMETRY BREAKING IN THE
LRSM

The gauge symmetries imply that all gauge bosons and fermions must be
massless, thus the symmetry with massive gauge bosons (short-range forces
like the weak interaction) must be spontaneously broken. The spontaneous
symmetry breaking (SSB) in the LRSM occurs in two stages, and the
mechanism is similar to that of the SM. Specifically, it is achieved by the
VEV of scalar Higgs multiplets. The symmetry breaking scheme is as
follows:

SU2)1 x SU2)z x U1) 51 22 SU2)1 x U(1)y,

(4.19)

at this stage, only the RH scalar Higgs triplet gets a VEV and breaks the LR
symmetry down to the electroweak (EW) symmetry. After this stage of
symmetry breaking, the physical Wét and Zp gauge bosons acquire masses

through interactions with the right-handed triplet Higgs. Additionally, the
hypercharge operator Y appears as a linear combination of the difference
between baryon and lepton numbers and the third component of the right-
handed isospin:

Y = T}% + QB—L7

(4.20)

where @ g1, is the generator of the U(1) g_, group, as defined in Eq. (4.2).
The values of the new gauge couplings gp and gp_1, are related to the SM

hypercharge coupling gy by:

9RYIB-L

\/9%‘*9%7L

gy =

4.21)

From the definition of the hypercharge, it follows that Y (A%) =0,
ensuring that hypercharge remains an exact symmetry. Note that Ag is a
singlet under the SU(2) gauge group, so it remains an exact symmetry at
this stage as well.



The second stage of symmetry breaking further reduces the symmetry,
breaking the electroweak group down to electromagnetism, just like in the
SM but with an extended Higgs sector. The breaking is achieved by the
neutral components of the bidoublet Higgs ® and the left-handed triplet
Higgs A, which acquire VEVs, as follows:

®),(AL)

SU©2)1 x U(1)y 22 7(1) .

(4.22)

Here the neutral components of the bidoublet Higgs and LH triplet get
VEVs and break the EW symmetry down to EM. After this stage of
symmetry breaking, physical W, and Z, , gauge bosons acquire masses.

Without loss of generality, the VEVs of the neutral components of the
Higgs fields can be written as

=750 w) wo=75 (o) =50 0)

(4.23)

The minimization conditions of the scalar potential V(ki, ks, vy, vR)

with respect to the neutral VEVs yield four equations from the derivatives
with respect to &y, k», v;, and vp. Solving these, one obtains the following

relations among the potential parameters and VEVs:

5 Bk + Bikiks — p13v,v,
3 - - 9

k]
(4.24)
1
pi = 2 (alk% + daski ks + aizk: + 2p1(v2 + U%{))7
(4.25)
Bok? + Brkiks + B3k
VrVp = — )
P13
(4.26)
1
'v2L + 'v%g = —(2,u§ — alk% —doaok1ks — algkg),

2p1



(4.27)

where the shorthand notations are defined as:
— 2 2 2 2
a3 = a1 +as, p3=2p1—p3, vV} =0VL+VR, Vx =ULUR.

The expressions for the mass parameters p? and p2 are more involved and

are omitted for brevity. In the phenomenologically relevant limit where
vy <K k12 < vg, the SM VEV is given by

\V K2+ k2 =v~ 246 GeV.

4.2.1 Gauge Boson Masses in the LRSM

After SSB, the gauge bosons masses are generated as follows, from Higgs
kinetic term Tr|D, (A ,)|? one obtains the mass terms:

21,2 2
ngR p— + vR u3 m 3
T WR WR,u + 7 (gRWR - gBLV )(gRWR,u - gBLVN)
(4.28)
Defining the mass eigenstates via:
Wt Wi FiW2 ZRr _ (cosp —sing w3
R V2 ’ B sinp cosyp v )
(4.29)
where the mixing angle ¢ 1s defined as:
sin(p:L, Cos(p:g—R,
VIR T 951 VIR T 951
(4.30)

the massless field B is identified with the hypercharge gauge boson, while
Zp 1s a heavy neutral boson that decouples at low energies.

In the second stage, the electroweak symmetry is broken by the bidoublet
Higgs @ acquiring a VEV (®) = diag(ki, k2) and the left-handed triplet
Ay developing a small VEV (Ap) = vy. The kinetic terms yield masses
for the SM gauge bosons:



v? B _ grgrkiks
D, @) S (W, +ghWywy) - Sk

(W Wy +h.e.)
,02
+g (9tW} — gvB)?,

(4.31)

2 g%v% 41— 'U% 3 2

Tr|Du{Ar)|” > =Wy Wy + 5 (9:Wr — gvB)’,
(4.32)

where gy is the hypercharge coupling:
9RrRIBL
gy — —/ Q—.
\/ 9rt 951

(4.33)

Neutral gauge bosons in the LRSM

After diagonalization, the neutral gauge bosons mix via the Weinberg angle
0y as in the Standard Model:

Zr\  (cosby —sinfy\ (W}
A ) \sinfy cosfy B )’

(4.34)
with
sin Oy = g—y, cos Oy = g—L.
2 2 2 2
\/ 91 + 9% \/gLJrgy
(4.35)

The full neutral gauge boson mass matrix in the basis (W}, W3,V) is
given by [20]:

. ( g3 (4v] +v%)  —gLgrv® —4g1.9p1V2 \
My, = 2| —grgrv®  gh(4vp+0%)  —4grgprv
\ “dgromv}  —dgngmvh gl (d0) + 40})

(4.36)



This matrix can be diagonalized to extract the masses of the physical bosons
(ZLa Aa ZR) by

€ €

W3 9y 5
LM —eg, e gy (ZLH\
W3 — _— AP« .
9:9:  9r  9m \Z }
_ng € _gY } RE

9.9, 95 9r

(4.37)

The bidoublet @ induces mixing between the neutral gauge bosons Z;
and Zp, resulting in the mass-squared matrix in the basis {Z1,,, Zgr, }:

M2 o MI?L MI(Z)R
ZpZg — 0 0 ’
MLR MRR

(4.38)

where the matrix elements depend on the gauge couplings (9r,9r,9BL)
and the VEVs (k12,vr r). The physical states Z and 7 are obtained via a
mixing angle 9,

2M? i
tan20 = — LR _ (Z,> _ ( co.s19 sm19> <ZL),
M;, — Mg, Z —sind cosd ZRr

(4.39)

with corresponding eigenvalues:

1
M3 = 5 (M + M 7 O], MR+ A0 ).

(4.40)

In the limit vg > v, one finds Z ~ Z; and Z' ~ Zp. Experimental
constraints require ¥ < 1072 and Mz > 2 TeV [78].

Charged Gauge Bosons in the LRSM

The bidoublet @, transforming under both SU(2)p x SU(2)g, induces
mixing between W7 and W7 through the mass matrix:




M —
VET g —2grgrkiks  g%(K2 + k2 + 202)

1 (9%(]“% +k2+2v2)  —2grgrkiks )
(4.41)
The physical states W= and W* arise via an orthogonal rotation:
<W1i> _ ( cosé e sin5> (Wf)
iy —sing e “cos¢) \Wg )’
(4.42)

where & is the mixing angle, constrained to & < 1073 [79].
Defining k1 = vcos B, ko = vsin 8 with v = 246 GeV, the trace and
determinant of the matrix are:

1

T = 2 (91 + gr)v" +2(910L + grvR)),
(4.43)
D% = 1—169%9% [(v® + 20})(v® + 2v}) — 4v* sin® Bcos® B].
(4.44)
The masses are given by:
My w, = % (Tgi == \/ (T9%)2 — 4D9i>,
(4.45)
with
tan 2¢ — 2Mir 4grrk1ks
Mrp —Mgrr  2¢%,v% + (R — 1)0°
and

9RL = 9gr/9L-

In the limit £ — 0, the mass eigenstates reduce to:

vgrL VURJR
gv MW: J

My, = "R



(4.46)

4.2.2 Fermion Masses in the LRSM

Fermion masses arise from Yukawa couplings to the bidoublets ®, &, and
the triplets Ar, g:

_ZYukawa > zL(yL<(I)> + :”JL<&;>)LR + @L(yQ<(I)> + gQ<$>)QR
+iy™ (LTCo*(AL) Ly + LECo®(AR)LR) + h.c.

(4.47)
The Dirac mass matrices for quarks and leptons are given by:
1 1 _
M, = ﬁ(kal +3%k,), Mg = E(QQ@ + §%%;),
(4.48)
M, = L—(yLkl + k), M. = i—(yLkz +§ k),
V2 V2
(4.49)

while the Majorana mass matrices for the left- and right-handed neutrinos
are:

1 1
M, = —yMvy, M, = —yMup.

L \/5 VR \/5
(4.50)

The charged fermion mass matrices can be diagonalized using biunitary
transformations:

ViIM V= MEE vIMVE = M, VML VE = M3,
4.51)

Neutrino mass terms receive contributions from both Dirac (%, §*) and

Majorana (y™) couplings. It is convenient to express them using self-
conjugate Majorana spinors [20, 22, 76]:
I/L‘f‘l/z N V§+VR

v= , = .

V2 V2




(4.52)

We also define the Dirac Yukawa coupling as:

_ 1 y'Rki4 "k M,
Yp = \/5 v - v ’

(4.53)

which governs the magnitude of the Dirac-type neutrino mass.
In terms of y,, and yY, the full neutrino mass matrix in the (v, N) basis

becomes:
L V2yMu, YDpU ) <u>
(V N)< YDpv V2yMug | \N '

(4.54)

For natural values of Yukawa couplings y™ ~ yp ~ M /v, and the
hierarchy vg > v > v, (required for My, > My, ), the light and heavy

neutrino states become approximate flavor eigenstates with masses given by
the seesaw mechanism [76]:

v? _
my ~ V2yMug, my, ~ V2 (yMug — yo(y™") 'yb ).
2’UR

(4.55)

Finally, the light and heavy neutrino mass matrices m, and m, are
diagonalized by unitary matrices V' and VRN ;

vt v _ . diag Nt N __, diag
V., m, Vi =m 8, Vi, 'myVp =my™.

(4.56)

4.3 ELECTROWEAK INTERACTIONS IN THE LRSM

In the LRSM, the eclectroweak interactions arise from the covariant
derivatives acting on fermion fields in the kinetic Lagrangian:



3
L =1 (LLj’yuD/,LLLj + Lriy*DyLg; + Qriv*DuQr;j
=1
+ QRj’yquQRj) )
(4.57)

where L p and QQr r are the left- and right-handed lepton and quark
doublets, respectively. The electric charge of any fermion in LRSM is given
by:

B-L

Q=T+T+ 5

(4.58)

with TE’, r being the third generators of SU(2)r r and B — L the baryon-

minus-lepton number. This leads to the correct embedding of
electromagnetic and weak interactions [75].

After symmetry breaking, the gauge bosons mix to yield the photon, the
SM-like Z, a heavier Z, and the charged bosons Wi and Wi. The gauge

interactions of fermions then include:

e Charged currents: mediated by W3 and W3, involving left- and right-

handed fermions respectively, with mixing encoded in CKM and RH-
CKM matrices.

e Neutral currents: mediated by Z,Z’, and the photon 4, coupling to
combinations of TE’, T}%, and B — L.

Summarizing the weak interaction terms:

gL I 9dRr o

D (W T W, 1) P S (W T W, T, )PR]w
_ B— L

+ Pyt {gLTE’ W3+ grTEW3 + g1 Tvﬂ} ¥,

gweak D) /(/_)PYM |:

(4.59)

where w represents any SM fermion field. After diagonalization, these
interactions yield the familiar electromagnetic coupling and the
neutral/charged weak currents, now extended by right-handed counterparts
[22].



4.4 HIGGS SECTOR IN THE LRSM

The scalar content of the LRSM consists of a complex bidoublet ® and two
triplets A g, all complex. As emphasized above, the neutral scalar

components are expanded around their VEVs as:

1 )
3¢ = E(kl'i'h(l]'i'“o(l))a
1 .
39 = E(kﬁhgﬂsog),
1 .
AOL,R = E(UL,R + h%,R + Z‘POL,R)'

(4.60)

The mass spectrum of the physical Higgs scalar states is summarized as
follows [76]:

Doubly-Charged Scalars

In the basis (A7, A%F), the doubly-charged mass matrix is a 2 x 2
symmetric matrix M **, whose eigenvalues are:

mige. = %(Tr(Mii) + \/[Tr(MjEjE)]2 — 4 det (Mii)).
(4.61)

The physical states are obtained via a unitary transformation Z:
ZPTM**2P = diag(m%ii) m%ii)'

(4.62)

Singly-Charged Scalars

In the basis (47, #5, AT, A%), the singly-charged mass matrix M* is 4 x 4
and has two physical eigenstates and two Goldstone modes. The non-zero

eigenvalues are:
1
mi . = 3 (Ti +1/(T+)? - 4D§t>,



(4.63)

where T+ =Tr(M®*) and Dj is the second principal invariant:
Dy = 3 [(Tr(M*))? — Tr((M*)?)]. The matrix is diagonalized by Z*:

ZHM*Z* = diag(m?2,,m2,,0,0).
(4.64)

with two physical charged states and two Goldstone modes. The
eigenvalues follow:

Neutral Pseudoscalars

The pseudoscalar sector consists of four fields (go(l), gog, go%, go%) forming a

4 x 4 symmetric mass matrix. Two eigenstates correspond to Goldstone
bosons; the other two are physical pseudoscalars with masses determined
analogously.

Neutral Scalars

The CP-even neutral scalars form a 4 x 4 real symmetric mass matrix in the
basis

Szot = ((;biea ¢§e7 ArLea A;‘?)a

with entries determined by the scalar potential parameters and VEVs
k12,vr r. The mass eigenstates are obtained by diagonalizing the matrix

via a unitary transformation:
ZSTMH 75 = diag(m?, m2, m2,m?),

where one eigenstate corresponds to the SM-like Higgs boson with
mp ~ 125 GeV. The characteristic equation is quartic and solvable
analytically [80], allowing constraints on model parameters.

4.5 HIGGS INTERACTIONS IN THE LRSM

The kinetic terms of the Higgs fields in the LRSM encode their interactions
with the gauge bosons via the covariant derivatives. For the bidoublet field
®, the covariant derivative is given by



D,u‘I) = a,u@ - igL(WL,u ' TL)q) + igR@(WR[,L : TR)a
(4.65)

where W7, and Wy are the gauge fields of SU(2)r and SU(2)g,
respectively. In terms of the physical gauge bosons WLi’R, Z5,ZR, and 4,
the derivative becomes

. 9L e
A (Wi + w1 )@
. 9r e .
ot (Wi T + Wi, Tz ) — ie (T}@ - @T}) A,
. gL 3 gy 3 . gy 3
—iZp, 2L T &T T3 75,
¢ L“(cosHW L®+ tan ¢ R>+Ztango R Ry

(4.66)

Expanding the Higgs fields in components allows extraction of the
interaction terms between the physical gauge bosons and scalar fields,
which are essential for phenomenological analyses.

In the LRSM, the bidoublet @ couples to quarks through Yukawa
interactions:

Py D QL(y?® + §9%)Qr + hec.

(4.67)

After symmetry breaking, the Yukawa couplings are expressed in terms of
the physical quark masses:

\/5 u iagy s u ia|
YO = o (VEMEVE — VMRV,
1 k2
(4.68)
~ \/5 u iagy,u i
5 = VM kv,
17 %
(4.69)

This leads to flavor-changing couplings between the neutral components of
® and the mass eigenstate quarks:

Y D EL(yQ‘I)(ll + §Q<I>g*)u3 + EL(qu)g + :&Q‘l)(lj*)dR + h.c.



(4.70)

With the scalar and pseudoscalar fields rotated to their mass eigenstates,
the quark couplings are given by:

S S (A{j,ﬁ’UHk+zA;‘;gUAk»y5)uj+Zz (Afj,?” —iAD Aw"’)dj,
4.71)

with couplings

k1Zsik — k2Zs 2k —koZsk + ki1Zs 2k
HUU : : ) : I
/\zjk - 2 12 uiéij 2 1.2 Z Vi Msz]l )
ki — k3 ki — k3 7
4.72)
k. Z —koZ —koZ + k A
HDD _ "M1#48]1k 2482k B 2481k 1482k Lx R
)‘mk - k% — k% MdiazJ + k2 ZVZ M, Vlj )
(4.73)
k1Zpak + ka2 Zp ok ka2Zp 1k +k1ZP2k
AUU : : N L
)\Z]k - k% _ k% Muidl] k2 Z ‘/;l Mdl ]l 7
(4.74)
ki1Zpik + k2Zp ok k2ZP 1+ k1ZP %
ADD _ ) ) L* R
(4.75)

The off-diagonal terms in these couplings are induced by the nontrivial
structure of the mixing matrices ¥~ and V%, leading to tree-level flavor-
changing neutral currents (FCNC). These interactions are tightly
constrained by experimental limits on FCNC processes [76]. A similar
mechanism applies in the leptonic sector due to the non-diagonality of the
PMNS matrix.

4.6 PROBLEMS IN THE LRSM

While the LRSM elegantly addresses several shortcomings of the SM, such
as restoring parity symmetry at high energies and explaining non-zero



neutrino masses through a natural seesaw mechanism, it also faces
significant theoretical and phenomenological challenges:

e Doubly Charged Higgs Bosons: The scalar triplet fields Apr g

introduced to break the LR symmetry and implement the seesaw
mechanism predict the existence of doubly charged Higgs bosons,
H**. These exotic states have yet to be observed at collider
experiments, such as the LHC, and current bounds place stringent
constraints on their masses and couplings. The absence of detection
challenges the minimal LRSM or pushes the relevant scale beyond
current experimental reach.

e Fine-Tuning of the Left-Handed Triplet VEV: To generate light
neutrino masses via the type-I or type-II seesaw mechanism, the VEV
of the LH triplet, v;, must be highly suppressed (vy < O(1eV)).

However, the scalar potential naturally induces a non-zero v; through
terms proportional to the RH triplet VEV, v,. Achieving a sufficiently
small v; requires delicate fine-tuning of parameters in the scalar
potential, raising concerns about naturalness and stability.

e Extended Higgs Sector: The minimal LRSM contains a large number
of scalar fields: a bidoublet @ and two triplets Ay and Ag. This rich
scalar content leads to a complicated scalar potential with many
parameters and mass eigenstates. Diagonalizing the full scalar mass
matrices and analyzing the physical spectrum and couplings becomes a
technically challenging task. Moreover, the mixing among scalars
complicates the phenomenology and makes it harder to identify SM-
like Higgs signatures.

e Tree-Level FCNC: In the minimal LRSM, both the up-type and down-
type quark mass matrices receive contributions from two Yukawa
couplings due to the bidoublet @, leading to a non-diagonal structure in
the physical basis. As a result, the Higgs-mediated neutral current
interactions are not flavor-diagonal at tree level. This gives rise to
FCNC processes such as K — K% and B® — B® mixing, which are
tightly constrained by experiment. Suppressing these FCNCs either
requires fine-tuning the Yukawa matrices or introducing additional
symmetries or mechanisms.



Due to these challenges, various extensions and modifications of the
LRSM have been proposed. In the following chapter, we explore one such
alternative: the LRSM with an inverse seesaw mechanism, which alleviates
some of the aforementioned problems while preserving the appealing
features of LR symmetry.






CHAPTER 5

Doublet Left-Right Symmetric Model

DOI: 10.1201/9781003457701-5

In the previous chapter, it was emphasized that the conventional LRSM suffers
from a non-minimal Higgs sector, typically involving a bidoublet and two triplet
scalar fields. This setup complicates the model and often leads to tensions with
low-scale phenomenology. An alternative approach is to consider a simplified
Higgs sector consisting of a single bidoublet and one SU(2) g doublet Higgs field,
with the possible inclusion of an SU(2); doublet in certain extensions. This
minimal configuration defines the Doublet LRSM, which offers a more economical
structure and improved compatibility with experimental constraints [81, 82].

In this framework, neutrino masses are generated via the Inverse Seesaw (IS) or
Linear Seesaw (LS) mechanisms, as discussed in Chapter 1.

5.1 MODEL STRUCTURE

The DLRSM is based on the extended gauge group:
SU(3)C X SU(Q)L X SU(?)R X U(I)B,L.

The fermion content mirrors that of the conventional LRSM, with left- and RH
doublets for both quarks and leptons:

Q, = (ZL) ~(3,2,1,1/3), Qr = (ZR) ~(3,1,2,1/3),

L R

L, = (”L) ~(1,2,1,-1), Lr— (”R> ~(1,1,2,-1).

er, eRr

(5.1)
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Parity symmetry is manifest at high energies, implying invariance of the
Lagrangian under the exchange Q1 <+ Qgr, L <> Lg. Notably, the presence of
the RH neutrino vy, is required for the completeness of the lepton doublet.

To implement the IS mechanism, the model introduces three SM singlet
fermions S; with B— L = —2 and three singlets S, with B — L = +2. This

pairwise inclusion ensures cancellation of U(1)p_; anomalies [72]. To avoid a
direct Majorana mass term M S £S2, which would spoil the structure of the IS, a
discrete Z, symmetry is imposed, under which all fields are even except S}, which

1s odd. Here, we consider the following Higgs sector consists of:

e A scalar bidoublet ¢, responsible for EW symmetry breaking,

e An SU(2)g scalar doublet yp, which breaks SU(2)g x U(1)p_r down to
UQ)y.
The hypercharge is defined via the relation:
Y =2T3 + (B - L),

where T3 is the third component of the SU(2) g isospin. The full field content and
their quantum numbers under the gauge group are summarized in Table 5.1.

TABLE 5.1 Field content of the DLRSM and their gauge quantum numbers. <J
Fields SU(?))C X SU(2)L X SU(2)R X U(]-)B—L

o ur, (3’271a %)
o= ()

UR (3,1,2,%)
Qr (dR>

LL — (VL> (1525 1,—1)
€r

Lp— (VR) (1,1,2,-1)
€ER

Sy (1,1,1,-2)

Ay} (1,1,1,2)

0 of (1,2,2,0)
_ 1 %1
i <¢2 ¢8)



Fields SU(?))C X SU(2)L X SU(2)R X U(]-)B—L

X}; (1,1,2,1)
xe=|"4
XR

This LR extension with IS, henceforth referred to as LRIS, leads to rich
phenomenological implications, including TeV-scale RH gauge bosons and
observable lepton flavor violation, which have been studied in Refs. [72, 81-84].
The symmetry breaking in the LRIS model proceeds in two stages. The first stage
reduces the gauge symmetry SU(2); x SU(2)gr x U(1)p_r to the SM gauge
group via the VEV of a RH scalar doublet y:

SU(2); x SU2)r x U1) -1, %5 SU(2)1 x U(1)y-

(5.2)
This breaking occurs when yp develops a VEV in its neutral component:
1 /0
) = = (10 ):
(5.3)

where vg > 1TeV ensures that the associated gauge bosons W}:{ and Zp acquire

large masses [85, 86].
The SM hypercharge is identified as a combination of the SU(2)r and U(1) g,
generators:

Y =T} +Qp-1,
(5.4)
which is unbroken by (xr), since:
Y({xr)) = Tz({xr)) + @p-({xr)) = 0.
(5.5)
The corresponding gauge couplings obey:
1t
% 9% 9p1
(5.6)

The second stage of symmetry breaking, from the SM to electromagnetism, is
driven by the VEVs of the neutral components of a Higgs bidoublet ®:



SU(2)L x U(1)y R U(1)em,

(5.7)

with

o-5(: )
(5.8)

where 4/ k? + k2 = v = 246 GeV is the electroweak scale. At this stage, the gauge

bosons Wi and Z; acquire masses, and the electromagnetic coupling constant
satisfies:

1 1 1 1 1 1

P LT L T :
9. 9r 9B-L 91 9y

(5.9)

5.2 NEUTRINO AND FERMION MASSES IN THE LRIS

The Yukawa Lagrangian gives Dirac masses for fermions and light neutrino
masses via the IS mechanism for all three generations. The relevant terms are:
3
Ly = Z [yz‘I}LLiQ()LRj + ?JiLjLLifﬁLRj + yinQLi¢QRj

1,j=1

+Z7inQLi€5QRj + yijRﬁZRszcj} +h.c.
(5.10)

The bidoublet ¢ and its conjugate ¢ couple to both quarks and leptons, generating
Dirac masses. The RH doublet y, couples only to leptons and sterile singlet

fermions S,, generating the IS mechanism for neutrino masses. After B — L

breaking, a small Majorana mass term (555> arises from a dimension-seven non-
renormalizable operator, yielding:

4
Hs = )‘s% 5 ﬁ(l) keV,
(5.11)

where /, is a dimensionless coupling. For vg ~ €(10%) GeV, ps ~ 1077 GeV for
M ~ 103 TeV and A\, ~ €(1) [87]. Tus the neutrino mass terms are:



zm” = MDI_/LI/R + MRpf?Sz -+ 'U/S‘S_’chz + h.C.7
(5.12)

v

where Mp = = (yL'sg + §lcp) is the Dirac mass matrix, and Mg = %ys. The

V2
complete 9 x 9 neutrino mass matrix in the basis ¢ = (v§, vg, S2) is:
0 Mp 0
M,=| ML 0 Mg
0 ME ps

(5.13)
This matrix yields three light neutrino masses:
my, = MpMp' (M)~ Mp,
(5.14)
and six heavy states with masses:
m2, = M3+ Mp.
(5.15)
The matrix .#, is diagonalized by a unitary matrix J such that:
VI, = 4.
(5.16)

The light neutrino mass matrix in Eq. (5.14) is diagonalized by the physical
lepton mixing matrix, known as the PMNS matrix Upns [88], according to the
relation:

Unins Moy Unins = mf}liag = diag(m.,, my,, my, ).

(5.17)
This allows us to express the Dirac neutrino mass matrix as:
mp = U ms,iagR ps' My,
(5.18)

where R is a general orthogonal matrix. This expression extends the well-known
Casas-Ibarra parameterization for type-I seesaw [69], which corresponds to

mp = Um \/ msliang MN



The full 9 x 9 neutrino mass matrix ./, is diagonalized by a unitary matrix V
such that

VT,V = a5,
(5.19)

where V has the block structure:

v (V3><3 V3><6>.
Voxs Vexe

(5.20)

The submatrix V3.3, which governs the mixing among the light neutrinos, is
approximately given by

1 T
Vé><3 ~(1-— EFF Um,
(5.21)

where the correction term %FF T characterizes the deviation from unitarity due to
mixing with the heavy neutrino states. Here, F'is defined as

F=mpMy".
(5.22)

Hence, in general, V343 1s not exactly unitary, and the extent of non-unitarity is
governed by the size of FFT. The matrix V3¢, which encodes the mixing between
light and heavy neutrinos, takes the form:

Vs = (03x3, F)Vixe,
(5.23)

while Vi is the matrix that diagonalizes the mass matrix in the heavy neutrino
sector involving vy and S,.

Furthermore, after electroweak symmetry breaking, quarks and charged leptons
acquire masses via the Higgs mechanism:
v

M, =—
V2

(y9sp + 7%sp),
(5.24)

v
M; = —(y%cs+i9sp),
V2



(5.25)

v ~
M, = —(y*cs+§"sp),

V2

(5.26)

with kq = vsg, ks = vcg, and v = 246 GeV. Diagonalization of these matrices
gives the physical masses:

MyRE = VIIMVE, f=ud,t.

(5.27)
The original Yukawa matrices are expressed as:
Q N \/i upr uf o dM df

(5.28)

_ V2 u

§9 = ——(cagVEM, VM — sgVAMVE.

U02ﬂ

(5.29)

Unlike the SM, fermion masses arise from two distinct VEVs, leading to a non-
trivial flavor structure and the potential for tree-level FCNCs via neutral Higgs
exchange.

5.3 HIGGS SECTOR IN LRIS

The Higgs sector of the LRIS model consists of a bidoublet ® and a RH doublet
xr- The symmetry breaking occurs in two stages:

SU2)L x SUQ2)r x U()p_r  — SU2)1 x U(1)y,
(5.30)
SU@2)L x ULy — U(1)em.
(5.31)

The neutral components of these Higgs fields expand around their VEVs as:

k1 + hY + ip) (I)O:k2+hg+igog vR + R + i,

30 — _ , , 0 _
1 NG 2 V3 XR NG



Before symmetry breaking, the model contains 12 scalar degrees of freedom (8
from ® and 4 from yp). After breaking, 6 scalars remain as physical Higgs bosons:

two charged Higgs bosons, one pseudoscalar, and three neutral CP-even Higgs
bosons.

Singly Charged Scalars

The mass matrix for the charged Higgs bosons in the basis (¢F, ¢35, x3) is given
by:

Diagonalizing this matrix leads to a physical charged Higgs mass:

32 L2R
2 2
m = — | — 4+ v
H* 2 ) 28 |»

where ago = ag — a. The mass is typically in the range of hundreds of GeV for
VR ~~ é?(ﬂfe\/).

The physical charged Higgs is a combination of ¢, ¢3, and x7, with the
following mixing:

H* =28 ¢f + 28 ¢5 + 2 x%.

Neutral Pseudoscalars

For the neutral CP-odd Higgs bosons, the mass matrix is:

c% spcg 0
1 ’UQOth A
2 1 [VRX32 o _ 9
M2 2( T af(n ,\3)> ( 2 0]
. .0

The eigenvalue for the pseudoscalar mass is:

, 1 [ vk 2
mAZE a32—4v (2)\2—)\3) B

%

which is typically in the range of a few hundred GeV for vg ~ O(TeV).
The physical pseudoscalar is given by:

A= call + sa0,



where sg < 1,50 A ~ ¢

Neutral Scalar

The mass matrix for the neutral CP-even Higgs bosons is:

2 _ 82V(¢7XL,R)
H— 6¢?R8¢2R

(¢2)=0°

This matrix can be diagonalized to yield the masses of the physical neutral Higgs
bosons. In particular, one of the eigenvalues corresponds to the SM-like Higgs
boson, while the other three eigenvalues correspond to the heavy Higgs bosons.
However, there is the possibility that one of the new scalar states could be lighter
than the SM Higgs, with a mass of order 95 GeV, potentially explaining some
observed anomalies (such as deviations in Higgs-like particle searches at the
LHC). The mass spectrum can therefore exhibit a light new Higgs state below the
standard 125 GeV threshold, which could also affect phenomenology at colliders.

5.4 PHENOMENOLOGICAL IMPLICATIONS OF THE LRIS
MODEL

The LRIS model offers a rich and testable phenomenology at both low-energy
precision experiments and high-energy collider searches. Its extended gauge
structure, additional Higgs fields, and the presence of quasi-Dirac heavy neutrinos
lead to distinctive experimental BSM signatures. In this section, we explore three
key phenomenological aspects of the LRIS framework. First, we examine its
potential to address the long-standing discrepancy in the muon's anomalous
magnetic moment, (g — 2),, through loop contributions involving new gauge and
scalar degrees of freedom. Second, we investigate the prospects for detecting
heavy Higgs bosons predicted by the model at the LHC, focusing on their
production channels and decay patterns. Finally, we analyze the lepton flavor
violating process p — ey, which can receive significant enhancements in the LRIS
scenario due to the interplay between the IS mechanism and new flavor-violating
interactions. These complementary probes collectively constrain the parameter
space of the LRIS model and offer promising avenues for its experimental
verification.

5.4.1 Muon g — 2 in the LRIS Framework

In this section, we investigate the contributions of the LRIS model to the muon
anomalous magnetic moment, a,, arising from the exchange of both light and



heavy gauge bosons (W, W', Z Z'), neutral scalars (h;, A), and charged Higgs
bosons (H¥), as illustrated in Fig, 5.1 [89].

Y So Y UEA AN Y
i +
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Figure 5.1 One-loop LRIS contributions to lepton g; — 2 via massive neutrino loops.
The exchanged particles include V* = W, W', V° = Z,Z', S = h;, A, and the
charged Higgs boson H*. &

The total new physics contribution to a, in this framework is given by

LRIS

day, = a,

—a +a +a +a +a +a +a s
(5.32)

where the individual terms, neglecting W —W' and Z—Z' mixing, are given by

ki U (5 + £,

(5.33)
9 1 5
Z Uk | — +3Zz(17 ) —Tw
—1 w
(5.34)
1
aé = GF (c4w - 5) (§>’
(5.35)
s l £ Wl
a = G (caw — 12¢0y — 5) | —%—z7 |,
14 F 485 gw/ Z
(5.36)
3 hz 7
21: Fez —i—logwh
(5.37)

7
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(5.38)

GFTTI%

with [¢| = 1,2 for £ =e,u, and Gf = o
z¢ =m?2/m?. The mixing angles are s, = gy/gr and s, =e/gr, with
tanf, <107% [90], and the charged gauge boson mass satisfies
my 2 O(4TeV).

Among these, the Z, W, h;, and A contributions are highly suppressed due to

. The mass ratios are defined as

small mass ratios and can be neglected. Additionally, the second term in Eq. (5.33),
which involves heavy RH neutrino loops, contributes only &(1072), less than
0.4% of the dominant term, and is further suppressed by the GIM mechanism [91]
due to the unitarity of the full 9 x 9 neutrino mixing matrix [87, 92, 93].

The charged Higgs contribution af * takes the form

9
zﬁi :G%F Z('Cké‘ Fa(a'y.) +2¢ 1€ 1 Fr(2] £))s
k=1

(5.39)
where (', = mLVkag, &' ke = 7o~ Ewe, and the loop functions are
T Pi(x) 6z log
Fi(z) = (x — 1)k (g —1)k+2”
(5.40)

Pi(x) =32+3, Pi(z)=2z>+5z—1.
(5.41)
In the limit 2 — 1, #;(1) = 1 and Z5(1) = 1. Over all x, the ratio #,/%;

remains &(1), ranging between 1/3 and 2/3.
The effective photon coupling is approximated by

+ 1
DI o (o8 + 9alY),

(5.42)

valid in the limit vy > v, with a typical value I’f * ~ 0.076. The first term in the

sum contributes only about 0.02% of the second term, which dominates. Thus, the
leading contribution is

29: CkZ&d

k=1 M

+
af” ~2ciTH chs wFi(xh) S




(5.43)

This contribution is enhanced by the inverse dependence on the charged lepton

mass in £,, making it potentially significant in explaining the a, anomaly, as

shown in Fig. 5.2.
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Figure 5.2 Muon magnetic moment anomaly da, as a function of the mass ratio
parameter z7. = m?jS /m%li, where m,, and mpyg: denote the second-heaviest
neutrino and charged Higgs masses, respectively. The 1o and 20 confidence
regions from experimental measurements are shown with bands between
horizontal lines. The benchmark point, circulated in dark—shaded region, was

considered in Ref. [89]. &

5.4.2 Heavy Higgs Search in the LRIS Model at the LHC

As discussed above, following Left-Right and electroweak symmetry breaking, the
CP-even neutral Higgs mass matrix M ff is diagonalized by the unitary matrix Z7.

The lightest eigenstate, H; = h, is identified with the SM-like Higgs boson. The
remaining two eigenvalues are given by

1 4Dh
m%{273 = §<Th_m%:': \/(Th_m%)z_ m2 )7

h



(5.44)

where T" = Tr(M2) and D" =det (M2) denote the trace and determinant of the

mass matrix, respectively.

From Eq. (5.44), the next-to-lightest CP-even neutral Higgs boson, Hy = h/,
can acquire a mass in the few hundred GeV range. In our analysis, we scan the
scalar potential parameters within the ranges:

A € [0.18,0.30], A4 €[0.70,0.99], oy € [0.06,0.16],
g € [0.60,0.99], p1 €[0.08,0.14], Ay € [-0.1,3].

(5.45)

The physical eigenstate 4" is composed of real parts of neutral scalar fields:
= 25 8"+ 2 6"+ 2,
(5.46)

where Z is the CP-even Higgs mixing matrix. Benchmark points with my = 250,
400, and 600 GeV are adopted as in Ref. [94]. The /4’ state is dominantly composed
of the ¢; component, with subdominant contributions from ¢, and yp.

The trilinear coupling of /" with two SM-like Higgs bosons is given by:
gn'hh < —2iZQI{Z£ {’U [()\1 — )\23) cos 8+ 3\ sin ,B]Zg + a4vRZg},
(5.47)

where we fix g1, = gr = g2 = 0.663, gpr = 0.422, and v = 6400 GeV, while
the scalar potential parameters are varied as in Eq. (5.45). At the LHC, the heavy
Higgs boson /4" is predominantly produced via gluon-gluon fusion (ggF), which
accounts for approximately 90% of its total production. For mj < 600 GeV, the
decay branching ratio BR(h' — hh) remains sizable, typically exceeding 10%,
making this channel promising for discovery.

Among the possible final states, the decay chain h’ — hh — bby~y offers a clean
experimental signature and manageable background. The corresponding Feynman
diagram i1s shown in Fig. 5.3. We perform a dedicated analysis for the three
benchmark masses of 4" 250, 400, and 600 GeV.
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Figure 5.3 Feynman diagram for /' production via ggF and decay into hh — bbyy. &

Using the narrow width approximation, the total cross-section for the process is:

o(pp — h' — hh — bbyy)

~ o(pp — h') x BR(h' — hh)

x BR(h — bb) x BR(h — 7).

Table 5.2 summarizes the production cross-section, branching ratio, and total
signal rate for the three considered / masses. To assess the discovery potential, we
analyze the signal and background distributions at /s =14 TeV with an
integrated luminosity of 300fb ™. Figure 5.4 shows the number of signal events

for my = 250 and 400 GeV before and after applying selection cuts, following the
procedure of Ref. [94].

TABLE 5.2 Production cross-section and decay branching ratios for different values of my/. &

mp (GeV) | o(pp — ') (pb) | BR(h' — hh) | o(pp — h' — hh — bbyy) (fb)
250 12.140 0.30 6.30
400 5.050 0.20 1.01
600 0.504 0.18 0.05
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Figure 5.4 Signal event distributions for A/ — bbyy at mp = 250 GeV (dotted line)
and 400 GeV (dashed line), compared to the SM background (solid line), before
(left) and after (right) applying selection cuts at /s =14TeV and

Lint = 300fb ' [94]. &

54.3 u — e7vyinthe TeV-Scale B — L Model with IS

We now examine the charged lepton flavor violating (LFV) process u — ey within
the framework of LRIS. A number of experimental efforts have been dedicated to
probing such LFV decays, with the 4 — e~y channel receiving particular attention.
The most stringent upper limit to date, reported by the MEG collaboration [95], is:

BR(p — ey) < 4.2 x 10713,

(5.48)

Future experiments aim to enhance this sensitivity by up to three orders of
magnitude.

It is worth noting that, within the SM augmented by tiny neutrino masses, the
branching ratio for this decay is extremely suppressed:

BR(p — ey)S™M ~ 107%,

(5.49)

rendering any experimental signal of this process a definitive indicator of new
physics.

The decay amplitude receives contributions from both light and heavy neutrinos
in the loop, along with the W boson, as depicted in Fig. 5.5. In the limit m, — 0,
the amplitude can be expressed as:

muGr 2 * - ' ’
> VaVeif(ri) x a(p)2e(p’ - €)Ju(p),

A(p — ey) ~
( 32v2m2 =

(5.50)
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Figure 5.5 Feynman diagram for the dominant contribution to & — e~y in the LRIS.
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where f(r;) is the loop function and r; = m2, /M.
Defining the overall amplitude coefficient as:
em,Gp

a = V*;Veif ri),
32v/272 ; wVaif (1)

(5.51)

the decay width becomes:
3

m
D(n—e7) = g -lal’.

(5.52)

Normalizing to the standard muon decay width T'(u — ev?) ~ m5,G%/(1927°)

, the branching ratio is given by:
F(p—ey)  3a ’
D(u—ev) 64w

9
> ViVeif(r:)
=1

)

BR(p — ey) =

(5.53)

with a = e?/(4m) ~ 1/137.
From the MEG upper limit in Eq. (5.48), one obtains the constraint:



<1.95x107°.

9
Z ViVei f(ri)
=

(5.54)

In the limit where LH neutrinos are extremely heavy, the mixing matrix V33
becomes nearly unitary, and the light neutrino contributions (z = 1,2, 3) to the
amplitude are negligible. Additionally, in this regime, the heavy neutrino
contributions are highly suppressed due to the smallness of the mixing terms (
Viis Vei ~mp/My ~ O (107%)), ensuring that the bound in Eq. (5.54) is easily
satisfied and BR(p — ey) < 10712,

Conversely, in the TeV-scale IS scenario, the lepton mixing matrix is
significantly non-unitary, and the mixing between light and heavy neutrinos is no
longer suppressed (mp/Mpy ~ €(0.1)). In this context, the constraint can be
rewritten as:

10 SN o _
T ViVei + ;Vﬂjvejf(rj) <1.95x10°°,
i= j=
(5.55)
where r; = (mqu / My)? and the mixing elements Ve(u)j are given by:
Vi = [(0,mpMy") Vexs] 1(2),5-3
= |:<07UMNS my, R #sl)Vfixfi]
1(2),7-3
(5.56)
Assuming 7; > 1 so that f(r;) ~ 4/3, the constraint simplifies to:
3
D ViVe| <0.8x 1077,
i=1
(5.57)

which imposes the condition (FFT)y; 12 < 107%. This limit is typically satisfied

in the IS framework, given the restrictions on the off-diagonal components of the
non-unitary Upns matrix.






CHAPTER ©

SU(5) Grand Unified Theory

DOI: 10.1201/9781003457701-6

The SU(5) theory stands as a widely studied example of a simple Grand
Unified Theory (GUT), first proposed by Georgi and Glashow in 1974 [96].
Unlike SM, SU(5) is a rank-four groupl. Since the SM gauge group,
SUc(3) x SUL(2) x Uy(1), also has rank four, any viable GUT must have
at least this rank. Possible candidate groups with rank four include:

[SU@B)?,  [SU@)Y,  0(9), O@), Sp(8), SU),
F (exceptional group).

After careful examination, only [SU(3)]> and SU(5) remain viable
candidates, as complex representations are required to accommodate chiral
fermions. In the SM, left- and RH fermions transform differently, e.g.,
eTL # er. However, [SU(3)]? is ultimately excluded because it implies that
leptons carry color quantum numbers and leads to unphysical flavor
assignments, both of which are incompatible with experimental
observations. Consequently, SU(5) stands out as the unique minimal
candidate for unification.

Yhe rank of a group is the number of mutually commuting generators that can be simultaneously

diagonalized. 4

6.1 SU (5) FERMION CONTENT


https://doi.org/10.1201/9781003457701-6

A defining feature of GUTs, particularly SU(5), is the unification of the
SM matter content into irreducible representations of higher dimensions of
the unified group. This must be achieved while preserving the correct
transformation properties under the SM subgroup.

Each generation of SM fermions consists of 15 left-handed Weyl spinors.
We organize them using the fundamental representations of SU(5), that is,

5 and its conjugate 5%, These decompose under
SU3)¢ x SU(2)r x U(1)y as [97]:

5=3,1) 130 (1,2)12, 5 =(3"1)13® (1,2)_1)2-
6.1)

Here, we adopt the convention that the first three components correspond to
SU(3)¢ and the last two to SU(2)r. The hypercharge is embedded to

satisfy the tracelessness condition of SU(5) generators. In particular, a
decomposition such as (3,1)2/3 @ (1,2)1/2 would violate tracelessness and

is therefore not allowed.
The 5 representation can be populated as:

d,
dg
5=W)r=1| dv | ,

e+
C
\_Ve/ R

(6.2)

where d,,, are RH down-type quarks, and e¢” and v¢ denote the RH
charged lepton and neutrino, respectively.
Applying charge conjugation, (¢¥r)¢ = Cyo¥y = (¥°)r, we obtain the
5" representation:
dy
dg
5 = () =9 =| d;

(6.3)



This assignment matches precisely the quantum numbers of SM particles.
To incorporate the remaining left-handed SM fermions, we consider
higher-dimensional representations built from tensor products:

5®5=15¢®10,4, 5®5*=2401,

(6.4)

where the subscripts denote symmetric (S) and antisymmetric (4) parts.
Their decompositions are:

15 = (67 1)74/3 ©® (3’ 2)1/3 S (1a 3)2a
(6.5)
10 = (3*’ 1)—4/3 ® (37 2)1/3 D (17 1)2~

(6.6)

The 15 representation contains exotic color sextets not observed
experimentally, while the 10 representation beautifully matches the SM
content.

Explicitly, the antisymmetric 10 representation, accommodating u;, O;,

and e}, is given by:

0 ug  —u§  up dy

—ug 0 ug Uy doy

(6.7)

Thus, the SM fermions of a single generation neatly fit into the 5* & 10 of
SU(5).

6.2 CHARGE QUANTIZATION IN SU(5)

One of the profound successes of SU(5) GUTs is the natural explanation of
electric charge quantization [98]. In this framework, charge quantization
arises from two key principles:



e The SM gauge groups SU(3)¢, SU(2)r, and U(1l)y commute,
implying that particles differing only by color or weak isospin have
identical hypercharges.

o The SU(5) generators are traceless, constraining the embedding of
U1)y.
Remarkably, the sum of electric charges within a given SU(5) multiplet

vanishes. For instance, in the 5" representation:

3q(d®) +g(e”) +g(ve) = 0,

(6.8)
leading to the relation 3(— %) + (—1) 4+ 0 = 0, which fixes the down quark
charge as q(d) = —1/3. This elegant result is a direct consequence of group

theory and provides deep insight into one of the most mysterious features of
the SM.

6.3 SU (5) GENERATORS

The group SU(n) is defined as the set of m X m unitary matrices with
determinant one. A general SU(n) transformation is expressed as

n?—1
U = exp (z > B“Ta> —exp(—iB- T),
a=1

(6.9)

where the T, are the generators of the Lie algebra, satisfying the properties
of being Hermitian, traceless, and normalized according to

Tr(AgAp) = 20ap,
(6.10)

with 1, the analogs of Gell-Mann matrices. For SU(5), there are 24

generators (a = 1, ..., 24), corresponding to the dimension of the group.
To identify the 24 associated vector bosons, denoted by
A, =AT,=A}\./2, we embed the SM gauge group



SU(3)¢ x SU(2)r x U(1)y into SU(5) as follows:

o Eight generators (7%,...,Ts) are associated with the SU(3)¢
subgroup,

 Three generators (T, Thg, T11) correspond to SU(2)f,
* One generator (7,) is assigned to U(1)y.

The SU(3) generators act on the first three indices, while the SU(2)
generators act on the last two, ensuring their commutativity. Explicitly:

00

1 As 00

T 825 00 )
0 0 00O

\0 0 00 0}

(6.11)

where A;_g are the usual SU(3)¢ Gell-Mann matrices. Similarly, the
SU(2) 1, generators are embedded as

000 0 0
000 0 0
oo _1l0o00 0 0
2101 = 51 0 o o o123 )
000

(6.12)

where o1 2 3 are the Pauli matrices.
The SU(2), weak isospin third generator, corresponding to 7, is given

explicitly by
000 0 0
000 O 0
Tiy=|0 0 0 O 0
000 1/2 0
\0 00 0 —1/2}

(6.13)



The generator associated with U(1)y is chosen to respect commutation
with SU(3)¢ and SU(2); generators, tracelessness, and correct
hypercharge normalization:

3
=3

|
ol
o
o

o o o o
|
|~
o v O O O
vk O O O©O O

(6.14)

Thus, the SM gauge group is embedded naturally inside SU(5), and the

twelve corresponding gauge bosons are associated with the above
generators.

The remaining twelve generators correspond to massive vector bosons X
and Y, responsible for transitions between quarks and leptons and mediating
proton decay. They are represented as off-diagonal matrices connecting the
SU(3)¢ triplet and SU(2), doublet indices. Schematically, they are of the

form:
1 033 Msyo
vz \M! 05, )
(6.15)

where M contains elements corresponding to raising and lowering
operators between color and weak indices.
Finally, we note that SU(5) is a rank 4 group, having four diagonal

generators. These can be identified as T; and Ty from SU(3)¢, T}; from
SU(2)r, and T}, from U(1)y, consistent with the SM structure.

Charge Operator

In the SM, the Gell-Mann-Nishijima relation expresses the electric charge
0 as

Y
Q:T3+Ea

(6.16)



where /3 is the third component of weak isospin and Y is the weak
hypercharge.

In SU(5), the electromagnetic charge operator Q is expected to be a
linear combination of the four diagonal generators. Since Q must commute
with all SU(3)¢ generators (implying that quarks of the same flavor have
the same electric charge irrespective of color), we can express Q as

3
Q=Tu+Ti2=T1+ gY,

(6.17)

where T, is the third generator of SU(2), and Y is the properly normalized

hypercharge generator defined earlier.
Substituting the explicit matrix forms of 73, and T7,, the action of the

charge operator O on the fundamental representation 5 yields

-5 0 00
0 -+ 0 00
QW )=| 0 0o -1 0 of=Qidy
0 0 0 10
\0 0 0 00

(6.18)

Accordingly, the fundamental conjugate representation 5 (i.e., 5°)
transforms with opposite charges:

+ 00 0 0
0+ 0 0 0
Q') =-Qidij=10 o % 0 0
00 0 —10
00 0 0 0

(6.19)

To determine the charge assignment for the 10 representation, we recall
that it transforms as an antisymmetric tensor:

Yij = Ui U g,

(6.20)



where U = e'Te is an element of SU(5). Infinitesimally, the variation
under a generator 7, reads

0pij = i (Ta)ixors + (Ta) vbar),

6.21)

which implies that the charge operator acts as
Q(xij) = (Qi + Q;) Xij-
(6.22)
Thus, the charge of a component x;; is simply the sum of the charges O,

and Q; corresponding to the fundamental indices i and ;.
For example, taking ¢ = 1,5 = 2 yields

1 1 2
Q(x12) = Q1+ Q2 = g T3 = 3
(6.23)
which matches the charge of an up-type quark.
Explicitly, the full charge matrix for the 10 is
23 0 3 -1
I R
-4 =5 11
(6.24)

An important consequence of charge quantization in SU(5) arises from

the tracelessness condition imposed on the generators. Specifically, for the
quarks and leptons, the condition

3Qd + Qe‘*’ =0
(6.25)

must hold, where O, denotes the down-type quark charge and Q.+ the
positron charge. This naturally explains why quarks carry electric charge



1/3 of that of leptons in grand unified theories [96-98].

6.4 GAUGE BOSONS

The SU(5) group possesses 52 — 1 = 24 gauge bosons. Twelve of these
correspond to the well-known gauge bosons of the SM, including the
photon, W*, 70, and the eight gluons. The remaining twelve are exotic
gauge bosons capable of transforming quarks into leptons and vice versa, a
distinctive feature of grand unification [96].

This distinction becomes apparent when decomposing the SU(5) adjoint

representation under the SM subgroup:
24 = (8,1)0 @ (3,2)—5/3 ® (3,2)5/3 ® (1,3)0 ® (1, 1)o.

(6.26)

Here, the (8,1)( corresponds to the eight gluons of SU(3)¢, the (1,3)
corresponds to the three weak gauge bosons W* and W3, and the (1,1)q is
the U(1)y hypercharge boson B. The (3,2)_5/3 and (3,2)5/3 components
represent the twelve new heavy gauge bosons, often called X and Y bosons,

which mediate baryon and lepton number-violating interactions.
Following the construction of the SU(5) generators, these 24 gauge

fields can be organized in matrix form as:

X, "
1 D (N 7
a Y b Vb
Au:AuTa :E Xu u
r b 3
X, X§ xb wpo ow,/
b - 1 3
vpovg vy ow, —Lw
1
-+ 0 0 0 0
0 —5 0 0 0
/3 1
+yx [0 0 -3 0 0fB,
0 0 0 5 0
\0 o 0 0 +

(6.27)



where Gi = A}L"'8T1.__8 are the gluons, WMi — %(AZ T z'AllLO) are the

charged weak bosons, Wi’ = A}}TH, and B, = Alllez corresponds to

hypercharge.
The twelve new gauge bosons are defined via linear combinations, for
example:

1
LA oAy, xn- L

X, = WS

13 | ;14
(Au +14,),

S

(6.28)

and similarly for the other color indices g and b.
The charges of these gauge bosons, obtained analogously using Eq.
(6.17), are:

|

wlis ol ol
|

| ol o=

W e, © © O
(@]

W e, © © O
W wr © O O
|

|
—_
S =
S~—

(6.29)

Eqgs. (6.27) and (6.29) reveal that the X and Y gauge bosons transform under
the SM gauge group as (3,2) 53, and not as their conjugate
representations.

These new bosons can be organized as doublets in color space:

(ii) (3>2)—5/3, <§§> (3a2)5/3-

(6.30)

The existence of these twelve heavy gauge bosons leads to distinct new
interactions. As previously noted, in SU(5), quarks and leptons are unified
into common multiplets [98]. Thus, the X and Y bosons can mediate
transitions between quarks and leptons, or between two quarks, thereby
enabling baryon and lepton number-violating processes. In particular, the
combination of two such vertices can induce proton decay, a key prediction



of SU(5) grand unified theories [99], which will be discussed in detail in
the next section.

6.5 INTERACTIONS

The Lagrangian for the SU(5) gauge field theory incorporates the dynamics
of fundamental particles and their interactions. It includes terms governing
gauge fields, matter fields, and their mutual couplings. A simplified
expression for the SU(5) interaction Lagrangian reads [96, 98]:

L =Ly + L5+ Lo+ Ly,

(6.31)

where each term corresponds to a distinct sector of the theory. We now
describe these contributions in more detail.

Gauge Boson Sector

The kinetic term for the SU(5) gauge bosons is governed by the field
strength tensor Fj,. The gauge boson Lagrangian is given by

1

Ly = — 7 Fu, F,
(6.32)
where the field strength tensor is defined as
Fi, = 0,45 — 0,A5 + gf " AL A,
(6.33)

with £ denoting the structure constants of SU(5). The structure constants
are given by
1
fabe = 4_1:Tr (Aa [Aps Acl),
(6.34)

where 7, are the generators of SU(5) in the fundamental representation.



The covariant derivative acting on a field in the fundamental
representation is

Ao )
D,=9, —ngZA Tzau—ngAu,

(6.35)

where g is the unified gauge coupling constant, and A, collectively

denotes the gauge fields.
Explicitly, the action of the covariant derivative on a fundamental field
y, reads

Dy, = a;ﬂﬁp - igG(Au)pq¢qa

(6.36)

whereas for a two-index tensor field x,, (such as the antisymmetric 10
representation), the covariant derivative is

D Xpqg = OuXpg — 196 (Au)" Xrqg — 196 (Au)* Xps-

(6.37)

These structures form the basis for understanding the dynamics and
interactions of matter and gauge fields within the SU(5) grand unified
theory framework.

Fermion Sector

The kinetic term for the matter fields, denoted by £, describes the
propagation and gauge interactions of the fermions ;. It incorporates the

covariant derivative D, to ensure local SU(5) gauge invariance. The
fermion Lagrangian reads

Zr = i(@p)L’Y”Du(ﬁbp)L + i(y(pq)LV”Du(qu)L’
(6.38)

where y, and X, represent the left-handed Weyl fermions in the 5* and 10
representations, respectively.



Substituting the explicit forms of the covariant derivatives from Egs.
(6.36) and (6.37), the Lagrangian becomes

=P —p L
Ly =i YOy + ga b Y (Au)pgq + i X Y0 Xpq
=196 (A" XY Xrg — 196 (A L) XY Xpss

(6.39)

clearly exhibiting both the kinetic terms (independent of g;) and the

interaction terms between gauge bosons and fermions.
In particular, the interactions involving the heavy X and Y gauge bosons
with the SM fermions are given by

9G (32 (5 = o
iy SE[X (Farey + Ao +eanu s
—i—?z (—EaR’Y“Vﬁ—l—ﬂaLv“ez+eamﬂ?7”dﬂj;)] +h.c,
(6.40)

where a, 8, 7y are color indices, and €., is the totally antisymmetric tensor.

These interactions lead to baryon and lepton number violation, providing a
framework for proton decay predictions in SU(5) GUTs [98, 99].

Scalar Sector

The scalar sector of SU(5) plays a crucial role in achieving spontaneous
symmetry breaking. In particular, scalar fields belonging to the adjoint 24
representation and the fundamental 5 representation are responsible for
breaking SU(5) down to the SM gauge group and further to U(1)g.

The adjoint scalar field @ acquires a VEV that triggers the breaking
SU(5) — SU(3)c x SU(2)r x U(1)y, while the 5-plet scalar field Hy is
responsible for electroweak symmetry breaking and giving masses to
fermions via Yukawa interactions.

The scalar Lagrangian %5 is given by

% =Tr [(D,®)"(D"®)] + (D,Hs)(D*Hs) — V(®, Hs),
(6.41)

where the trace is taken over the group indices and the covariant derivatives
are defined as



D,® =8,® +igg|A,, ®|,

(6.42)
D,H; = (8, —ige A,)Hs.

(6.43)

The scalar potential V(®, Hs) governs the self-interactions and the
mixing between @ and Hs. A simple form of the potential can be written as

[96, 97]

V(®,H;) = pd, Tr(®1®) + pdy, (HIHs) + Aaa [Tr(319))?
+ Ay (HYHz)? + Agan, Tr(1®) (H] H;),

(6.44)

where p2,, ,u?HE) are mass parameters and Aag, Ag,, Aaam, are

dimensionless couplings controlling the strengths of the interactions.

These terms dictate the vacuum structure of the theory and the mass
spectra of the resulting scalar and gauge bosons after spontaneous
symmetry breaking.

Yukawa sector

In the construction of the SU(5) invariant Yukawa Lagrangian, the tensor
product decompositions are given by:

5* x 10 =5+ 45",
10 x 10 = 5"+ 45+ 50,
5* x 5*  =10% 4 15",

The above decompositions reveal that, in adhering to the scalar
representations of the minimal SU(5) theory, namely Hs =5y and
® = 24y, only two invariant Yukawa mass terms exist:

5" ® 10 ® 5%,
(6.45)
1010 ® 55.

(6.46)



Consequently, the Yukawa Lagrangian at the GUT scale becomes:
L& =T1 (697 C105° 5% + Ty eapsr (1059)T C107°5" + hec.,
(6.47)

where I'; and I's denote the Yukawa couplings.

6.6 SPONTANEOUS SYMMETRY BREAKING

As discussed previously, the scalar potential for the adjoint Higgs multiplet
® in SU(5) is given by [96]:

V(®) = m2 Tr(®2) + A [Tr(@%)]° + A Tr(@Y),
(6.48)

where O is expanded over the generators 7% of the adjoint representation:
24
=) ¢"T".
a=1
(6.49)

To achieve symmetry breaking SU(5) — SU(3). x SU(2)r x U(1)y,
we align the VEV of ® along the 72* generator:

1 .
(®) = ¢poaT* = i ¢24 Diag(—2, -2, 2,3, 3).

(6.50)

This choice leaves the SM subgroup unbroken while breaking the rest of
SU(5). Symmetry is preserved for generators T satisfying [®, 7] = 0, with

the transformation ® — UBU', U = exp(—ia-T). The VEV (&)

commutes with the SM generators but not with the X and Y leptoquark
generators, indicating partial symmetry breaking [98]. We find:

Tr($?) = 2¢%,, [Tr(®%)]° = 40k,
(6.51)

and



14
Tr(®*) = = ¢

(6.52)
Minimizing the potential yields:
1% 56
55 — P [—4m§ - (16>\1 + 1—5/\2> ¢§4] =0,
(6.53)
leading to the VEV:
2 _ 2 — mj
MUUP T4+ 1)y
(6.54)
with stability conditions:
A 0, A i)\
2 > U, 1> — 30 2.
(6.55)
Thus, the explicit form of the VEV is:
—2
—2
vy
@ p—
(@) T 9
3
3
(6.56)

The VEV generates masses for the X and Y gauge bosons via the kinetic
term:

gmass = _92G TI‘([A#, (]:)]2)7

(6.57)



leading to:

(6.58)

(6.59)

Thus, X and Y bosons acquire superheavy masses of order Mgyt and

decouple from low-energy physics [97, 98].
In the second stage, the scalar field Hs acquires a VEV, breaking

SU3). x SU(2) xU(l)y down to SU(3)e X U(1)ew. The scalar
potential reads:

V(H _ ™ gt o 8 gt
( 5)—7 5 5+T( 5 Hs)™.

(6.60)
Choosing the VEV in the neutral component:
0
0
<H5> - 0 3
0
Ve
(6.61)
and minimizing the potential gives:
m2
’U%_I = _A_;
(6.62)

This mechanism is analogous to electroweak symmetry breaking in the SM,

generating W= and Z° masses.
The fermion mass terms arise from Yukawa couplings:



*

L, Yi(dSCdr+eLCeS) T 4y, (al Cup+alT Cur) YL hec.

V2 V2
Vidpdy—YTeger) f/% +4(Y2ﬂRuL—Y2TﬁRuL)%.
(6.63)
At tree level, the minimal SU(5) model predicts:
mg = me,
(6.64)
ms = my,
(6.65)
my = m.,
(6.66)

at the unification scale [96]. However, renormalization effects modify these
relations. Notably, at low energies:

my ~ 3m-,

(6.67)

consistent with observations [100]. Yet, discrepancies arise for lighter
generations:

mg R 3m,,

(6.68)
my  ms
Mme - mgy

(6.69)

The ratios mg/ms ~1/24 and m./m, ~ 1/207 are starkly different,
posing a major flaw in minimal SU(5) [101].

Possible remedies include: (7) extending the Higgs sector by adding a 45
representation [102]; (44) introducing higher-dimensional operators
suppressed by the Planck scale [100].



6.7 DOUBLET-TRIPLET SPLITTING PROBLEM

The coupling terms between the 24-Higgs scalar representation and the 5-
Higgs scalar representation, denoted as V(®, H), are given by:

2
V(®, H) =m2Trd? + A\ [Tr(®2)]? + A\ Trd* + %HgHg,

+ % (HIH;)>+aH HTr®?+ BH®%H,

(6.70)

where the underlined terms yield coupling between /5 (triplet colored Higgs
scalars) and 4, (SM Higgs doublet) with 24-Higgs. Consequently, the 5-
Higgs scalars acquire mass as follows:

4 9
(2a + 1—5ﬂ)v?{,h;h3 + 2o+ Eﬁ)v%h;hg.

(6.71)

However, this leads to a problem: the mass of both 45 (Higgs triplet) and 4,

(Higgs doublet) would be of the order of v3 ~ 10'® GeV. While this may
be acceptable for /3, as it can contribute to proton decay, the doublet Higgs

h, should ideally have a mass of around 100 GeV to facilitate electroweak

symmetry breaking. This discrepancy is known as the doublet-triplet
splitting problem [96, 103].

Nevertheless, it 1s possible to fine-tune the parameters in the equation to
make the second term zero, which yields:

9
o= —%B and B < 0.
(6.72)

The doublet-triplet splitting problem has motivated the development of
various mechanisms to naturally generate the splitting without extreme fine-
tuning. One of the most notable proposals is the so-called “missing VEV
mechanism” [104], originally introduced in the context of supersymmetric
GUTs. More sophisticated solutions often involve introducing extended
symmetries, additional Higgs fields, or extra dimensions [105]. Resolving



this issue remains essential for ensuring the consistency and viability of
realistic GUT models.

6.8 GAUGE COUPLING UNIFICATION IN SU(5)

The possibility of unifying the gauge couplings within a GUT was first
proposed in the seminal work of Georgi and Glashow [96]. In the SM, there
are three gauge couplings corresponding to the SM gauge groups. The
renormalization group equations (RGEs) describe how the coupling
constants of a quantum field theory evolve with the energy scale at which
the theory is probed. The RGEs for the gauge couplings in the SM,
a; = g7 /4r with i = 1,2,3 referring to U(1)y, SU(2)r, and SU(3)c,
respectively, can be written as:

do; o

prall il

(6.73)

where t = In p and u i1s the renormalization scale. The solution to these
equations is given by

(6.74)

Here, the running is from the low scale u (e.g., M) up to a high energy
scale My. The beta function coefficients, b;, in the SM with ny families are

given by:
by = % + %nf,
(6.75)
by = —ﬁ + 1 ng,
6 3
(6.76)



(6.77)

For ny = 3, one obtains b; = %, by = — 12 and b3 = —7. Since by 1s
positive, a; increases with energy, while a, and a; decrease. However, a3
decreases more rapidly than a,. Thus, at some scale higher than the Fermi

scale, the strength of the strong interactions may become comparable to the
strength of the electroweak interactions.

The evolution of the SM gauge couplings is illustrated in Fig. 6.1,
emphasizing that there is no high-energy scale My where the gauge

couplings meet at a single point. Consequently, their unification within the
framework of the SM is not achieved [98].
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Figure 6.1 Evolution of the inverse of the SM three coupling constants. <

In the context of the SU(5) GUT, the primary goal is to consolidate all
fundamental forces under a single gauge coupling at a high energy scale
conventionally denoted as My. At energy scales () > My, the theory

predicts a unique coupling constant g, associated with the unified gauge
group. Thus, at these energies, the strong, weak, and electromagnetic
interactions are governed by identical couplings:

9G = 93 = g2 = g1.



(6.78)

This unification provides an elegant framework for understanding the
fundamental forces within a single theoretical structure.

Given the normalization condition imposed on 4{,, one has Y = \/g A12,

leading to ¢’ = %gl. Consequently, one finds that the Weinberg mixing
angle at the unification scale satisfies:
2
. g 3
Oy = R T

(6.79)

which holds at M,. For scales @) < Mx, the running of the couplings
follows

b
(@) = a5+ 5o (),
(6.80)

where a5 denotes the unified coupling at the scale My. This running is
depicted in Fig. 6.2.
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Figure 6.2 The predicted unification scale by the minimal-SU(5) theory for

the SM gauge coupling constants. &

The inputs to the problem are the measurable values of the U(1)en, and

SU(3)¢ couplings at low energies, given by [106]:

3 2 .2
Qe = 3061 cos” O = as sin” Oy,

which implies

From Eq. (6.80), it follows that

by —b M
al—a;t = - 2ln( X),

(6.81)

(6.82)

(6.83)



agl—a??l = b2_b31n<MX>.

27 Q
(6.84)
For Q = M, one finds
.8 22 Mx
1_ % 1, 44
o, = 3a3 + 27]_ln (—MZ>,
(6.85)

which leads to My ~ 8 x 10'* GeV. Furthermore, the unified coupling is
given by a5_1 ~ 41.5.
Additionally, one can estimate sin? Oy (M) as follows:

aem(MZ)
Oéz(Mz)

1 22 Mx
= M |
aem( Z) QS(MZ) + 1om n ( My ):|

5 aem(Mz) 1
_2 ~ ~0.201,
9 as(Myz) * 6

Sin2 0w(Mz) =

(6.86)

which deviates significantly from the experimental value

[sin? Oy (M z)]exp = 0.23120 £ 0.00015

reported in [106]. Thus, minimal SU(5) with the SM particle content does
not successfully achieve gauge coupling unification [98].

6.9 PROTON DECAY

In SU(5) GUTs, the unification of quarks and leptons into common

multiplets naturally predicts baryon number violation, leading to proton
decay [96, 98]. Proton decay processes are primarily mediated by the heavy
X and Y leptoquark gauge bosons, whose interactions with fermions are
described by the Lagrangian in Eq. (6.40). These interactions give rise to
various proton decay channels, the most notable being p — et 7, as

illustrated in Fig. 6.3.



Figure 6.3 Baryon number violating processes at the lowest order via X and Y
boson exchange. &

Experimentally, the Super-Kamiokande collaboration has set a lower
bound on the proton lifetime [107]:

T(p = et 7w?) > 5 x 103 years.
P ~ y

(6.87)

On the theoretical side, the model-independent estimate for the proton
decay width due to dimension-6 operators is given by

5
FP ~ a2GUT_Za
MX
(6.88)

where agyr 1s the unified coupling constant, m, 1s the proton mass, and M

is the mass scale of the heavy leptoquark gauge bosons.
This leads to a lower bound on the M, scale, assuming

oaGQuT 1/40 — 1/25
Mx > 3.2 x 10 GeV.

(6.89)

However, in minimal SU(5) models, gauge coupling unification predicts
Myx ~ 10 GeV [108], which is in tension with the experimental lower
limits on proton lifetime. This discrepancy highlights a major challenge for
minimal SU(5) GUTs, motivating extensions such as supersymmetric
unification, missing partner mechanisms, or higher-dimensional
constructions [109].

6.10 SU(5) ASSESSMENT



6.10.1 Advantages

L.

SU(5) is the only GUT with rank 4. While other GUTs, such as
SO(10), have higher ranks, which provide greater flexibility in their
breaking patterns, they may sacrifice predictability.

. A distinctive feature of SU(5) is the quantization of electric charge

(0), where TrQ|5s = 0 implies Q(d) = +Q(e").

. The prediction for the weak mixing angle, sin? 6y, is in excellent

agreement with current experimental data.

. SU(5) predicts a ratio my/m, ~ 3 at low energy, which is consistent

with experimental observations.

. The simplest version of SU(5), with a single Higgs 5-plet, avoids tree-

level FCNCs.

. The model is free of gauge anomalies, making it a consistent quantum

field theory.

. SU(5) explains the baryon asymmetry by enabling baryon number

violating processes required for baryogenesis; proton decay is a low-
energy manifestation of such processes.

. The minimal SU(5) model makes unique, testable predictions

regarding the weak mixing angle sin? 8y, and nucleon lifetime, both of
which can be probed experimentally.

6.10.2 Disadvantages

1.

The SU(5) model faces significant challenges from new experimental
constraints on proton decay, especially the P — e*7® channel. If the
proton lifetime bound of 1032 years is confirmed, the minimal SU(5)
model may be ruled out, requiring extensions that reduce predictability.

2. In the minimal version of the model, which only includes Higgs 5-

plets, the ratio m./m,, is predicted to be equal to mg4/mg, which does

not match the experimentally observed mass hierarchy of leptons and
quarks.



. Fermions in the SU(5) model are assigned to reducible representations
(5* + 10), which complicates the understanding of their properties.

. SU(5) does not provide a clear explanation for the masses of fermions.

The Yukawa couplings and the structure of the Higgs potential must be
fine-tuned to fit experimental data.

. There exists a significant gap (the “great desert”) between the ' boson
mass (My) and the X boson mass (M), with no natural explanation for
the intermediate mass scale.

. The Higgs scalar potential introduces considerable arbitrariness due to
undetermined parameters in the Higgs potential and the Yukawa
Lagrangian.

. Despite the proximity of the GUT scale My to the Planck scale M),
gravity remains excluded from the unified gauge group picture in
SU(5).

. The gauge hierarchy problem remains unsolved within the SU(5)
framework, requiring additional mechanisms such as supersymmetry or
extra dimensions.
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In this chapter, we discuss the non-minimal SU(5) GUT in which the Higgs sector is
extended by the inclusion of a scalar field in the 45 representation [102]. The 45 arises
from the tensor product of the antisymmetric 10 representation and the conjugate
fundamental 5" representation, as follows:

5x5=104 @ 15,
(7.1)
104 x 5* =45 @ 5.
(7.2)
The 45 representation consists of two upper indices from the 10 and a lower index

corresponding to the 5°. To isolate the 45 component from a general tensor T, we

need to construct a combination that is antisymmetric in o and S, traceless, and satisfies
the condition of vanishing total antisymmetrization over all three indices. This leads to
the projected form

aB _ gpaB B B ay
457 4557 +45)7 — 45,7 — 45,7,
(7.3)

which ensures the proper mixed symmetry required for the irreducible 45
representation. Therefore, the 45 Higgs scalars field satisfy the following conditions:
5
4529 = —458, Y "(45)%7 =0,

a

(7.4)

with


https://doi.org/10.1201/9781003457701-7

3
Y <45 >P=— <45 >
=1

and

Vg =< 45 >1PP=< 45 >B=< 45 >,

where the VEVs are defined as vys.
The SU(5)-invariant Higgs potential for the 45, representation 1s given by [110]:

V(45y5) = —%u25(45,‘;5451ﬂ) + A1(455745] )°
+X2455°45) ;457457
34529458 145)74505 + X4455°455. 4517457
+X54547455,455°457 ; + X¢4557450,45545) ;
+A74557455, 4510455, + Xs4557455,455°45],,

(7.5)
The SM decomposition of the 45 Higgs representation is given by [97]:
455 #8,2)12® (6%,1) 13D (3,3) 173D (3",2) 76 © (3,1) 13
B (3%,1) 43 ® (1,2)10.
(7.6)

This decomposition follows directly from the tensor product relations in Eq. (7.1) and
Eq. (7.2). These components correspond to the fields defined in the spectrum table
(Table 7.1).

TABLE 7.1 45-Higgs scalars spectrum. <1

(6*,1,—1/3) = 4 = el
(3*,2,-7/6)% = o = P = g 7450
(3*,1,4/3)% = g = 1 6945,
(3,1,1/3)% . v o
(3.1 1/3)11 = T = 1 8%45" = — 1 86145
(3,3,—1/3)% = T — 451 — L5b451d
(172 1/2)ab = b _ 1 sagrb _ _ 1 sigcb
(1.2,1/2)i = D = 1 6945° = — 1 §ig5

The color octet scalars are defined as:

1 .
S 3i(45 )7,

(8,2,1/2)" = ) = (45m)}" — 3

(7.7)



7.1 LOW ENERGY IMPLICATIONS OF 45-HIGGS

7.1.1 Fermion Masses

From the above mentioned decompositions, the SU(5) invariant Yukawa Lagrangian
can be extended to include the 45-Higgs representation as follows [102, 111, 112]:

L§ = T1(5§%)7C105° 53 + T2 (577)7C'105” 4537
+ €apyar | T3 (103°)7C 10} 57 + T4 (103)7C 1077 457 .

(7.8)
After electroweak symmetry breaking, the fermion masses are given by:
- T U; 5 T — UZS
Lm: (YldRidLi+Y1 eReL) \/_ +(2Y2dedLl—6Y2 GRCL)
Vs 7y V45 1 _
[ ( 3 3 )\/5 ( 4 4 )\/2] Ri%L
(7.9)
The fermion masses are then:
U* U*
Mg =YT—2 —¢y 2,
1 \/2 2 \/2
U* ,U*
Mp =Y—2% 4+2Y,—2,
V2 V2
Us T\ V45
My =4(Ys+Yy)— —8(Yy - Y, )=,
U (Yz+Y3) 3 (Ya—Yy) NG

(7.10)

where v? = vg + UZE). This formulation corrects the fermion mass relations from the
previous chapter.

7.1.2 Nucleon Decay Constraints on 45-Higgs Masses

Nucleon decay can be induced by dimension-five operators involving color-triplet
Higgs multiplets, where the decay rate is proportional to the square of the Higgs masses
(1,,. ]} o< Mg 2). Therefore, matter stability provides a strong experimental constraint on

the masses of new scalars in GUT theories, particularly those carrying color quantum
numbers.

The 45-Higgs fields contributing to nucleon decay are derived from the GUT Yukawa
Lagrangian:

Ly# =Ty (5;)7C 1057 4528 * + eqpner T (103°)7C 1077 457

(7.11)



Starting with the colored octet scalars, SJ’:“, we have:

4 i+
Sl:a = S] = S] = SATA
J 5’;5 S]z:O ’
where A = 1,...,8 and T are the SU(3) generators. The relevant Yukawa interactions
are:
L§ =2v, (5 TC10i §* + 4y, [eklbm (104)TC 107
“+€kblia (10’2’7)110 1011} S + h.c.
=2Ysdp; St Qrj — 4eap(Ys — Y4T) UR; Q%j S8 + h.c..

(7.12)

For the 45-Higgs doublet, D*:

D+
Do = )
DO

|
/N

(7.13)
the Yukawa interactions are:
LY =viTer DM, + Y dr D' Qp + 2¢,5Y, 1 Q3 DP + hec.
(7.14)

Table 7.2 summarizes the interactions of the 45-Higgs scalar multiplets with matter,
showing which fields contribute to nucleon decay [111]. Experimental lower bounds on
the proton decay rate, such as 7(p — k) > 2.3 x 10% years [113], require the
scalars responsible for nucleon decay to be superheavy.

TABLE 7.2 The interactions of 45-Higgs scalars with matter and their contributions to proton decay. <1

45, Scalar Y 255%10545" YjBloA 10545 Interactions | Proton
Decay
6*,1,—1/3 2Y 2 dL Cus, plk* 4Y 4 (v CdE, — dT Cuk) gy, UD, UD No
’ ) AB™ Ak Bl AB\"'A B A B
(3*,2,-7/6) 2Y 2 el Cus, i A(Yiy — YA uTCesiy LU,QE No
_2YjBVZ£CUCBi¢i2* 4(Y,§B - YgA)dfC€%¢i2
(3*,1,4/3) 2Y 2,dL Ce ¢k AV i, — YA )emmhuel Cus, ¢, | ED,UU Yes
3,1,—1/3 2V 2 eT Cui, T 4YE, — YA uTCel T LQ,UDUE Yes
- AB~A B~ AB BAJ ™ Ai B
—2YjBV£CdeTi*
2 cT c *
2Y j pend, Cug, T;
(3,3,—1/3) —2Y 2,0 TCui T, AY iy — Y )ejud] Cdp T LQ, QQ Yes




45 Scalar Y?2,5%10545" Y ;10410545 Interactions | Proton
Decay
YjBegcuiB i2 2(Yip — Yga)ejuuy,CupT?
—Y 2pr i Cdp Ty
2YjBe£CdiB i3 AY i — Y )ejnidy Cup T

7.1.3 Gauge Coupling Unification

The minimal SU(5) model fails to achieve gauge coupling unification at a consistent
scale and is incompatible with current experimental limits on nucleon decay. To address
these issues, we propose an effective SU(5) framework featuring two Higgs doublets,
Hs and D,s, at the electroweak scale [114]. In addition, we introduce color-octet scalars

with masses in the 1-2 TeV range, and color-triplet scalars T with masses around 108

GeV. The remaining components of the 45-dimensional Higgs multiplet acquire GUT-
scale masses via their couplings with the adjoint 24, scalar.

The one-loop b;-coefficients in these effective models are:

21 5 26 1 9
bi - ( 3 ’ 37 7),1)2 (5a 37 5)71)1 ( 3 ’ 37 5)

(7.15)

Thus, the renormalization group equations (RGEs) become:

p(SM+2HD) 1 Os ($M+2HD+S), OT

1
-1 | L Yr
o ' (Mx) = a7 (100)— = [b} oo bl G
+ ngM+2HD+S+‘I>) n Mx ]7
Qr
(7.16)
1 0] @)
-1 _ 1 = [4(SM+2HD) S (SM+2HD+S) ; YT
o ! (Mx) = a;"(100)— - b} In gt b} In G
M
T b;SM+2HD+S+tI>) In X }’
Qr
(7.17)
1 0] @)
1 4 1 1 (smr2mD) s (sM+2HD+S) , Or
o ! (My) = a3 (100)— - b} In o=t 04 In G
M
T ngM+2HD+S+tI>) In—X }
Qr

(7.18)

Solving these equations at Qg ~ 1 — 2 TeV and Q1 ~ 10® GeV results in a unification
at Mx ~ 10'® GeV, as shown in Fig, 7.1 [115], consistent with grand unification scale
predictions.
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Figure 7.1 Gauge coupling running in the effective SU(5) model with 2HD, TeV-scale
octet, and intermediate-scale triplet scalars. &

7.2 EFFECTIVE SU(5)TWO-HIGGS-DOUBLET MODEL

After the breaking of the SU(5) GUT to the SM, the scalar sector contains two
electroweak doublets: one from the 5z and one from the 45 representations. These
doublets are defined as

H* D+
H=(1,2),= (HO)’ D=(1,2)y, = (DO)'
(7.19)
Electroweak symmetry breaking induces vacuum expectation values (vevs),

an=(y) o= ()

(7.20)

where we define v1 = vj, va = —3vgs, and v = y/v? 4 v3. The angle tan 8 = vy /vy

parameterizes the ratio of vevs. The effective scalar potential at low energies takes the
form [114, 116]:



V(H,D)= — p}H H+M(H'H)2~ DD + Ao(D' D)?

+ A3(HTH)(D'D) + \|H'D|*+ % (H'D)* + h.c.|,

(7.21)

where 4, and 15 encode the mixing between the doublets. The minimization conditions
yield:

pa = Ao? o+ %()\3 + g+ As5)v3,

(7.22)
Bh = Xev)+ (s + As+ Xs)ol.
(7.23)
Expanding around the vevs,
+ +
A N
v1+hi +ia; v2 + ho +ias

(7.24)

the CP-even Higgs mass matrix is

2= 210} (A3 + Ag + As)v1ve '
R (A3 + A4 + As)v1v2 2)\2’U§
(7.25)
This matrix is diagonalized by the mixing angle a, defined by
(A3 + Aq + A5)v10;
tan2a = .
)\11}% — )\21)5

(7.26)

The mass eigenstates 4 and H are given by:

(H) B ( cos o sina) <h1>
h) \—sina cosa he )’

(7.27)

with masses

M, = Aol + A0 + \/()\111% = A3)% + (A3 + Ay + As)v1v2) 2.

(7.28)

This effective 2HDM structure emerges naturally in non-minimal SU(5) extension and
plays a key role in scalar sector phenomenology, including potential implications for



flavor, CP violation, and collider signatures.
The effective Yukawa couplings of the SM-like Higgs doublet arise from interactions
involving the 55 and 45, Higgs representations. After symmetry breaking, the relevant

Yukawa Lagrangian takes the form:
S =er(YWH + Y5 DY +dr (VWH' +V5'DN)Q,
+eaptir (YsHP + Y, D?)Q¢ + h.c.,

(7.29)

where Y = 4(Y3 +Y;) and Y] = 2Y4. The couplings Y, and Y, can be related to
fermion mass matrices as:

M M Mp - M
y,=3Mp+ My  Mp—Mp

4’[}5 8'[}45

(7.30)

In the physical basis, assuming flavor diagonal charged leptons and up-quarks, and
that the down-quark mass matrix is diagonalized by left-handed rotations only (
V,—fi = Verwu, Vg = I), the couplings of the SM-like Higgs to fermions are:

my sina

Yhuu :—Y?fsina—l—}"{cosa:—T o3 B +Y, cosa,
(7.31)
v, B 3mp +mpVern \ . mp —mgVoru
hdd = — o sina + T cos a,
(7.32)
_ 3mpVokm + mg \ . mpVokym — Mg
Yhee = — 105 sin o + T dom cos a.
(7.33)

The up-quark mass relation my = Yjvs — 8(Y,] — Yi)vgs implies that Y, vanishes if
Y, is symmetric.

The couplings of the SM-like Higgs to electroweak gauge bosons arise from the
kinetic terms of H and D:

S = (D"H)'(D,H) + (D"D)'(D,D).
(7.34)

After electroweak symmetry breaking and field redefinitions, the couplings to massive
vector bosons are:

gww+w- = gMyw sin(f — a),

(7.35)



_gMgz
9hzz = COsewsm(ﬂ a).

(7.36)

The effective Yukawa couplings of the SM-like Higgs doublet arise from interactions
involving the 5, and 45, Higgs representations. After symmetry breaking, the relevant

Yukawa Lagrangian takes the form:

S =er (VWH' + Y5 DY)y +dr (VWH' +Y5'DY) Qs
+eaptin (YsH? +Y/D?)Q% + hec.,

(7.37)

where Y3 = Y3 + Yy and Y/ =Y, — Y. In the up-quark sector, the contraction

€U rD? Q¢ is antisymmetric in SU(2) indices. Therefore, only the antisymmetric part

of Y, contributes to this interaction, and if Y, is symmetric, the contribution vanishes.
The couplings Y, and Y, are related to fermion mass matrices as:

. 3Mp+ Mg

 Mp— Mg
4’[}5 o ’

Y;
! 8'[}45

Y;

(7.38)

In the physical basis, assuming flavor-diagonal up-type quarks and charged leptons,
and that the down-type quark mass matrix is diagonalized by a left-handed CKM
rotation only (i.e., VLd = Veku, Vf? = 1), the couplings of the SM-like Higgs to
fermions become:

my sina

Yiw = —Y3' sin o + Y4' cosa = - Py + Y4' cos a,
(7.39)
v B 3mp +mpVekum \ . mp —mgVokm
hdd = — 1o sin o + 8v—45 cos o,
(7.40)
3mpVcekm +mEg \ . mpVckMm — ME
Yiee =— 10 sin o + T cos a.

(7.41)

Here, my, mp, mg are the diagonal mass matrices for up-type quarks, down-type
quarks, and charged leptons, respectively.
Note that the up-quark mass relation

’ ’
my = Y3’U5 + Y4’U45

(7.42)



implies that Y, = 0 if the original Y, is symmetric, since Y, = 2Y, and antisymmetric
parts cancel out due to fermion symmetries.

The couplings of the SM-like Higgs to the electroweak gauge bosons originate from
the kinetic terms of the scalar fields:

Han = (D*H)'(D,H) + (D*D)(D,D).
(7.43)

After electroweak symmetry breaking and rotation to the Higgs mass eigenstates, the
trilinear couplings to massive vector bosons are given by:

gwww- = gMy sin(f — ),

(7.44)

(7.45)

where « is the mixing angle between the CP-even Higgs bosons, and tan 8 = v5/vy5 is
the ratio of vacuum expectation values.

7.3 CHARGED HIGGS IN NON-MINIMAL SU(5)

In the non-minimal SU(5), the physical charged Higgs field emerges as the orthogonal
combination to the Goldstone boson eaten by the W= bosons:

H* = —sinBHF 4+ cos fD*, tanf = %.
5

(7.46)

From the SU(5) -invariant scalar potential, one obtains the following charged Higgs
mass matrix in the (H =, D¥) basis is then given by

W2 _ Ng + )‘SUE K54V
charged 2 2 ’
M5V s+ AasUgs

(7.47)

where 45, 445 are effective quartic couplings. Diagonalizing this matrix yields one
Goldstone boson and a physical charged Higgs boson H* with mass:
miIi ~ pis + Asv® + Am?,

(7.48)



where Am? encodes contributions from the mixing parameter x5, and possible loop

corrections.
The charged Higgs couplings to fermions depend on both Y, and Y; and can

introduce non-trivial flavor structures:
gHi D H U; [1/” (AdeR + AujPL)]dj + HY v; Aeij Pr e; + h.c.,
(7.49)

with Ay;; determined by the underlying Yukawa structure and tan . These interactions
can lead to flavor-violating processes not present in standard 2HDMs, such as
H* — uv, H* — ¢35, or tb with non-standard rates.

7.4 COLORED OCTET SCALARS

In our SU(5) effective model, the color octet scalars arise from the 45, representation
as defined above, with

ia ia 1 ) ma a —
(7.50)

where i,7=1,2,3, A=1,...,8, and T! are the SU(3) generators. These scalars
preserve SU(3) ¢ due to their vanishing VEVs.

The scalar potential involving the octets can be derived from the SU(5)-invariant
potential terms [114, 116]. After electroweak symmetry breaking, the mass terms
become:

2 _ 2 1,2 2 _ 2 1,2
mg. = —mg+ A, Mg = —mg+ Avg;,

(7.51)
mi‘iﬁ = *m?q + )\31)%, m25%1,5 = *m?g + A3+ £ )\5)’1}%,
(7.52)

where X = X, + A5 + A — Ag. The VEV vs induces a mass splitting between the

charged and neutral components.
The octet scalars couple to fermions via SU(5) Yukawa interactions:

XYS = 2Y2 JRZQLJST — 4€aﬂ(Y4 — Y4T)1_I,RZQ%JSﬂ + h.C.
(7.53)

Assuming that Y, is symmetric, then the couplings to up-quarks vanish. Using Eq.
(7.38), the interaction simplifies to:



j{f = " JRZ(MD—Mg)STQLJ—FhC

qu
(7.54)
In the physical basis and assuming Vlg =1, VLd = Vexkwm, we find:
# :Flzxs [JRi(MgiangKM — My )ur;S~
+ dpy (Mo M;iagVCKM)dLjSO] the.
(7.55)

This leads to flavor-violating couplings of the neutral octet scalar due to the
misalignment of My, and My [114, 116]. While the minimal flavor violation hypothesis

suppresses these effects, we consider Y, as a generic matrix without assuming MFV.
The kinetic term Tr[(D,45 1) DF455] induces interactions between octet scalars
and gluons. The covariant derivative acting on the octet scalar SJ’f“ 1s:

i i .Gs i . 0s ia
D, 8 = 0,8 — i (GRT )" 8] — i (GRT*)j 8yt + -+,

(7.56)
resulting in gluon interactions:
Lsgg = igs FABD (SA—GﬂBaﬂSD+ + SggGﬂBaﬂsg(})
+g2 FABD (S4-GHEGISP* 4 SIGIPGISRY) + hie.,
(7.57)

with structure constants # 48D = Tr(TATBTP) and FA4BCD = Tr(TATBTPtE).
The SU(3) generators satisfy:

(7.58)

where d4BC¢ and F4PC are the symmetric and antisymmetric structure constants,
respectively.

7.5 SCALAR LEPTOQUARK IN NON-MINIMAL SU(5)

As emphasized in Table 7.2 that while the scalar triplets qﬁ%b and ¢% contribute to the
proton decay and they must be superheavy, the scalar triplet (b? does not. It has no
interaction terms that would cause proton decay. By writing ¢¢ as (¢%, ¢4)T, one can
demonstrate that the scalar triplet has the following peculiar interactions:



L =2Y;pe Cubid™ +4(Y 15— Vg, )u'f Cebdn
— 2V v Culd™ +A(Y A —Y,)dYf Cebia.

(7.59)

The first two interaction terms would imply the decay of b — s£™£~ through scalar
triplet leptoquark ¢! mediation, while the last two interaction terms clearly account for
the decay b — crv via scalar triplet leptoquark ¢*> mediation. These terms can be
written as

L = 2Y i gupi Py ™ — AY fpepPrdiydia + h. c.,

(7.60)
where we used CT = —C and ¥ = ¥, and define Y, = (Y{; — Y3,). In the mass
eigenstate basis, where

dg — VACé{MdB, V4 — Vfév[NSVB, UA —> U, €4 — €4,
the above Lagrangian takes the form:
Z :zijd'Bz‘PLVf;l}dNSV;@i?* - 4YA;¥£’BPLVEI§MdlK¢i2
+h.c.
(7.61)
In this regards, the amplitude of b — c7v transition is given by
M= % [%(arpmr)(acpwb)
+ %(ﬁTU“I/PLvVT)(aCPLU“Vub) X <Y122V1F3)MNS
+YRVo Y VngNS)} + <Y143, Vi - Yy VngM> :
(7.62)

Because VngM and V2§KM are so small (103 and 1072, respectively), the amplitude

of b — crv is essentially determined by the leptoquark masses My, Y2, Y322, and Yl‘g.






CHAPTER 8

Supersymmetry: Central Candidate for
BSM

DOI: 10.1201/9781003457701-8

Supersymmetry (SUSY) is a theoretical framework that extends the symmetries of
space-time. At its core is the Super Poincaré algebra [117, 118], which includes:

* P, (Translation): This represents the symmetry of translations in space and time.

e M,, (Rotation and Lorentz Transformation): These are the symmetries of

rotations and Lorentz transformations, crucial for maintaining the consistency of
relativistic theories.

e O, (SUSY Transformation): The SUSY transformation introduces a symmetry
between fermions and bosons, extending the standard symmetries of space-time.

SUSY plays a critical role in addressing some of the fundamental challenges in modern
theoretical physics:

1. Stability of the Hierarchy: SUSY provides a mechanism that ensures the stability
of the hierarchy between the weak scale and the Planck scale. Without SUSY, the
vast difference between these scales could be destabilized by quantum corrections,
leading to a severe fine-tuning problem in the SM.

2. Unified Theory BSM: Supersymmetric theories are promising candidates for a
unified theory that extends beyond the SM. They offer a framework that could
potentially integrate all fundamental forces under a single theoretical umbrella.

3. Natural Electroweak Symmetry Breaking: SUSY makes the mechanism of
electroweak symmetry breaking more natural. In the SM, the Higgs boson mass is
sensitive to quantum corrections, leading to a fine-tuning problem. SUSY
alleviates this issue by introducing superpartners that cancel out the problematic
corrections, thereby stabilizing the Higgs boson mass.
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Overall, Supersymmetry offers a compelling extension to our understanding of the
universe, providing solutions to some of the most profound challenges in high-energy
physics [118].

8.1 HIERARCHY PROBLEM AND SUPERSYMMETRY

One of the significant challenges in modern physics is the hierarchy problem, which
arises when attempting to unify gravity with the other fundamental forces. Theories
like string theory and GUTs suggest that the fundamental forces should unify at a very
high energy scale, close to the Planck scale ( 10'° GeV). However, this presents a
dilemma when considering the vastly lower energy scale associated with the
electroweak interactions, particularly the mass of the Higgs boson.

The main issue is that quantum corrections to the Higgs boson mass are extremely
sensitive to the highest energy scales, leading to potential divergences that require
severe fine-tuning. Specifically, without any additional mechanisms, the Higgs boson
mass would need to be fine-tuned to an accuracy of €(10%*), which is an
extraordinarily unnatural requirement.

SUSY offers a compelling solution to this problem by introducing a symmetry
between fermions and bosons. In SUSY, the quantum corrections to the Higgs mass
from standard particles are exactly canceled by the corresponding contributions from
their superpartners. This cancellation occurs because the loop diagrams that are
quadratically divergent in the SM cancel out, term by term, against equivalent
diagrams involving the superpartners. This mechanism avoids the problematic fine-
tuning and stabilizes the Higgs boson mass at a natural scale.

For SUSY to effectively address the hierarchy problem, the superpartner masses
should lie around &'(1) TeV, especially given the observed Higgs boson mass of
mpy ~ 125 GeV. This prediction implies that some of these superpartners should be
detectable at the LHC, providing a testable aspect of the theory. Through this
mechanism, SUSY provides a natural framework for solving the hierarchy problem,
making it a central candidate for BSM [118].

8.2 GAUGE COUPLING UNIFICATION

A compelling motivation for low-scale SUSY, particularly around the TeV scale, stems
from the idea of gauge coupling unification. In the SM, the gauge couplings, o,

(U(1)y), @, (SU(2);), and a5 (SU(3)c), evolve differently with energy due to quantum
corrections, as governed by the renormalization group equations (RGEs).
The one-loop RGE for the gauge coupling o; is:

day(t) b;
dt o ¢

(8.1)



where b, are beta function coefficients that depend on the field content of the theory. In
the SM, the beta function coefficients for n, = 3 generations and ng = 1 Higgs
doublet are:

41
sM_ =t
bt = 10°
(8.2)
19
bSM — _ 7
2 6 )
(8.3)
b =T
(8.4)

These couplings do not unify at a single scale, suggesting that the SM alone does not
naturally lead to unification.

However, in the Minimal Supersymmetric Standard Model (MSSM), the particle
content is extended to include superpartners and typically ng = 2 Higgs doublets. The
beta function coefficients become:

33
MSSM  _ Y9
by =5

(8.5)
pMSSM 1

(8.6)
pYSSM = 3.

(8.7)

With these values, the RG evolution of the gauge couplings leads to convergence at a
common unification scale, around Mgyt ~ 109 GeV [119-121]. This elegant
unification strongly supports the MSSM and motivates the presence of superpartners
near the TeV scale, potentially within reach of collider experiments such as the LHC.

8.3 WHAT IS SUPERSYMMETRY?

SUSY is a theoretical framework that postulates a fundamental symmetry between two
distinct classes of particles: bosons (integer spin) and fermions (half-integer spin). In
SUSY, each bosonic state has a corresponding fermionic partner and vice versa. This
symmetry is encapsulated by the action of fermionic operators O, and their Hermitian

conjugates Q,, which satisfy:



Q.|Boson) = |Fermion), @,|Fermion) = |Boson).

(8.8)

Since Q, carries spin—%, SUSY extends the symmetries of space-time, making it a

space-time symmetry rather than a purely internal one.

Supersymmetry was first formulated as an extension of the Poincaré group, which
underlies special relativity, by Golfand and Likhtman in 1971 [122], and later
developed into a full quantum field theoretic framework in 1973 [123]. In quantum
field theory, symmetries are generally classified as:

1. External (Space-Time) Symmetries: These include translations =#* — x* 4 a* and
Lorentz transformations z* — AXzV.

2. Internal Symmetries: These act on the fields themselves, e.g., ¢%(z) — M%¢°(z),
and include gauge symmetries like U(1), SU(2), and SU(3).

According to Noether's theorem, every continuous symmetry corresponds to a
conserved quantity. In particle physics, conserved quantities such as energy,
momentum, electric charge, and color charge are associated with these fundamental
symmetries.

Efforts to unify internal and space-time symmetries into a larger algebraic structure
encountered a major obstacle: the Coleman-Mandula theorem [124]. It states that under
certain reasonable assumptions, the most general symmetry group of the S-matrix is a
direct product of the Poincaré group and an internal symmetry group, implying no non-
trivial unification is possible.

SUSY evades this restriction by introducing fermionic symmetry generators that
transform as spinors, rather than scalars. These additional generators extend the
Poincaré algebra to the so-called Super-Poincaré algebra, enabling a consistent and
non-trivial unification of space-time and internal symmetries.

SUSY Algebra and Mass Degeneracy

The complete set of SUSY generators includes not only those of the Poincaré group
but also two additional spinor generators, O and @, which act on the fields. These
spinor generators introduce a symmetry between bosons and fermions and satisfy
specific algebraic relations:

{Qaa Qﬁ} = 05 {Qda Qﬁ} = 07 {Qaa Qﬁ} = 20-:[3P/u
(8.9)
where o = (1,0%) and * = (1, —o"). Here, o, B, &, = 1,2 are spinor indices, and

P, represents the momentum operator [123, 125].

These generators also obey specific commutation relations with the generators of the
Poincaré group:




[PﬂaQa} = [PH7Q0'¢] =0, [M#D7Qa] = _i(awl)gQﬁ’
M, Q0] = —i(o™)5Q".
(8.10)

The commutators of O, and Qg with internal symmetry generators T . generally vanish,

indicating that SUSY transformations do not mix with internal symmetries.
The momentum squared operator P2 = P, P" serves as a Casimir operator in the

SUSY algebra, meaning it is invariant under SUSY transformations:
[Qa, P?] = 0.

(8.11)

This invariance implies that particles related by SUSY transformations, such as a
fermion | F') and a boson |B), must have the same mass. Specifically, if a fermion state

|F') is obtained from a bosonic state | B) through the action of the SUSY generator Q,,,
then:

mp|F) = P?|F) = P?Q,|B) = Qo P?|B) = mpQ,|B) = mp|F)
— Mg =mp.

(8.12)

This relation confirms that particles within the same irreducible representation of the
SUSY algebra, such as a boson and its corresponding fermion partner, share the same
mass, a defining prediction of supersymmetric theories [122, 125].

8.4 SUPERSPACE AND SUSY TRANSFORMATIONS

Supersymmetric theories are naturally formulated in superspace, an extension of
spacetime incorporating both bosonic coordinates x* and anticommuting fermionic

coordinates 6, 6" . Fields in this space are represented by superfields ®(z, 6, 5), which
encapsulate entire SUSY multiplets.
Supersymmetry extends spacetime translations by introducing fermionic generators

Q, and Q4. A finite SUSY transformation induces specific shifts in superspace
coordinates:

= z* + y* 4 inotl — ifotT,
¢ — 6% +n%,
6 -0 +nt,

(8.13)



where 7% 1 are Grassmann-valued parameters. These transformations unify bosonic
and fermionic degrees of freedom through geometry.

Expanding an infinitesimal transformation allows identification of the SUSY
generators:

Qo =1

Q. =i (aga- - ioaagdaﬂ).

/N

Bpe + iagdédaﬂ),

(8.14)

To construct SUSY-invariant actions, one introduces covariant derivatives that
anticommute with the supercharges:

Da = 690 + Z.O'ngaau,

Dy =-0, —i0%, 0y,
(8.15)
with the algebra:
{Da,ﬁB} = 22‘05[3@, {D,,Dg} = {T)d,bﬁ} =0.
(8.16)

This framework forms the basis for constructing supersymmetric field theories and
ensures manifest SUSY invariance in superspace [117, 118, 125].

8.5 SUSY LAGRANGIANS

Supersymmetric theories unify bosons and fermions through superfields. Two essential
types are the chiral and vector superfields. A chiral superfield @ satisfies D;® = 0,
depending only on the shifted coordinate y* = z* 4 i6o*f. Its component expansion
includes a complex scalar ¢, a Weyl fermion y, and an auxiliary field F [117, 126].
Chiral superfields are closed under multiplication, enabling the construction of
supersymmetric superpotentials.

Vector superfields ¥, satisfying V =V, describe gauge bosons. Gauge
redundancies are removed via SUSY gauge transformations V. — V + A + AT, with A
chiral. In the Wess-Zumino (WZ) gauge, V' contains only the physical components:

gauge field v, gauginos A, A, and auxiliary field D [117].
A general renormalizable SUSY Lagrangian in superspace reads:

& = @I‘I‘ibzéz + W((I)z)|92 + W(¢D|§2’



(8.17)
where the superpotential W is:

1 R | o
W(®:) = 5 My®'® + o kP BIB",

(8.18)
Expanding @ in components gives:
P(2,0,0) = ¢+ V260 + 00F + i005+80,¢
(8.19)
0050, + - 06G60I.
NG 4
(8.20)
The kinetic term is:
B! 0| 0 = 0,010"ps + ii5" 0,0 + Fi'F.
(8.21)
The full component Lagrangian becomes:
£ =08,0l0"¢; +ith;0"0,; + FF,
(8.22)
+ | Mij(¢iFj — %dfﬁbj) + Yije(pip;Fr — ithjdr) + hec.|.
(8.23)
Eliminating the auxiliary field via its equation of motion:
(8.24)
yields the on-shell Lagrangian:
£ = 08,0108, + ith;0"0,; — ‘%Z :
(8.25)

1
- (5Miﬂ/}ﬂl)j + Yijphithjon + h.c.),

(8.26)



The scalar potential is:

oW |2

¢

v=>" .

i

For Abelian gauge fields, define the field strength superfields:

1__ - 1 _
Wy = —ZDDDQV, Wy = —ZDDDaV-

In the WZ gauge:

Vivz = 60*0u, + i669% — 1606 + - 608D,

and the vector Lagrangian becomes:

/ d*0W W, = %D2 - %v’”’vw — iAHB,N.

The potential is:

(8.27)

(8.28)

(8.29)

(8.30)

(8.31)

In non-Abelian SUSY gauge theories, the chiral superfields transform as ® — e**®,

with A = AT?, where T" are Lie algebra generators obeying:

[Ta,Tb] _ ifabcTc’ Tr(TaTb) — %5@1).

The vector superfield transforms as:

Define:

(8.32)

(8.33)

(8.34)



The complete non-Abelian SUSY Lagrangian is:

o 1 )
L =3l(e")id| o + 4—92Tr[WaWa} |2 + W ()| g + hec.

(8.35)

After eliminating auxiliary fields:

ow

Tﬁi’ D* = g*¢;T“¢;.

1 ) )
Vsusy = 5 DD + F{F', F'=

(8.36)

8.6 SUPERSYMMETRY BREAKING

SUSY, while theoretically well-motivated, cannot be an exact symmetry of nature. If it
were unbroken, superpartners of the SM particles, such as electrons and squarks,
would have the same masses as their SM counterparts, which is clearly not the case
experimentally. The absence of such degenerate states implies that SUSY must be
broken. To stabilize the electroweak scale and resolve the hierarchy problem, SUSY
breaking should occur at or moderately above the electroweak scale.

As with other symmetries, SUSY can be broken spontaneously, dynamically, or
explicitly. The SUSY algebra is given by

{Qavéd} = 2UZdP/La

(8.37)
which, upon contraction with (6”)50‘, leads to

H= % Q1Q1 + Q1Q1 + Q2Q> + Qz@z) > 0.
(8.38)
This implies a semi-positive definite Hamiltonian. For a supersymmetric vacuum
where Q,|0) = Q4|0) = 0, the vacuum energy vanishes:
Evae = (0|H|0) = 0.
(8.39)

Conversely, if the vacuum is not annihilated by some SUSY generators, then E,. > 0,
signaling spontaneous SUSY breaking.

Spontancous SUSY breaking implies that the variation of some field under SUSY
transformations acquires a non-zero vacuum expectation value (VEV). For a chiral
superfield,

{0[¢p(2)|0) o (0[F|0) # 0,



(8.40)
and for a vector superfield,
(016¢A(2)[0) ox (0[D|0) # 0.
(8.41)

While spontaneous SUSY breaking is conceptually attractive, constructing realistic
models remains challenging. Alternatively, SUSY can be broken explicitly by
introducing terms in the Lagrangian that violate SUSY but do not reintroduce quadratic
divergences. These are the so-called soft SUSY breaking terms, classified in [127]:

e Scalar mass terms: Th?jqﬁ;" ?;,
e Gaugino mass terms: %Ma)\“)\“ + h.c.,
* Bilinear scalar terms: B;;¢;¢; + h.c.,

o Trilinear scalar terms: A;;,¢;¢,¢1 + h.c..

These soft terms are essential for phenomenology: they shape the SUSY mass
spectrum and contribute to radiative electroweak symmetry breaking [118]. Ultimately,
a full understanding of SUSY breaking would allow all soft terms to be derived from a
fundamental theory, such as gravity mediation, gauge mediation, or anomaly mediation
[118].

8.7 MINIMAL SUPERSYMMETRIC STANDARD MODEL

The Minimal Supersymmetric Standard Model (MSSM) is the simplest
supersymmetric  extension of the SM that retains 1its gauge group
SU(3)¢ x SU(2)r x U(1)y while introducing a superpartner for each SM particle
[118, 126]. The MSSM arranges fields into supermultiplets, pairing SM particles with
superpartners differing in spin by 1/2:

Supermultiplet SM SUSY SU3)c x SU((2)L xU(1)y
Particle Partner

Or (ug,dp)” (ig,dp)T (3,2,1/6)
Uz ug a5 (3,1,-2/3)
Dj ds ds (3,1,1/3)
Ly (vi,en)” (7, €)” (1,2,-1/2)
Ej e & (1,1,1)

H, (H/, Hy)) (H,, HY) (1,2,1/2)
H, (HY, Hy) (HY,Hy) (1,2,-1/2)




Unlike the SM, the MSSM requires two Higgs doublets. This stems from the
requirement that the superpotential be analytic in chiral superfields, thus excluding
conjugate fields like " [117]. Furthermore, anomaly cancellation demands both H,

and H,, since their fermionic superpartners (Higgsinos) contribute oppositely to the

gauge anomalies [118]. The MSSM includes gauge superfields for each SM
interaction:

 (B,,B) forU(1)y,

. (W, W) for SU(2) 1,

* (G4,9°) for SU(3)c.
The full MSSM Lagrangian is

XMSSM = ggauge + gmatter + zuperpotential + =2ﬂsoft'

(8.42)
The gauge and matter sectors follow from supersymmetric field theory [117]. The
superpotential encodes Yukawa interactions and Higgs mixing:
W =Y,QU°H, + YiQDH, + Y.LE°H; + pH,H,.

(8.43)

An explicit example involving the top quark superfield illustrates the structure of
SUSY interactions:

th c 7 IT 4C rT jC
Lint :—7 <tLHutL +trHuty +tr Hyty, + h.C.)
Y2 (I + B + [T ?)-
(8.44)

In addition to the standard top Yukawa interaction, SUSY introduces new interactions
involving the scalar superpartners (stops) and the Higgsino. These additional terms are
a distinctive feature of SUSY and play a crucial role in its phenomenology.

The Higgs and lepton doublets share gauge quantum numbers, allowing for lepton
and baryon number-violating terms:

W' = )\i]‘kLiLJ‘Eg + ’\:JkLlQJDz + )‘;I]kDijUlg + ﬁL,iLiHuy

(8.45)

which can mediate rapid proton decay [118, 128]. For instance:

" l
)‘211)‘112

m

(u®d®)(ue),

5



(8.46)

contributes to p — et 70, with decay rate:

[

m;

m 4
I._‘ ~ )\,112)\/2/11 m_z, Tp ~ 6 X 10713 S(m) ()\312)\12/11)72.

8§

(8.47)

To satisfy experimental limits 7, > 1.6 x 1033 yr, these couplings must be extremely
suppressed:

Nip Aoy < 3 x 10729,
(8.48)
To forbid these terms, R-parity is introduced, defined by:
Rp = (—1)3B++25,
(8.49)
Its consequences are:

1. SUSY particles must be pair-produced.
2. The lightest supersymmetric particle (LSP) is stable and a dark matter candidate.

Soft SUSY-breaking terms introduce masses and trilinear couplings:
1 I
Lot = — 5 MXN* = m, 7 (A Y fofrH + BuH Hy + h.c.).
(8.50)

These terms, if unconstrained, introduce ~ 100 new parameters. The constrained
MSSM (cMSSM) assumes GUT-scale universality:

2 _ 2 2 _ 2 _ 2
mf =my, Mg, = Mg, = My,

(8.51)

Ap =4y, M=M= M;3;=mypy,
(8.52)

reducing the parameter space to {mo,mq 2, Ao, tan B,sign(u)}. This setup is often
motivated by minimal supergravity (mSUGRA) models.

8.8 SUPERSYMMETRIC SPECTRUM IN THE MSSM



In the MSSM, each SM particle has a corresponding superpartner differing by half a
unit of spin. These superpartners, collectively known sparticles, play a crucial role in
stabilizing the electroweak scale and providing viable dark matter candidates. The
MSSM particle spectrum includes gauginos, Higgsinos, squarks, and sleptons. This
section discusses the mass generation, mixing, and phenomenological roles of the key
supersymmetric particles: gluinos, charginos, neutralinos, squarks, and sleptons [118].

Gluinos

The gluino (§), the fermionic partner of the gluon, acquires mass from the soft SUSY-
breaking term:

1 ~a~a
Lokt D —EMgg g°.
(8.53)

At tree level, the gluino mass is my = |[M3(Q)|. At one-loop, the gaugino mass
parameters run as:

(8.54)

with universal boundary condition My = My = M3 = my, at the GUT scale. At the
electroweak scale:

Ms:Ms: M ~7:2:1.

(8.55)

Charginos

Charginos are mass eigenstates formed from charged winos (W *) and Higgsinos (H",
H 7 )- The mass terms arise from:

. w+
25— (W fy)e ( ’ +> +he,
(8.56)
with

( M, V2 My sin 5)
Mo = _ .
\/2MW cos 3 I

(8.57)



This matrix is diagonalized by unitary matrices U and V' to yield the physical chargino

mMasses M.y:, Myz, where the lighter mass is often near the electroweak scale.

Neutralinos

Neutralinos are mixtures of bino (B), wino (W3), and neutral Higgsinos (I;TS, H C?).
The mass matrix is:

My 0 —Mzsweg Mzswsg
0 M, Mzcweg —Mzewsg
MN = .
—Mzsweg Mzeweg 0 —u
Mzswsg —Mzcwsg — i 0 }

(8.58)
Diagonalization yields four neutralino mass eigenstates. The lightest, x(l), is a dark
matter candidate. Its composition is:
X = NuB + NieW? + NisH) + N1y HY.
(8.59)

The gaugino fraction f, =|Ni1|?> + |Ni2|? indicates the neutralino's character:
gaugino-like (f, > 0.5) or Higgsino-like (f, < 0.5).

Squarks

Squarks are scalar partners of quarks. Their mass matrices include soft terms, Yukawa
interactions, and D-term contributions. For third-generation squarks, mixing is
significant due to large Yukawa couplings. The stop mass matrix is:

2
W= (mgL + m? - COZ : (M% - 4MI?V) my(Ay — pcot B) \‘
L \ my(A; — pcot B) m?, +m§+%M§Sin2ewco525}'
L

(8.60)

The lighter stop mass m; can be significantly below the TeV scale.

Sleptons

Sleptons are scalar partners of leptons. The stau (7) mass matrix in mSUGRA takes the
form:

HE =

7

(mz +m?2 + ‘”52—25(M§ —2M3) m (A, — ptanf) )

m,(A, — ptan ) m%c +m?2 — M2 cos 2Bsin® Oy
L



(8.61)

For large tanpf, significant left-right mixing occurs, which can impact LSP
coannihilation and collider signals.

8.9 THE HIGGS SECTOR IN THE MSSM

The MSSM requires two Higgs doublets, H, and H,, to give mass to both up- and

down-type fermions and ensure anomaly cancellation. These doublets acquire vacuum
expectation values (VEVs) v, = vsinf and v; = vcos 3, with v ~ 246 GeV and
tan 8 = v, /vg. The Higgs potential receives contributions from the superpotential,
soft SUSY-breaking terms, and D-terms:

V =(my, + |u*) Hi{Hy + (my, + |u*) HjHa + (BuH, - Hy+ h.c.)

g2 _|_g12(

TS

2
g
H{H, ~ HjH)* + 5 |H{Hyl.

(8.62)

Charged Higgs Bosons

The charged Higgs mass matrix, expressed in the basis (H C:lt, H;t), yields a physical
charged Higgs with mass:

2 2 2
My = My + My,

(8.63)

where m, is the mass of the CP-odd Higgs. The light charged Higgs decays

predominantly into 7% v and ¢35, while heavier states decay into tb or v, depending on
phase space.

CP-odd Higgs Boson

The CP-odd Higgs mass matrix in the (ag4,a,) basis has one zero eigenvalue
(Goldstone boson) and a massive pseudoscalar:

2By
sin28"

m3, =
(8.64)

This state decays primarily into heavy fermions such as 77~ and bb, with rates
sensitive to tan .

CP-even Higgs Bosons



The CP-even Higgs mass matrix in the (hg, h,,) basis is:

2 <m2zcos2ﬂ—§—m?4 sin® 8 —(m%—i—mi)sinﬂcosﬁ)
H= :

—(m% +m?%)sinBcosf mYsin® B+ m? cos? B

(8.65)

The lighter eigenstate satisfies m;, < mz|cos 20| at tree level, necessitating radiative
corrections to reach the observed value of 125 GeV [129—131]. These loop corrections
primarily involve top-stop loops:

1 Mz(‘Pi)
v = i Str [M‘l(goi) (ln 02 — CS)],

(8.66)

where C; is a spin-dependent constant in the DR scheme.

8.10 SUSY SEARCHES AT THE LHC

The search for SUSY particles at the LHC is a central aspect of the experimental effort
to discover new physics beyond the SM. At the LHC, SUSY particle production is
predominantly driven by strongly interacting particles, such as squarks and gluinos.
These particles have substantial production cross-sections due to their strong
interactions, making them the primary focus of SUSY searches [132, 133].

In typical high-mass SUSY scenarios, the production of SUSY particles initiates
with squarks and gluinos. These particles then undergo a series of decay steps,
eventually leading to lighter SUSY particles and SM particles. The decay chains
typically involve:

e Squarks and Gluinos: Decay into quarks, gluons, and lighter SUSY particles such
as charginos and neutralinos.

e Charginos and Neutralinos: Further decay into electroweak gauge bosons (W and
Z bosons), Higgs bosons, and eventually to the lightest SUSY particle, which is
often the neutralino ()Z(IJ).

The decay processes result in final states characterized by energetic jets and
significant missing transverse energy (E}™), as the lightest SUSY particle escapes

detection. The general search strategy involves identifying these distinctive signatures
in the data collected by the LHC detectors [134, 135].

LHC Constraints on the MSSM Spectrum

The LHC has significantly constrained the parameter space of the MSSM spectrum,
particularly in the context of SUSY particle masses, cross-sections, and decay modes



[135, 136]. Key constraints include:

Gluino Mass: Lower bounds of ~ 2.5TeV in simplified models, reaching
~ 2.7-3.0 TeV in complex scenarios [132].

Squark Mass: ~ 2.0 TeV for first/second-generation, and up to ~ 2.5 TeV for
stops/bottoms [135].

Neutralino and Chargino Masses: Neutralino =2 100-200GeV, chargino
2 500—-600 GeV [133].

Higgs Sector: Light Higgs mass fixed at ~ 125 GeV, heavy Higgs and charged
Higgs constrained above ~ 100 GeV [136].

Stop Mass: Approx. ~ 1.0—1.5 TeV, depending on decay channels [134].

Despite no direct SUSY signals yet, the exclusion of parameter space is substantial
and continues to shape theoretical developments. Future LHC runs with higher
luminosity will improve sensitivity [134].






CHAPTER 9

BSM and Extra Dimensions
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9.1 INTRODUCTION

The concept of extra dimensions is a central theme in theories that extend
beyond the SM of particle physics. By postulating the existence of
additional spatial dimensions beyond the familiar three, these frameworks
aim to resolve longstanding theoretical and phenomenological puzzles, such
as the hierarchy problem, the unification of forces, and the formulation of a
consistent theory of quantum gravity.

One of the earliest and most influential attempts to incorporate extra
dimensions was the Kaluza-Klein theory [137, 138], which unified gravity
and electromagnetism by introducing a compact fifth spatial dimension.
This pioneering idea laid the foundation for modern approaches involving
higher dimensions.

A major revival of interest came with the proposal of Large Extra
Dimensions in Arkani-Hamed, Dimopoulos, and Dvali (ADD) model [139],
which suggested that extra dimensions could be large compared to the
Planck scale. This framework offers an elegant resolution to the hierarchy
problem by lowering the fundamental scale of gravity. Subsequently, the
Randall-Sundrum (RS) models [140, 141] introduced the idea of warped
extra dimensions, providing an alternative geometric mechanism to address
the same problem.
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Beyond addressing the hierarchy problem, extra dimensions are integral
to string theory, where consistency requires spacetime to be ten-dimensional
[142], or eleven-dimensional in the context of M-theory [143]. These extra
dimensions also appear in cosmological models, offering insights into early-
universe inflation [144] and the nature of dark matter and dark energy
[145].

9.2 GENERAL RELATIVITY IN 5D SPACETIME

One of the earliest attempts to formulate a unified field theory was
introduced by Theodor Kaluza in 1921 [137]. Kaluza extended Einstein's
theory of general relativity by proposing a five-dimensional spacetime,
integrating both gravitational and electromagnetic forces within the same
framework. This innovative approach set the foundation for many modern
theories involving extra dimensions. In this five-dimensional model, the
spacetime is described by a generalized line element:

ds? = gpyydeMde?,
9.1)

where gj/n 1s the metric tensor that encompasses all five dimensions, and
M,N represent the spacetime indices ranging from 0 to 4. The five-
dimensional metric tensor is structured as follows:

IuN = <QW - "52¢2AuAV _"“JSQAu)
—kp? A, —¢%

(9.2)

Here, g, represents the familiar four-dimensional gravitational field, 4, is

the electromagnetic four-potential, and ¢ is a scalar field. Together, they
form the five-dimensional gravitational potential, where the electromagnetic
and gravitational components are unified.

A key assumption in this model is that the five-dimensional metric is
independent of the extra-dimensional coordinate, denoted by y. This
assumption is known as the “cylindrical condition™:

OguN
8ac4

=0.



(9.3)

By adopting this condition, Kaluza was able to reduce the theory to a four-
dimensional spacetime with an embedded electromagnetic field. After
identifying gu = —¢?>=—1 and k= \/ HZG , the resulting field

equations, Gy = 0, naturally split into two familiar sets of equations:

(9.4)

(9.5)

In these equations, T,, 1s the energy-momentum tensor for the
electromagnetic field, defined as:

1
2

Ty = = (9uwFapF*’ — F,*Fya).

(9.6)

This remarkable result, where the field equations of general relativity yield
both FEinstein's gravitational equations and Maxwell's equations of
electromagnetism, is often referred to as the “Kaluza miracle” [137]. It
demonstrated, for the first time, how extra dimensions could provide a path
toward unifying the fundamental forces of nature, laying the groundwork
for more advanced theories like String Theory [142].

9.3 COMPACTIFIED EXTRA DIMENSION

To justify the cylindrical condition in Kaluza's five-dimensional theory,
Oskar Klein proposed a groundbreaking idea in 1926: the extra dimension
is not infinite and extended, but rather compactified, curled up into a
microscopic, unobservable scale [138]. This compactification of the extra
dimension is assumed to be toroidal, meaning that the extra spatial
dimension is rolled into a circle with a small radius, R. The periodic nature
of the compactified dimension is described as:

X(z*,z*) = X(z",z* + 27R).



9.7)

In this scenario and as shown in Fig. 9.1, the extra dimension y = x4 is
periodic, with each point in the dimension returning to itself after traveling
a distance of 2mR. This compactification allows the theory to remain
consistent with the observation that we experience only four large
dimensions while the fifth dimension remains hidden due to its extremely
small size.

Figure 9.1 Fifth dimension compactification on a circle &

Klein's assumption that all fields are periodic in the extra dimension led
to the expansion of these fields into Fourier series. This approach allows
each field to be decomposed into a series of harmonics, indexed by an
integer n, corresponding to different modes of the compactified dimension.
The expansions for the metric, electromagnetic potential, and scalar field
are given by:

+00
gwj(;c,y) = Z gwjn(w)emy/R’
(9.8)
+00 )
Au(x,y) = Z Alm(w)em-y/R,

n—=—oo

(9.9)



+00
$ay) = Y. dula)em VR,

n=—oo

(9.10)

Here, gumn(z), Aun(x), and ¢,(x) represent the Fourier coefficients,

corresponding to different Kaluza-Klein modes. These modes reflect the
quantized nature of the extra dimension. The harmonics n introduce an
entire tower of particles with increasing mass, known as Kaluza-Klein
excitations. For consistency, the following relations hold between the
Fourier components:

G (@) = Gu-n(2),  Aup(2) = Apn(z),  ¢(2) = ¢-n(2)-

(9.11)

These conditions ensure that the physical fields are real, with their complex
conjugates satisfying the necessary symmetries.

The compactification of the extra dimension explains why we do not
directly observe the fifth dimension. Since the dimension is microscopic,
the higher Kaluza-Klein modes, corresponding to larger values of n, acquire
masses that are too large to be detected at low energies, leaving only the
zero modes to manifest as observable particles in four-dimensional
spacetime. Thus, the compactified extra dimension provides a consistent
framework to incorporate higher-dimensional theories while maintaining
agreement with experimental observations. This compactification
mechanism is crucial not only for Kaluza-Klein theory [137, 138] but also
for modern approaches such as string theory [142], where additional
dimensions are similarly compactified on complex geometrical shapes, like
Calabi-Yau manifolds. The notion of compactified extra dimensions has
deep implications, providing insight into the structure of spacetime and
offering a pathway to unification of the fundamental forces.

The Kaluza-Klein theory describes an infinite number of four-
dimensional fields, each corresponding to different modes of a compactified
extra dimension. These fields obey the equations of motion derived from
the five-dimensional action. The equations of motion for the metric,
electromagnetic field, and scalar field in this framework are:

n?

(040 = 0°0,)gyu(x,y) = (0"0, + 4

)9um(z) =0,

(9.12)
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(699, = 0Y0,) A, (2,5) = (0"0u+ 27) Aun(2) = O,

(9.13)
(0"0, — 0'9,)¢(z,5) = (09, + =  a(z) = 0.

9.14)

These resemble the Klein-Gordon equation, with an added term that gives
rise to a “mass” for each field mode. The Kaluza-Klein modes introduce a
mass scale for these fields, given by:

n
my R
(9.15)

Here, n denotes the mode of excitation, and R is the radius of
compactification. The higher the mode », the larger the associated mass of
the field. In four-dimensional spacetime, these excited states appear with
masses proportional to O(n/R), and since the goal is to unify the
electromagnetic interactions with gravity, the natural radius of
compactification is of the order of the Planck length, R = where the

M 9
Planck mass: M, ~ 108 GeV.

The resulting action for the scalar field (often referred to as the “dilaton”)
is expressed as:

00 2
S = /d4a: { ; ©grepO) 4 nz_; [ 3#¢(n) _ % (n)T¢(n)] }
(9.16)

This action describes both the zero mode and the infinite tower of massive
Kaluza-Klein states, where each higher mode contributes a scalar field with
a mass proportional to n/R.

From the four-dimensional perspective, the action describes an infinite
series of particles, known as the Kaluza-Klein tower, with masses given by:

n

(9.17)



If the original field ®(z*,y) in five dimensions has a mass m, the
corresponding four-dimensional Kaluza-Klein particles will have masses:

(9.18)

This relation introduces a mass spectrum for the Kaluza-Klein modes,
where the lowest mode n = 0 represents the massless or lightest state,
while the higher modes n > 0 are increasingly massive. The diagram in
Fig. 9.2 illustrates the Kaluza-Klein mass spectrum for a field compactified
on a circular dimension:

n=3

n=) ———
1= ] e—
n=(0

Figure 9.2 KK mass spectrum for a field on the circle &

In this framework, the five-dimensional gauge field Aps(xz*,y) has a
Fourier decomposition along the compact dimension:

1

V2TR

Ay(t,y) = 3 A (et F,

(9.19)

The action for the five-dimensional gauge field can be written as:

(9.20)



Upon compactification, the action becomes:

1 1
S:/d4m{(_Z IEB)F(O)MV_’_EaHAéO)auAéU))

+y 2(—%F,E;")F(")’“’ + %Z—ZAL_")AL”)) 3
n>1

(9.21)

This shows that the zero modes consist of a four-dimensional gauge field
and a real scalar field, while the higher modes include massive vector and
scalar fields. These Kaluza-Klein excitations introduce a rich structure of
particles that could be relevant in models of unification or physics beyond
the SM [137, 138, 142].

Graviton Spectrum in Kaluza-Klein Theory

In the framework of Kaluza-Klein theory, the metric in higher-dimensional
spacetime, specifically a five-dimensional (5D) spacetime, has 15
independent components due to the additional dimension. However, not all
of these components represent physical degrees of freedom. To reduce this
number, gauge fixing is required. The harmonic gauge condition is imposed
to simplify the metric components by applying the following constraint:

1
3M9% - gaNQ% =0
(9.22)
This condition eliminates 5 components, reducing the independent degrees
of freedom to 10. Additionally, the residual gauge symmetry
gMN — guN + Omen + Onen
(9.23)
with the condition [ep = 0, allows the imposition of 5 more constraints.
Ultimately, the 5D graviton has 5 physical degrees of freedom.
In contrast, a massless graviton in four-dimensional (4D) spacetime
possesses only 2 polarization states. This discrepancy indicates that upon

compactification, the extra degrees of freedom manifest as additional fields
from the 4D perspective, specifically, a vector field and a scalar field. This



decomposition of the higher-dimensional graviton forms the essence of the
Kaluza-Klein spectrum [146].

These additional fields reflect the influence of the compactified extra
dimension and provide the theoretical basis for the Kaluza-Klein spectrum,
where the higher-dimensional graviton yields not only the usual graviton
but also additional particles in four-dimensional spacetime.

To understand this more concretely, consider the five-dimensional
Einstein-Hilbert action:

gL d5@\/—7§1%.

2k2
(9.24)

Upon compactification of the fifth dimension on a circle of radius R, and
focusing on the zero modes (n = 0), the effective four-dimensional action
becomes:

1 1 1
= — [d*2y/=5 {R_ L BP0 _ L, 400r40].

(9.25)

Here, R 1s the Ricci scalar of the 4D spacetime, FLE(V)) corresponds to the
field strength of a U(1) gauge field arising from g5, and ¥ is a scalar
field (commonly called the dilaton) associated with gss. These fields reflect
the zero-mode decomposition of the 5D graviton and are the physical
remnants of the higher-dimensional geometry in the compactified theory.
The higher Fourier modes (n # 0) correspond to massive spin-2 Kaluza-

Klein excitations, which appear as a tower of massive gravitons in four-
dimensional spacetime with masses quantized as m,, = n/R. These modes

are generically suppressed at low energies if the compactification radius R
is sufficiently small, typically near the Planck scale [147].

9.4 THEORIES WITH LARGE EXTRA DIMENSIONS

A key consideration in formulating theories with higher dimensions is
ensuring that the low-energy limit, often referred to as the four-dimensional
(4D) effective theory, matches experimental observations in our familiar 4D
spacetime. This serves as a critical test of the viability of such theories. A



generalization of the Einstein-Hilbert action in 4 + n dimensions is given
by:

Siy :_M'n+2/d4+n \/ g 4+n

(9.26)

where M. 1s the fundamental mass scale of the higher-dimensional theory.

The power n + 2 ensures that the action remains dimensionless in natural
units. In this framework, the extra dimensions are compactified on an n-
sphere or torus with a characteristic radius R. The full spacetime metric is
then:

ds? = Nuwdztdz” — R2in,
(9.27)

where 7, denotes the flat Minkowski metric in four dimensions, and dQ22
is the line element on the n-dimensional compact space.

To connect this higher-dimensional theory with 4D gravity, one must
match the low-energy limit of the higher-dimensional Einstein-Hilbert
action to the standard 4D action. This comparison yields:

M”+2/d“y\/g /d4 \/ g = —Mplfd4 \/_R

(9.28)

where Mp; ~ 10 GeV is the four-dimensional Planck mass. The integral
over the compact space gives its volume:

n/2
— [ dryp/g) = " Rr
/ vV g F(§+1)R’

(9.29)

which corresponds to the volume of an n-dimensional ball or torus,
depending on the geometry.

Equating both sides, we find the relationship between the Planck scale
and the fundamental scale of gravity:

Mp = MV, (R).



(9.30)

Solving for the compactification radius gives:

2/
R ~ MPln
M1+2/n ’

(9.31)

This expression reveals how the size of the extra dimensions depends on the
number of dimensions » and the fundamental scale M. For instance, if

M, ~ 1TeV, a scale motivated by attempts to solve the hierarchy problem,
then for n = 2, the radius R could be as large as a fraction of a millimeter,
potentially within the reach of submillimeter gravitational experiments
[139, 148].

Gauge Field in Higher Dimensions

The action for a gauge field in 4 + n dimensions generalizes the standard
Yang-Mills action as:

1
gl+n) _ /d4+nw 4_g2FMNFMN\/_g(4+n),

(9.32)

where F'j; 1s the field strength tensor in the higher-dimensional space, and
g+ is the higher-dimensional gauge coupling. Assuming that g, ~ €(1), we

can match the higher-dimensional gauge action to its four-dimensional
effective counterpart. This procedure yields the relation:

1~ R"M],
(9.33)

where R is the radius of the compact extra dimensions and M is the

fundamental scale of gravity. Combining this with the previous relation
between Mp|, Mx, and R,

2 n+2 pn
M3 = M""?R",

(9.34)



we find that:

(9.35)

if M, ~ Mp;, implying extremely small compactification scales consistent
with the absence of observed deviations from four-dimensional physics.

Historically, it was widely assumed that any extra dimensions must be
compactified at the Planck scale, R ~ 10733 cm, rendering their physical
effects unobservable. However, this paradigm was revolutionized in the late
1990s by developments in string theory and brane-world scenarios. In
particular, the idea that Standard Model fields may be localized on a four-
dimensional submanifold (brane) embedded in a higher-dimensional bulk
allowed for a radical rethinking of extra-dimensional geometry.

In the ADD model, only gravity propagates in the higher-dimensional
bulk, while SM particles are confined to a 3-brane. This framework permits
large compactification radii up to R < 0.1 mm, without violating known
experimental constraints from tests of Newtonian gravity at short distances.

In this scenario, the fundamental scale of gravity M can be as low as the

electroweak scale, M, ~ 1TeV, providing a compelling solution to the
hierarchy problem. The apparent weakness of gravity at large distances is
then explained as a consequence of its dilution into the extra dimensions.

Gravitational Field in Higher Dimensions
We consider a flat five-dimensional metric:
ds* = nundzMdz™, M,N =0,1,2,3,4,

(9.36)

where nyrn 1s the Minkowski metric in 5D spacetime. In the weak-field
limit and for static perturbations, the gravitational field equation generalizes
Gauss's law to higher dimensions [139]:

(?i(?igb = 47Gpp,

(9.37)



where Gp, 1s the gravitational constant in D-dimensions and p is the mass

density. Applying the divergence theorem, and defining the gravitational
field as g = —V ¢, we obtain:

%(g -n)dS = —4xGpm,
s

(9.38)

where S is the surface enclosing a D-dimensional volume, and m is the
enclosed mass.

In a space with n extra spatial dimensions (i.e., D = 4 + n), this surface
becomes a sphere in n + 3 spatial dimensions:

7{ (g-n)dA = —4nrGpm.
Sn+2

(9.39)

The surface area of a (n + 2) -dimensional sphere is related to the volume
of the corresponding ball:

Viia(r) = T(Z52) e
(9.40)
From this, the magnitude of the gravitational field is:
—4T (% +2)Gpm
9= T 2
(9.41)
and integrating this expression yields the gravitational potential:
o) = DO [ = SRR
(9.42)

This result illustrates that gravity becomes stronger at short distances in the
presence of extra dimensions due to the modified scaling of the potential, a
central feature of models with large extra dimensions [148].



The higher-dimensional Newton constant Gp is related to the

fundamental Planck scale Mp = M,

natural units (A = ¢ = 1), its mass dimension is:

1(4-+n) by dimensional analysis. In

1

[GD] = W

(9.43)

This scaling is crucial for understanding how gravity can appear weak in 4D
while being fundamentally strong in higher-dimensional theories [139,
148].

Matching to Newtonian Gravity

To recover an effective four-dimensional theory in the limit R < r, we
compare the potential derived from the higher-dimensional theory to the
familiar Newtonian potential:

¢(4) ~ m ~ .
R Myyan)®™  MJr
(9.44)
This matching condition leads to the relation [139, 148]:
M
- M 2+4n °
pl(4+n)
(9.45)

If we assume that the electroweak scale mgw ~ 1TeV is the fundamental
Planck scale, we can choose the radius R of the extra dimensions to
reproduce the observed four-dimensional Planck mass. This yields:

1TeV ) Lo

30
R~ 107" Ycm x (
mgew

(9.46)

Constraints from Experimental Bounds



For n =1, the radius R of the extra dimension would be approximately
10'3 cm, comparable to the size of the solar system, and thus clearly
excluded by observations. To remain consistent with current experimental
constraints, at least two extra dimensions are required. For n = 2, the radius
drops to about 100 um, which lies within the current experimental bounds

on deviations from Newtonian gravity at submillimeter scales [149].

9.5 RANDALL-SUNDRUM MODEL

Motivated by the large extra dimensions framework proposed by Arkani-
Hamed, Dimopoulos, and Dvali (ADD) [139], a variety of models
incorporating extra spatial dimensions have emerged. A particularly
influential example is the Randall-Sundrum (RS) model, proposed in 1999
by Lisa Randall and Raman Sundrum [140, 141]. The RS model introduces
a non-factorizable, warped geometry between our four-dimensional (4D)
spacetime and an additional fifth dimension.

Specifically, the five-dimensional (5D) metric is a warped product
between the 4D Minkowski space with coordinates x* and the extra-
dimensional coordinate y, with the 4D geometry multiplied by a scalar warp
factor f(y). The general form of a warped product metric is:

ds® = f(y) 9,0 () de"da” + g, (y) dy“dy’,

(9.47)

where g, () is the metric of the 4D spacetime, and g,(y) represents the
geometry of the internal extra-dimensional space.

In the RS scenario, there is only a single extra dimension compactified on
a circle S' of radius R, subject to a Zy symmetry under reflection y — —y,
resulting in the orbifold S!/Z,. This orbifold structure has strong roots in
string-theoretic constructions, particularly in the Horava-Witten scenario
[150], where -eleven-dimensional M-theory 1is compactified on
R x S1/7,, with six dimensions curled up into a Calabi-Yau manifold.

Such constructions motivate the effective appearance of five-dimensional
physics at low energies.

Warped Metric and Einstein Field Equations



The RS model assumes that the induced 4D metric on the brane is flat,
9w (x) = 1., while the warp factor depends solely on the extra dimension.

The resulting metric becomes:
ds® = f(y) N dz'dz” — dy?,

(9.48)

where 7,,, is the Minkowski metric and f(y) is to be determined.
To determine the functional form of f(y), we consider the 5D Einstein-
Hilbert action with a bulk cosmological constant A:

5= —/d‘r’x\/—_g(R+An2),
(9.49)

where k% = 1/M?3, and M is the 5D Planck mass. The vacuum Einstein
field equations take the form:

A
Gun = —WQMNa
(9.50)

where G s is the 5D Einstein tensor.

Solving for the Warp Factor

Using the metric in Eq. (9.48), the non-zero components of the Einstein
tensor are:

3 d*f(y) 3 d*f(y)
Goo =-3 PR G11:G22:G33:§d—y2>
G =3 (df(y) )2
2f(y)2 \ dy )~

(9.51)

Substituting these into Eq. (9.50), we obtain:

d’fly) AR
dy? __Tf(y)a

(9.52)



(9.53)

These equations require A < 0, implying an anti-de Sitter (AdS5)
geometry. Solving Egs. (9.52) and (9.53) for negative A gives:

fly) = e,
(9.54)
where k = \/ m Imposing the Zy symmetry y — —y selects:
fy) = e M.
(9.55)
The full RS metric is therefore:
ds? = e kWl detdz? — dy?.
(9.56)

The exponential suppression factor e 2kl generates a large hierarchy of
scales from modest input parameters, thus providing a geometric solution to
the hierarchy problem.

Conformally Flat Form of the RS Metric

For certain applications, it is useful to express the RS metric in a
conformally flat form. Defining a new coordinate z via:

dy = e Hlvldz,
(9.57)
and solving for z, the metric becomes:
ds® = f(z) (nﬂyda:"dm” - dzz),
(9.58)

where



f(2) = —

(k2| +1)2°
(9.59)
Thus, the RS metric in conformally flat coordinates takes the form:
2 _ 1 m v __ 2
ds* = —(k|z| 17 (nﬂydx dx¥ — dz ),
(9.60)

which is particularly advantageous for calculations involving field
propagation in the bulk.

Brane Tension

It is important to note that the metric (9.56) is not fully determined by the
bulk field equations alone; rather, it arises from the specific physical setup
of the S! /Zy orbifold. To ensure consistency, we must verify that this
metric satisfies the Finstein field equations, potentially requiring an
additional interpretation of its source terms.

By transforming the RS metric into its conformally flat form (9.60), the
Einstein tensor components can be computed straightforwardly. The
relevant component for the four-dimensional spacetime is:

6k> 3ksgn’(2)
G = T ((krz| T2 T HA 1 )

(9.61)

The first term corresponds to the contribution of the negative bulk
cosmological constant, as expected. The second term, however, is singular
and proportional to the derivative of the sign function, indicating the
presence of localized sources at the orbifold fixed points. Specifically, since
sgn'(z) = 26(z) — 26(z — b), these contributions are delta functions
centered at z = 0 and z = b, the locations of the two 3-branes.

To account for these singularities, one must introduce brane-localized
energy-momentum sources, interpreted as the brane tensions. These are
incorporated into the total action as:

S = Sgravity + Syis + Shida



(9.62)

where S

vis and Sp;4 are the contributions from the visible and hidden branes,

respectively. These terms have the form:

Sbrane = - /d4$ V —Yind )‘a
(9.63)

where A 1s the brane tension and g;4 1s the induced 4D metric on the brane.

Matching the coefficients in the Einstein equations yields the fine-tuning
condition:

Avis = —Ania = 24M 3k,

(9.64)

where M is the 5D Planck mass. This setup is characteristic of the original
RS model (RS1) [140], which features a compact extra dimension bounded
by two branes, one of which necessarily has negative tension.

The presence of a negative-tension brane in RS1 is often considered a
theoretical drawback, as it may lead to instabilities and violates certain
energy conditions. This issue is addressed in the second RS model (RS2)
[141], where the extra dimension is extended to infinity, and only a single
positive-tension brane remains at z = 0. In this configuration, the warp
factor still localizes gravity near the brane, effectively reproducing four-
dimensional Newtonian gravity despite the infinite extra dimension.

9.6 HIERARCHY PROBLEM

To understand the physical implications of the RS model, we now examine
how it addresses its original motivation: the hierarchy problem.
Specifically, we compute the effective four-dimensional Planck scale and
mass parameters in terms of the five-dimensional fundamental scales.
Starting from the metric (9.56), we perform the coordinate transformation
y = r.¢, where r, is the compactification radius, and ¢ € [—m, 7]. In the

low-energy limit, we introduce weak-field perturbations h,,(z*) < 1, so
the metric takes the form:



ds? = e 2@l [y |, + b, (a")|de"dz” + T?(z")de?,
(9.65)

where the modulus field T'(x) parametrizes the size of the extra dimension
and is assumed to be stabilized at its vacuum expectation value (T'(z)) = r

The stabilization mechanism, such as the Goldberger—Wise (GW)
mechanism [151], is essential to dynamically fix this scale without fine-
tuning. For simplicity, we now treat the modulus as a constant, 7' = r,,
yielding the background metric:

ds® = e 2 [, + (2| detdx” 4 ride’.
(9.66)

The Ricci scalar in five dimensions includes the four-dimensional
curvature term, scaled by the warp factor:

RO) 5 e R@ [ g6) 5 e=thnly /@),

(9.67)
Using this, the gravitational part of the action becomes:
g = —M?’/d‘r’w\/E(R“) +r?)
> —M?’/dye?ky /d4w\/—g(4) (R<4) n ,«2),
(9.68)

where M is the 5D Planck scale and x? is the bulk cosmological constant
(here treated generically). Since the graviton zero mode 1s independent of y,
the effective four-dimensional Planck scale is:

b 3
MPQ,I = M3/ dye*2k|y| = MT (1 - ef%b).
—b

(9.69)

This result shows that M ~ Mp; even for moderately large values of b,
unlike in the ADD model, where a large compactification volume is
required. However, this alone does not fully resolve the hierarchy problem,
we must still explain the smallness of the weak scale.



Let us now consider a matter field, such as the Higgs field, localized on
the brane at y = b. The action for the Higgs scalar is:

Sy = /d4x\/—gind [g{;iiDMHDVH —MH'H - ’02)2:| ,
(9.70)

where gif,fl = 6_2"’1’77“,, 1s the induced metric on the brane. Substituting this

yields:
Su = / dize [e”“%“”D,LHD,,H — A(H'H —?) 2] .
(9.71)

We rescale the field to obtain a canonically normalized kinetic term:
H = e *H. The action becomes:

~ _ . 2
Sy = / diz {n/"’(‘)ﬂHB,,H - A(HTH - (e*k%)2> }
9.72)

This 1s the standard 4D Higgs action, but with an effective vacuum
expectation value:

—kb

(4]
Il
e}
]

(9.73)

Taking v ~ Mp; as the fundamental input scale, we find that choosing
kb ~ 37 generates ¥ ~ TeV, providing a natural explanation for the
smallness of the electroweak scale relative to the Planck scale. Therefore,
the brane at y = b is referred to as the “TeV brane,” while the brane at
y =20 1s the “Planck brane,” where physical masses remain at the
fundamental scale.

This exponential suppression of energy scales via the warped geometry
elegantly resolves the hierarchy problem without requiring a large extra
dimension or fine-tuning of fundamental parameters.

Linearized field equations



We now proceed to explore the implications of gravity in the context of the
RS model by studying graviton fluctuations around the metric in the
conformal gauge. As discussed earlier, the presence of a negative-tension
object at the TeV brane introduces nonphysical outcomes. A closer look at
Eq. (9.69) suggests a potential alternative approach. Notably, even if the
size of the extra dimension approaches the limit b — oo, the TeV brane can
be excluded from the physical setup. This concept forms the basis of the
RS2. Although this approach abandons the original solution for the
hierarchy problem discussed in the previous section, RS2 focuses on
studying the more intriguing aspects of gravity [141, 152].

In this modified model, where only one brane exists, Einstein's equations
derived from the action take the form:

1
Rarx — SosivR = Aguey + 0,020
(9.74)

where o 1s the brane tension. The linearized field equations for a perturbed
metric ds? = e 4@ dzMdz™N (ny Ny + h,u) can be obtained using the
relation that connects the Einstein tensor for a manifold with another

conformally related manifold, 1e., guny = B_A(z)gMN, where
e Al = (k|z|1+1)2 n our case:
Guy =Gy + % [%vMA?NA
+ ¥V VA — Gun (vkw - %vavaﬂ .

(9.75)

Here, V refers to the covariant derivative with respect to the perturbed
metric un = (MmN + hun).
With the knowledge of Gy and the covariant derivatives of A(z), the

linearized Einstein equation takes the form:
1 d—2
—50M Oy, + —=0M Adyhy,, = 0.

(9.76)



The linear expansion of the perturbed metric is performed using Eq. (9.76)
under the gauge condition 8*h,, = h), =0, known as the RS gauge

choice. A detailed discussion of this specific gauge choice can be found in
[152]. After performing a separation of variables h(x,y) = ¥(y)e’?, the
resulting equation of motion is:

m2

1
5V — S0; — 2k6(y) + 2 |%(y) =0,

(9.77)

where m represents the four-dimensional mass eigenvalue, [h,, = m2hw,.
To cast this equation in a Schrodinger-like form, we perform a change of

variables z = sgn(y) %, yielding:

-39+ V)| 9(e) = miuGa),

(9.78)

with the potential

15k> 3k

V(z) = W — 75(z).

(9.79)

This potential forms a “volcano” with a minimum at z = 0 due to the
delta function. This equation predicts a Yukawa-like correction to the
gravitational potential on the brane, similar to the screened Poisson
equation:

e " (2),

GynMiM *© Gy MM
U(r) ~ NM; 2+/ dm NM1 Mo
0

r r

(9.80)

where the integral is over the massive Kaluza-Klein modes. Equation (9.78)
has a solution in terms of Bessel functions:

1 1
Yy = amzéYa+%(m(z + E)) + bmz’i'JM%(m(z%— E))’

(9.81)



For our purposes, we are primarily interested in the effective four-
dimensional theory at the brane, where ,,(0) ~ +/ % Thus, the corrected
gravitational potential takes the form:

U(r) N—GNM1M2 +c dm—G’N]MlJM2 me ™"
T kr
0
(9.82)
MM, c
gy, €
(9.83)

where C 1s a constant related to the integration over m. With & of the order
of the fundamental Planck scale, the correction to the Newtonian potential
is highly suppressed. To detect these higher Kaluza-Klein modes,
extraordinarily high energies beyond current experimental reach would be
required. Thus, this RS2 model with a semi-infinite extra dimension

successfully reproduces the ordinary four-dimensional Newtonian potential
[141, 151, 152].







CHAPTER 10

BSM Collider Phenomenology
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10.1 INTRODUCTION

Physicists are driven by the goal of understanding the fundamental nature of the
universe, which has led them to explore ideas BSM of particle physics. Collider
experiments have played a key role in this search, as they allow scientists to probe
extremely high energies where new particles or forces might appear. The main goal
of BSM collider studies is to search for signs of new particles predicted by
theoretical models. These models aim to answer open questions in particle physics
and improve our understanding of matter at the smallest scales. High-energy
collisions at the Large Hadron Collider (LHC) and future colliders provide a unique
opportunity to discover such new physics [153]. The main areas of focus include:

e Supersymmetric Particles: SUSY predicts a partner particle for each SM
particle. These superpartners could help resolve major open questions, such as
the hierarchy problem, and may provide a framework for unifying the
fundamental forces [118].

o Extra Gauge Bosons: Particles like Z’ and W’ are predicted by extensions of the
SM and may indicate new interactions that could help explain observed
anomalies in current experimental data [78].

e Extended Higgs Sector: The discovery of additional Higgs bosons could reshape
our understanding of electroweak symmetry breaking and the dynamics of the
Higgs mechanism [48, 51].

e Dark Matter Candidates: Exploring particles such as Weakly Interacting Massive
Particles (WIMPs) and axions may lead to significant breakthroughs in
understanding dark matter's elusive nature [32, 33].
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In addition to the search for new particles, collider experiments seek to identify
signatures of new physics. These signatures offer crucial insights into the existence
of BSM phenomena, including:

e Missing Energy: A hallmark of stable or weakly interacting particles that may
indicate the production of new physics [154].

e Jet and Lepton Production: Observable events that suggest the involvement of
new particles [155].

e Resonance Searches: The detection of specific decay products that could
confirm the presence of new particles or interactions [156].

This chapter will explore the experimental strategies employed in probing BSM
collider phenomenology. Due to the limited space available in this chapter, we will
focus on a select few examples of new particle discoveries at the LHC and will not
consider other future colliders.

10.2 SUPERSYMMETRY COLLIDER PHENOMENOLOGY

This section focuses on identifying signatures of SUSY particles, understanding their
production mechanisms, and measuring their properties to test SUSY theories. SUSY
particles can be produced at colliders through strong interactions, which primarily
generate squarks and gluinos due to the strong coupling, as well as electroweak
interactions, leading to the production of sleptons, neutralinos, and charginos.
Additionally, associated production processes, such as gluino-neutralino or squark-
neutralino pairs, contribute to the variety of production mechanisms.

Additionally, SUSY particles decay through cascades involving intermediate
states, ultimately producing the lightest supersymmetric particle (LSP). Key
observables include missing transverse energy (E;"°) from the undetectable LSP

[157], multiple energetic jets and leptons from squark, gluino, or slepton decays, and
potential signatures of long-lived particles, such as displaced vertices or charged
tracks, arising from particles like staus or neutralinos [158, 159].

Here, we focus on three fundamental SUSY particles: the Lightest Supersymmetric
Particle (LSP), typically the lightest neutralino and a prime candidate for dark matter;
the gluino, a key participant in strong interactions and a potential gateway to new
physics; and squarks, the superpartners of quarks, which provide insights into flavor
physics and the hierarchy problem.

Search for gluinos, first and second generation squarks

As discussed in Chapter 8, within the MSSM, the gluino mass is approximately given
by mg = 2.5 my s, typically resulting in a value of at least a few TeV. The five light-

flavored squark species (J, u, 8, C, l~)), including both left- and right-chiral



components, are generally assumed to be mass-degenerate. In contrast, the third-
generation squarks £7, and £ experience significant left-right mixing, giving rise to
two distinct mass eigenstates, £; and 5. Notably, £; is considerably lighter than the
other squark states, necessitating a dedicated discussion of its production
mechanisms and decay channels [118].

At the LHC, squarks and gluinos can be produced in pairs {gg, ¢g, g} and decay
through processes such as § — gx° and g — qgx}, where x? is the lightest
neutralino, as depicted in Fig. 10.1. Searches for squarks and gluinos in final states
with high transverse momentum jets and missing transverse momentum have been
conducted by both the ATLAS and CMS experiments, using center-of-mass energies
of v/s = 7,8,13 TeV and a total integrated luminosity of approximately 20 fb™! [160,
161]. No significant excess above the SM predictions was observed. In Fig. 10.2, we
show the ATLAS exclusion limits at 95% confidence level for the MSSM model with
tan 3 = 30, Ag = —2my, and p > 0, presented (left) in the (mj; — m;) plane [160].
The CMS limits are quite similar [161]. It is noteworthy that values of my/; < 340

GeV are excluded for mg < 6 TeV in this scenario, consistent with constraints
derived from the measured lightest Higgs mass of mjy ~ 125 GeV [162].
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Figure 10.1 Representative diagrams for (left) gluino- and (right) squark-pair
production and their direct decays: § — ¢qgx° and § — qx°. &
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Figure 10.2 ATLAS exclusion limits, at 95% CL, for the MSSM model with
tan 3 = 30, A9 = —2my and p > 0, projected on the (mz; — m;) plane [160]. CMS
limits are quite similar [161]. &

Search for stops

The stop plays an essential role in solving the hierarchy problem in the MSSM,
through the cancellations of the quadratic divergences of top-quark loops. As
mentioned, in most SUSY models, a light stop quark mass arises naturally. A search
for the pair production of stop quarks has been performed by both the ATLAS and
CMS experiments, using the full data set collected at /s = 7,8 TeV and integrated
luminosity of order 20fb~*. LHC searches focus on the semileptonic decay mode,
where £ — tx? — W% and £ — byT — bW *x{, as shown in Fig. 10.3. Then
one W* decays hadronically and the other leptonically. Thus, the final state searched
for is 45 + £+ missing energy (£ = e, p) [163, 164].
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Figure 10.3 Representative diagrams for stop pair production and decay into bb
WW ™ x3x9.

An analysis of ~ 13 fb~! and /s = 13 TeV at ATLAS [165] and CMS [166]
detectors indicated no significant excess over the SM background. Exclusion limits at
95% CL, shown in Fig. 10.4, are reported. These limits are presented in terms of stop
and lightest neutralino masses. In the considered simplified model, where
BR(t — tx°) = 1, the stop masses between ~ 310 and ~ 820 GeV are excluded for
myo < 160 GeV.
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Figure 10.4 ATLAS (left) and CMS (right) exclusion limits at 95% CL for direct stop
production, followed by the ¢ — ¢%° decay [165, 166]. &

Charginos and neutralinos

The lightest chargino ()Zli) has several leptonic decay modes, producing an isolated
lepton and missing energy, due to the undetectable neutrino and the LSP [167, 168]:

i Xy,

(10.1)



X=X,

(10.2)
i =t =y,

(10.3)
i = XOWE

(10.4)

In hadronic collisions, the charginos and neutralinos can be produced directly via
21 different reactions or through the cascade decays of strongly interacting sparticles.
The first searches for the direct electroweak production of supersymmetric
charginos and neutralinos at 1/s = 13 TeV were conducted using pp collisions with a

luminosity of approximately 13 fb™! in the CMS detector [169]. These searches focus
on signatures involving two same-flavor light leptons or three or more leptons, as
illustrated in Fig. 10.5. The results are categorized based on the number, sign, and
flavor of the leptons, as shown in Fig. 10.6. No significant deviation from Standard
Model expectations was observed, and these results were used to set limits on
simplified models with large chargino-neutralino pair production cross-sections.
Specifically, they probe chargino and neutralino masses up to 400 — 1000 GeV,
depending on the assumed model parameters.
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Figure 10.5 Representative diagrams for direct charginos/neutralinos production and
decay mediated by sleptons (left) and sneutrinos (right), leading to leptonic final
states. &
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Figure 10.6 CMS results of the three-lepton search in the flavor-democratic signal

model with the slepton/sneutrino mass given by m; = m; = %(m>~<+ + myo) [169].
d

10.3 SEARCH FOR EXTRA GAUGE BOSONS AT THE LHC

The ATLAS and CMS experiments at the Large Hadron Collider (LHC) have
conducted extensive searches for extra gauge bosons, such as Z and W, predicted by
various extensions of the SM. These searches are particularly compelling in the
leptonic Drell-Yan (DY) channel, where heavy gauge bosons could manifest as
resonant peaks in the invariant mass spectrum of lepton pairs (ete™ or ptp™). DY
processes, characterized by the production of lepton pairs through quark-antiquark
annihilation (¢q§ — Z'/W' — £7£7), offer a clean experimental signature and serve
as powerful tools for discovering or constraining new physics involving heavy spin-1
gauge bosons [170, 171].

Searches for Z-bosons focus on identifying resonances in the invariant mass
spectrum, which could indicate the presence of new physics. These heavy gauge
bosons arise in theoretical frameworks such as GUTs, Left-Right Symmetric Models,
and models with additional U(1) symmetries. Experimentally, a Z-boson would
appear as a narrow peak above SM backgrounds, with angular distributions and
forward-backward asymmetry providing further discriminating power. Recent results
from ATLAS and CMS have placed stringent lower bounds on Z-boson masses,
excluding them up to 4.5 TeV depending on the model [170, 171]. Future upgrades at
the High-Luminosity LHC are expected to extend the reach of these searches,
enabling sensitivity to even heavier Z-bosons. Enhanced detector resolution and
increased luminosity will allow the exploration of rarer events and further tighten
constraints, maintaining Z-searches as a cornerstone of BSM physics exploration at
the energy frontier.

Search for Z at the LHC



The existence of new neutral gauge bosons is a possible signature of GUT models,
such as left-right-symmetric (LRS) models and U (1)’ extensions of the SM.

Searches for Z bosons have been extensively conducted by the ATLAS and CMS
Collaborations, resulting in stringent bounds on Z boson production as a function of
its mass, mz:, particularly in the Z' — u*u~ and Z' — e"e~ decay channels. By
combining these two final states and adopting the sequential Standard Model (SSM)
framework, the production of an SSM Z boson has been excluded at the 95%
confidence level (CL) for masses below 5.15 TeV (CMS) [172] and 5.10 TeV
(ATLAS) [173]. The SSM assumes that the Z boson has the same couplings to SM
particles as the Z boson, specifically with generation-independent couplings to SM
fermions.

In Fig. 10.7, the left panel shows the CMS upper limits [172] at the 95%
confidence level (CL) on the product of the production cross-section and the
branching fraction for a spin-1 resonance with a width equal to 0.6% of the
resonance mass. These limits are normalized to the corresponding product for the SM
Z boson. Results are provided for the (top left) dielectron channel, (top right) dimuon
channel, and (bottom) the combined dilepton channels. The shaded bands represent
the 68% and 95% quantiles of the expected limits. Simulated predictions for spin-1
Zggy and ZQ’/) resonances are also included for comparison. The right panel presents

the ATLAS upper limits [173] at 95% CL on the fiducial cross-section times
branching ratio as a function of the pole mass for the combined dilepton channel. The
limits are shown for signals with relative widths of zero, 3%, and 10%. Observed
limits are depicted as solid lines, while expected limits are indicated by dotted or
dashed lines. Theoretical cross-sections for the Z{q, resonance, with a width-to-
mass ratio of I'/m = 3.0%, are overlaid for comparison. These results highlight the

combined sensitivity of the CMS and ATLAS searches to Z boson models with
varying resonance widths.
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Figure 10.7 CMS and ATLAS Upper Limits on Z Boson Production: Left: CMS 95%
CL upper limits on the normalized cross-section times branching fraction for a spin-1



resonance [172]. Right: ATLAS 95% CL upper limits on the fiducial cross-section
times branching ratio for combined dilepton channels with varying resonance widths
[173]. &

Search for W at the LHC

Many extensions of the SM of particle physics predict the existence of new, heavy
charged gauge bosons, often referred to as W bosons. These additional particles arise
in various theoretical frameworks, such as grand unified theories (GUTs), composite
models, and certain models of extra dimensions. The search for these new W' bosons
provides an essential tool for probing a wide range of new physics scenarios. By
investigating the production and decay of ¥ bosons, experiments at particle colliders
like the LHC can offer insights into the nature of new interactions, the possible
structure of underlying physics beyond the SM, and the mass scale of new particles
that could explain phenomena unexplained by the SM.

Searches for W' bosons, hypothetical heavier counterparts to the SM W boson,
have been extensively conducted by the CMS and ATLAS collaborations. The
production of a ¥ boson in proton-proton collisions at the LHC occurs primarily
through quark-antiquark annihilation (g7’ — W'). The production cross-section is
influenced by the parton distribution functions (PDFs) of the quarks and antiquarks
in the proton and the coupling strength of the /¥ boson to quarks. In models like the
SSM, the W boson has couplings similar to the SM W, while other models may
propose different coupling patterns. The cross-section is sensitive to the mass of the
W boson, which decreases rapidly with increasing mass due to the behavior of PDFs
at high momentum transfer. Experimental searches at the LHC focus on various
decay channels, such as leptonic (W’ — £v) and hadronic (W' — ¢g’) decays, with
additional sensitivity to the W' — tb decay mode, especially in models with
enhanced couplings to third-generation fermions.

The decay modes of the W boson provide distinctive signatures for experimental
searches. In leptonic decays, the W boson decays to a charged lepton and a neutrino,
yielding a signature of high transverse momentum (p;) leptons and missing

transverse energy (E;Piss), which are prominent in the final states. Hadronic decays

lead to high-mass dijet systems, and the W' — tb decay produces top-bottom quark
pairs, which require advanced reconstruction techniques due to the boosted top
quarks. Searches by the CMS and ATLAS collaborations have set stringent upper
limits on the mass of the /¥ boson. For example, CMS results exclude W boson
masses up to approximately 6.1 TeV in the leptonic decay channels [174], while
ATLAS constraints in the same channels exclude masses up to about 5.9 TeV [170].
Limits for hadronic and heavy-flavor decays extend to approximately 4.5 TeV and
3.8 TeV, respectively.

Both the ATLAS and CMS collaborations have conducted searches for the decay
W' — flv (where £ =e,u,7). The ATLAS search sets an SSM mass limit of




my > 5.9TeV, while the CMS search places a slightly stronger limit of
my > 6.1 TeV. Fig. 10.8 illustrates the corresponding cross-section limits as a
function of W mass. As typically observed in these analyses, there is good agreement
between the observed and expected limits, providing strong constraints on the mass
of the W boson in this decay channel.
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Figure 10.8 ATLAS [170] (left) and CMS [174] (right) cross-section limits on
W' — tv. a

10.4 SEARCH FOR HEAVY HIGGS BOSONS AT THE LHC

As discussed in previous chapters, the heavy Higgs boson is a central feature of many
BSM theories, including the 2HDM [48], the LRSM) [75], and the MSSM [118].
These models extend the Higgs sector to address unresolved challenges such as the
hierarchy problem and the nature of dark matter. Typically possessing a mass in the
multi-hundred GeV to TeV range, the heavy Higgs exhibits distinct couplings to
fermions and gauge bosons and can decay into exotic particles. Its discovery would
mark a breakthrough in the search for new physics, offering crucial insights into
extended mechanisms of electroweak symmetry breaking and helping to differentiate
between competing BSM frameworks.

The heavy Higgs boson, /4, is predominantly produced at the LHC through the
gluon-gluon fusion (ggF) process, which accounts for approximately 90% of its total
production cross-section [175]. Other production mechanisms, such as vector boson
fusion (VBF), Higgs strahlung, and top-associated Higgs production, contribute to
the remaining 10%. Figure 10.9 illustrates the 4 ggF production cross-section,
o(pp — h'), as a function of its mass, my,, for a range of coupling values. Notably,
o(pp — k') can reach values 2 2pb for mp < 400GeV. In this scenario, an

integrated luminosity of Li; = 300fb~! is sufficient to probe a relatively light /4,



while higher luminosities of L,y = 3000 fb! are required for heavier k' masses, at a
center-of-mass energy of 4/s = 14 TeV.
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Figure 10.9 Left: The /' production cross-section from ggF as a function of its mass
myp. Three benchmark points, under consideration, are surrounded by dark-shaded
region circles [94]. &

In Fig, 10.9 (right), we show the relevant /" decay branching ratios as functions of
myy. It is remarkable to notice that for mj < 600 GeV, the 4’ decay branching ratio
to two SM Higgs bosons is not small, mainly BR(h' — hh) > 10%, which gives
hope for probing this heavy Higgs boson through this channel.

One may begin with the decay h’ — hh — bbbb for probing /" at the LHC, as the
branching ratio BR(h — bb) is the largest of 4 decays. However, this process has a
huge background and the signal is much lower than the relevant background, even
for a quite heavy Higgs boson. Therefore, the decay process h' — hh — bbyy, given
by the Feynman diagram in Fig. 10.10, is considered as the most relevant signal for
probing /%' [94]. We analyzed this process for my = 250 GeV, 400 GeV, and
600 GeV.
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Figure 10.10 Feynman diagram for the % ggF production and decay process
gg — h' — hh — bbyy. &

As the /' decay width 'y is much smaller than its mass, I's /mp < 1, the narrow
width  approximation can be used and the total

n cross-section
o(pp — h' — hh — bbyy) can be approximated as

o(pp — h' — hh— bbyy) =~ o(pp — k') x BR(h' — hh)
x BR(h — bb) x BR(h — 77).

(10.5)
The branching ratio of the A’ — hh decay, BR(h' — hh), is expressed in terms of

the coupling gppp. Table 10.1 presents the calculated cross-sections and decay
branching ratios for the three considered m: values, following the results from [94].

TABLE 10.1 pp — h' production cross-section and its b’ — hh decay branching ratio and the total cross

section for its production and decay process pp — h' — hh — bbyy for three different values o
my = 250 GeV, 400 GeV, and 600 GeV. J

mp (GeV) | o(pp — h')(pb) | BR(h' — hh) | o(pp — h' — hh — bbyy)(fb)
250 12.140 0.30 6.30
400 5.050 0.20 1.01
600 0.504 0.18 0.05




For potential discovery of /4" at the LHC, we analyze both its signal and the
corresponding relevant background from the SM processes. These backgrounds can
be reduced by appropriate kinematical cuts [94]. Fig. 10.11 shows the number of
signal events distributions for myp = 250 GeV and 400 GeV with the relevant
irreducible background before (left) and after (right) applying cuts, respectively. The
benchmark point with mp = 600 GeV is not included here as its cross-section is

quite tiny with the considered (Liy = 300fb™1).
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Figure 10.11 Number of signal events for A’ — bbyy decays at mass mp = 250 GeV
(dotted line) and 400 GeV (dashed line) induced by ggF versus the invariant mass of
the final states bbyy, at v/s = 14TeV and Liy; = 300fb~! alongside the relevant
background events (solid line) before (left) and after (right) applying the cut flow
[94].. s

As can be seen, the application of kinematic cuts effectively suppresses the
majority of background events. These backgrounds exhibit broad distributions, as
they originate primarily from non-resonant elastic scattering processes rather than
resonant production in the signal region. The results clearly establish the 2y + 2b -jet

final state in SM Higgs boson pair production as a distinctive signature for probing
the heavy CP-even Higgs (4) in models with enhanced h’hh couplings.

10.5 COLLIDER SEARCHES FOR DARK MATTER

Collider searches for dark matter (DM) focus on the exciting prospect of identifying
its particle content, which remains one of the most significant open questions in
modern physics. While the existence of dark matter is well established through its
gravitational effects on galaxies and galaxy clusters, as well as its impact on the
cosmic microwave background, the exact nature of its constituent particles remains
elusive. Various theories beyond the Standard Model (SM) suggest potential
candidates for dark matter, including weakly interacting massive particles (WIMPs),
axions, and dark photons, but none have been conclusively detected.



Colliders such as the LHC provide an ideal environment for probing DM by
searching for missing transverse energy (E7"%°) and other signatures indicative of

DM production. These searches focus on events where DM is produced in high-
energy collisions but does not interact directly with the detector, leaving a detectable
imbalance in momentum. Through the analysis of such events, physicists aim to
constrain the properties of DM, such as its mass and interactions. Despite the
challenges, collider experiments remain one of the most promising avenues for
shedding light on this mysterious component of the universe.

Initial state radiation (ISR), which can involve photons, jets, or vector bosons, or
associated production as shown in Fig. 10.12, provides valuable signatures for
tagging dark matter (DM) pair production in collider experiments. In these searches,
the production of a Standard Model (SM) particle(s) X in conjunction with large
missing transverse energy (Ei%) serves as a key indicator of DM interactions. The

large Ef)iss arises from the undetected dark matter particles, which carry away
momentum, resulting in an imbalance that can be measured [176, 177].

Figure 10.12 Initial state radiation vector boson, Associated production: scalar/pseudo-
scalar, and mono-Higgs signatures. &

The Monojet search is a very general DM search focusing on events with jets and
large missing transverse energy (E"°). The selection criteria for this search include:

(i) An energetic jet with transverse momentum pr > 150 GeV,
(ii) Missing transverse energy Em > 200 GeV.

The primary SM backgrounds considered in this analysis include Z+ jets, W+ jets,
diboson, and ¢t events. These backgrounds are estimated using control regions
defined by final states with one or two leptons. The background contributions from
Z+ jets and W+ jets processes are predicted with high precision, carrying
uncertainties of approximately &'(1--2%) [176].

Both ATLAS and CMS employ semi-data-driven techniques in their analyses,
utilizing statistically independent signal regions to enhance the robustness of their
results. Backgrounds are estimated using control regions defined by events with one
or two leptons, enabling precise validation of Standard Model predictions. Despite
the sensitivity of these methods, no significant excess over the expected background
has been observed so far.



Figure 10.13 displays the measured distributions of recoil transverse momentum
p{,?c"ﬂ for events with p59c011 > 200 GeV, compared against SM predictions in the
signal region. These distributions are a crucial diagnostic tool for identifying
potential deviations from SM expectations, which could indicate DM production or
other new physics phenomena. The SM predictions shown include contributions from
the dominant backgrounds: Z + jets, W + jets, diboson, and ¢£, which are estimated
and validated through control regions and precise theoretical calculations [177].
Comparing these distributions enables the identification of excesses or discrepancies

n pa‘?c‘)ﬂ, offering valuable insights into potential new physics.
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Figure 10.13 ATLAS results for the data and background predictions in the signal
region [177] &






CHAPTER 11

BSM Flavor Implications
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11.1 INTRODUCTION

Flavor physics provides a powerful probe of BSM physics. The patterns of
quark and lepton masses, mixing angles, and CP violation observed in
nature remain unexplained within the SM, pointing to the need for a deeper
theoretical framework. While the SM successfully describes these
phenomena at the level of effective interactions, it provides no fundamental
explanation for the origin of the flavor hierarchy, the smallness of neutrino
masses, or the matter-antimatter asymmetry in the universe. These open
questions strongly suggest the presence of new physics at higher energy
scales.

BSM theories often address these questions by introducing new particles,
symmetries, or dynamics that modify the SM's flavor structure. For
example, mechanisms such as the seesaw mechanism for neutrino masses
[20], flavor symmetries, or additional Higgs sectors can provide a more
fundamental understanding of the observed flavor patterns. However, these
modifications must carefully align with the stringent experimental
constraints imposed by precision measurements of flavor-changing
processes, such as neutral meson oscillations, rare decays, and lepton flavor
violations [178, 179]. The absence of significant deviations from SM
predictions in these processes places tight restrictions on the parameter
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space of many BSM models, making flavor physics a key testing ground for
new theories.

This chapter focuses on the theoretical implications of BSM physics for
flavor phenomena. We explore how various BSM scenarios reshape our
understanding of flavor. Particular attention is given to the mechanisms
through which these theories generate flavor structures, including the role
of spontaneous symmetry breaking, alignment mechanisms, and the
dynamics of flavor-changing interactions. Additionally, we discuss the
potential for new sources of CP violation beyond the SM, which could have
profound implications for cosmology and the matter-antimatter asymmetry.
Finally, we examine the interplay between flavor physics and other BSM
phenomena, such as neutrino masses, dark matter, and the hierarchy
problem, highlighting how flavor observables can provide indirect probes of
these interconnected aspects of new physics.

11.2 THE FLAVOR PUZZLE AND BSM MOTIVATIONS

The SM of particle physics provides a remarkably successful description of
fundamental particles and their interactions. However, when it comes to
flavor: the patterns of quark and lepton masses, mixing angles, and CP
violation, the SM falls short in providing a fundamental explanation. Key
limitations include:

e Unexplained Mass Hierarchies: The masses of the fundamental
fermions span many orders of magnitude, from the electron (
me ~ 0.5 MeV) to the top quark (m; ~ 173 GeV). The SM does not
explain why these hierarchies exist or why the Yukawa couplings vary
so dramatically.

e Neutrino Masses: The SM predicts neutrinos to be massless, yet
neutrino oscillation experiments have conclusively shown that
neutrinos have small but non-zero masses [180]. This requires an
extension of the SM.

e Flavor Mixing and CP Violation: The observed patterns in the CKM
(quark) and PMNS (lepton) mixing matrices are not predicted by the
SM. The origin of CP violation in the quark sector (via the CKM
phase) and the potential for CP violation in the lepton sector remain
unexplained.



e No Fundamental Theory of Flavor: The SM treats Yukawa couplings
as free parameters, with no underlying principle to determine their
values. This lack of a predictive framework for flavor is a major
theoretical gap.

These unresolved issues collectively form the “flavor puzzle,”
highlighting the need for a deeper theoretical framework beyond the SM
[181].

11.3 FLAVOR SYMMETRIES AND MODEL BUILDING

Flavor symmetries are a cornerstone of BSM physics, providing a
theoretical framework to explain the observed patterns in fermion masses
and mixing angles [182, 183]. By imposing symmetry constraints on the
Lagrangian, model builders can reduce the number of free parameters and
predict specific structures in the fermion mass matrices. This section
explores the role of discrete and continuous flavor symmetries in generating
fermion masses and mixing patterns, highlighting their potential to address
the flavor puzzle.

11.3.1 Discrete Flavor Symmetries

Discrete flavor symmetries are finite groups that act on the flavor space of
quarks and leptons. They are particularly attractive because they can
naturally explain the observed hierarchies and mixing patterns without
introducing excessive complexity [184, 185]. As a widely studied example,
we consider the 4, symmetry, which is a discrete symmetry group with 12

elements. It is the group of even permutations of four objects and is
isomorphic to the symmetry group of a regular tetrahedron. It has four
irreducible representations:

e Three singlets: 1, 1’, and 1”.
e One triplet: 3.

The multiplication rules for these representations are as follows:
° 1/ ® 1/ — 1//
° 1/ ® 1// —



° 1//®1/I:11
*3833=10101"®3,03;

These rules are essential for constructing invariant terms in the Lagrangian.
In 4, models, the three generations of leptons are typically assigned to the

triplet representation 3, while the Higgs fields and right-handed neutrinos
are assigned to either singlet or triplet representations [186].

We consider the following representations of fields under the discrete
flavor symmetry group A,:

o Left-handed lepton doublets: L = (L, Ly, L3) ~ 3
 Right-handed neutrinos: vg = (Vg1, VR2,VR3) ~ 3
e Standard Model Higgs: H ~ 1

e Flavons: ¢, x ~ 3,6~ 1

Therefore, the Lagrangian for the lepton sector includes Yukawa terms and
mass terms that are invariant under 4,. These terms are constructed as

follows:

Charged Lepton Sector:

The Yukawa terms for charged leptons are constructed using the Higgs
field H and the flavon field ¢, as follows:

Ly = Ye E¢HeR + & I_/¢H,U,R + Yz E¢HTR + h.c.
A A A
(11.1)

Here, A represents the non-renormalizable suppression scale, and the
Yukawa interactions involve both the Higgs field H (for SU(2)p

invariance) and the flavon field ¢ (for A4 invariance). When the flavon field
¢ and Higgs field H acquire vacuum expectation values, the 4, and SU(2)

symmetries are spontaneously broken, generating the charged lepton mass
matrix.
After electroweak and flavor symmetry breaking:
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In this context, the 4, symmetry leads to a diagonal structure for the
charged lepton mass matrix M,. Consequently, the observed hierarchy
m, < m, < m, can be naturally accommodated by a corresponding
hierarchy among the Yukawa couplings ye,y,,y,. While the symmetry

does not predict the specific values of these couplings, it provides a natural
framework where the mass eigenstates coincide with the flavor eigenstates,
simplifying the analysis of lepton mixing.

Neutrino Sector:

The neutrino mass terms arise from a combination of Dirac and Majorana
terms, constructed to be invariant under A, symmetry. The relevant

effective Lagrangian is:
_ YD 7\ 7 L
L = T(L¢)1HVR - EVRC (y1€ +y2(x)3)vr + h.c.
(11.3)

The singlet flavon ¢ is not strictly essential, but it is particularly useful. It
allows for a simple invariant contraction (vgrg)1£€ and provides flexibility
in generating the structure and scale of the Majorana mass matrix Mp. The
presence of both ¢ and y allows for the construction of more realistic
models that can reproduce observed neutrino mass hierarchies and mixing
angles.

The Dirac mass matrix mp and Majorana mass matrix M are generated

as follows:



1
Mp =yve |0
0

The light neutrino mass matrix then follows from the type-I seesaw
mechanism:

m, = —mpMp lmg
(11.4)
With appropriate flavon VEV alignments, this framework can accommodate

the observed neutrino mixing patterns, such as tri-bimaximal mixing pattern
for the PMNS matrix, given by:
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(11.5)

This pattern predicts the following mixing angles: 613 = 0, 623 = /4, and
015 = arcsin(1/+/3), which are consistent with early neutrino oscillation
data but require modifications to account for the non-zero 6,5 observed in

later experiments. This discrepancy has motivated further refinements of 4,4

models, such as the inclusion of additional flavons or small symmetry-
breaking effects.

11.3.2 Continuous Flavor Symmetries

The simplest example of continuous symmetries is the U(1) flavor
symmetry that assigns different charges to the fermion generations. It is
widely used in BSM physics to explain the observed hierarchies in fermion
masses and mixing angles [187, 188]. The U(1l) symmetry is often
spontaneously broken by the vacuum expectation value (VEV) of a scalar
field (flavon), leading to hierarchical Yukawa couplings through the
Froggatt-Nielsen mechanism.



The U(1) flavor symmetry group consists of all complex numbers of unit
modulus under multiplication. In the context of flavor physics, the U(1)
symmetry acts on the fermion and scalar fields, assigning them specific
charges. Each fermion generation f; (where ¢ = 1, 2, 3) and the flavon field

¢ are assigned U(1) charges:
fi — eiqiafi) ¢ - eiq¢a¢,
(11.6)

where g; and g, are the U(1) charges of the fermions and flavon,

respectively, and a is the transformation parameter.
The Yukawa couplings are constrained by the U(1) symmetry. For
example, the Yukawa term for the charged leptons takes the form:

O?YNEiﬂeRj(%) ,

(11.7)
where A is the cutoff scale of the theory, and n;; are integers determined by

the U(1) charge conservation:

Nij = qL; + ep, + qH-
(11.8)

The Froggatt-Nielsen mechanism explains the hierarchical structure of
fermion masses through the spontaneous breaking of the U(1) flavor

symmetry. The flavon field ¢ acquires a VEV, breaking the U(1) symmetry.
The VEV is typically much smaller than the cutoff scale A:

() = €A, ex 1.

(11.9)

Thus, the Yukawa couplings are suppressed by powers of the small
parameter e:

Nij

Yij ~ €.

(11.10)



This generates a hierarchical structure in the fermion mass matrices. For
example, the charged lepton mass matrix takes the form:

€Ml gniz  nis
M, ~vg | e ez e |,
€Nl N3z N33

where v;; 1s the VEV of the Higgs field.

One can demonstrate that the U(1) flavor symmetry helps construct the
correct fermion masses by generating hierarchical Yukawa couplings. For
example, the charged lepton mass matrix is diagonalized by the hierarchy
€'l KL €™ K €™, which naturally leads to the observed mass hierarchy
me < my, < M.

The quark mass matrices exhibit similar hierarchies, explaining the
smallness of the up, charm, and top quark masses relative to each other. For
example:

(11.11)

enn Enm enm
M, ~vg | € €' €'

6"31 e’n32 6"33}
(11.12)

In the neutrino sector, the U(1) symmetry can be combined with the
seesaw mechanism to generate small neutrino masses. The Dirac mass
matrix M, and the Majorana mass matrix Mj take the form:

enll 6”12 6”13 Emll €m12 €m13
MD ~ Vg en2l  en22  na2s , MR ~ A | emr gm2 ¢m2 |
6"31 67132 67133 €m31 6777«32 6m33
(11.13)
The effective light neutrino mass matrix M,, is then given by:
M, = MEMz*Mp.

(11.14)

It has been shown that the U(1) flavor symmetry also influences the
mixing patterns in both the quark and lepton sectors. For quarks, the



hierarchical structure of the mass matrices leads to small mixing angles in
the CKM matrix, consistent with experimental observations. In the lepton
sector, the U(1) symmetry can predict specific patterns in the PMNS
matrix, depending on the charge assignments and symmetry-breaking
mechanism, such as generating the large mixing angles observed in neutrino
experiments.

While the U(1) flavor symmetry offers a compelling framework for
explaining fermion masses and mixing patterns, it faces several challenges.
For instance, the introduction of additional parameters, such as charges and
vacuum expectation values (VEVs), reduces the model's predictive power.
Additionally, precision measurements of flavor-changing processes place
strict constraints on the parameter space of U(1) models. Furthermore, the
symmetry must align with other BSM phenomena, such as neutrino masses,
dark matter, and baryogenesis. Despite these challenges, the U(1) flavor
symmetry remains a valuable tool for understanding the origins of fermion
masses and mixing. Future experiments, including those studying rare
decays and neutrino oscillations, will play a crucial role in testing U(1)
models and advancing our understanding of flavor physics.

11.4 FLAVOR AND CP VIOLATION BEYOND THE SM

BSM theories introduce new particles and interactions that can significantly
alter the flavor structure and CP-violating mechanisms of the SM. These
extensions aim to address unresolved questions in the SM, such as the
origin of fermion mass hierarchies, the smallness of neutrino masses, and
the matter-antimatter asymmetry in the universe. In this context, we focus
on three key examples: the Two-Higgs-Doublet Model (2HDM), described
in detail in Chapter 2; the Left-Right Symmetric Model (LRSM), discussed
in Chapters 4 and 5; and the Minimal Supersymmetric Standard Model
(MSSM), explored in Chapter 8. These models demonstrate how BSM
physics can reshape our understanding of flavor and CP violation, offering
testable predictions for current and future experiments.

11.4.1 Flavor and CP Violation in 2HDM

The flavor structure of the 2HDM depends on how the Higgs doublets
couple to fermions, leading to different types of 2HDMs (Type I, 11, and III)
[48]. In particular, Type III models allow for tree-level flavor-changing



neutral currents (FCNCs), which are tightly constrained by experimental
data [189]. In the 2HDM, the Yukawa Lagrangian for the quark sector can
be written as:

Ly = QY "®up — QLY ®oup — QY ®1dr — QY5 ®ydg + hec.,
(11.15)

where Q; 1s the left-handed quark doublet, up and dp are the right-handed
up- and down-type quark singlets, ®; and ®- are the two Higgs doublets
(with o, = i09®}), and Y, Y¥, Yld, and de are the Yukawa coupling
matrices. In Type I and Type II models, a Z, symmetry is imposed to

eliminate tree-level FCNCs by coupling each type of fermion to only one
Higgs doublet. However, in Type III models, this symmetry is relaxed,
allowing both Higgs doublets to couple to all fermions, leading to tree-level
FCNCs. The flavor-violating interactions can be parameterized as:

Vi _
ZroNe = i (dLdeR¢ +ar X urd + h.c.),
(11.16)

where ¢ represents the neutral Higgs bosons (h, H, 4), X; and X,, are the
flavor-violating coupling matrices for down-type and up-type quarks,

respectively, and v = 4/ v} + v3 ~ 246 GeV is the SM Higgs VEV. These

couplings lead to flavor-violating processes such as K9 — K% mixing,
B — BY mixing, and rare decays like B — X,~.

The flavor-violating couplings in the 2HDM are tightly constrained by
experimental data. For example, the mass difference Amyg and the CP-
violating parameter ¢, in K° — K mixing provide stringent constraints on

the off-diagonal elements of X; [190]. The contribution to Amy is given
by:

1
Amg ~ —|(Xa)2|*,
my

(11.17)

where my; is the mass of the mediating Higgs boson. Similarly, the mass

differences Amp, and Amp, in B — B® mixing constrain the off-diagonal



elements (X )13 and (X4)23. The contribution to Amp,, is:
Am, ~ — [(Xa)1al”
My
(11.18)
Rare decays such as B — X,y and By — pu"u~ provide additional

constraints. For instance, the branching ratio of B — X7 is sensitive to the
charged Higgs contribution:

(11.19)

where m g- is the mass of the charged Higgs boson.

In the alignment limit, the light CP-even Higgs boson / behaves like the
SM Higgs, suppressing FCNCs [191]. This limit is achieved when the
mixing angle a between the CP-even Higgs states satisfies a ~ f — 7/2. In
this limit, the flavor-violating couplings are suppressed, and the model
becomes consistent with experimental constraints. The charged Higgs
bosons H* can also mediate flavor-changing processes, such as B — X 7.
The contribution to the decay amplitude is proportional to:

(Xa)23

D) .
mHi

(B — X47v) x

(11.20)

This imposes constraints on the charged Higgs mass and the flavor-
violating couplings. It is worth stressing that experimental constraints on
significant flavor violation in 2HDM Type III necessitate either a precise
alignment of the Higgs couplings or severe fine-tuning to suppress tree-
level FCNCs.

In addition, CP violation can arise in the 2HDM from complex phases in
the Higgs potential, Yukawa couplings, or interactions involving the
additional Higgs bosons [192]. These new sources of CP violation can have
significant implications for flavor physics, electric dipole moments
(EDMs), and cosmology.

In Type III 2HDM, where both Higgs doublets couple to all fermions,
complex Yukawa couplings can introduce new sources of CP violation.



These phases can contribute to CP-violating observables, such as B? — B°
mixing and electric dipole moments (EDMs). The contribution to the
electron EDM, for example, can be written as:

Y.
de < Im <(—311),
My

where (Y,)11 is the Yukawa coupling of the electron to the Higgs bosons,
and my; is the mass of the mediating Higgs boson. Current experimental

(11.21)

limits on EDMs place stringent constraints on the CP-violating phases in
the 2HDM.

The 2HDM can also contribute to CP violation in meson mixing, such as
K% — K° and B° — B® mixing. The contribution to the CP-violating
parameter ¢; in K° — K° mixing can be written as:

(Xd)%Q
ex < Im 5 .
mpyg

The experimental value of the CP-violating parameter is precisely
measured, with |ex |~ 2.228 x 1073, This stringent constraint severely
limits the imaginary part of the flavor-changing couplings in the down-
quark sector, particularly Im[(X,)3,], thus placing strong bounds on new
sources of CP violation within the 2HDM framework. As a result, any
viable model must ensure that such contributions remain sufficiently
suppressed, either through flavor alignment or by pushing the mass scale
my, to higher values.

(11.22)

11.4.2 Flavor and CP Violation in LRSM

The LRSM introduces new sources of flavor violation through the
interactions of the right-handed gauge bosons Wét and the additional Higgs

fields. The right-handed gauge boson W}j{ mediates flavor-changing

interactions between right-handed quarks, described by the interaction
Lagrangian:



O%WR = %ﬁR’YNVRdRWgM + h.c.,

(11.23)

where gp is the SU(2) g gauge coupling, and V} is the right-handed analog

of the CKM matrix [193]. The bidoublet Higgs field ®@ can also induce tree-
level flavor-changing neutral currents (FCNCs) through its Yukawa
couplings. The Yukawa Lagrangian for the quark sector is:

Ly =Qr(V1® +Y,®)Qp + hec,,

(11.24)

where ® = 09®*09, and Y, Y, are Yukawa coupling matrices. These

couplings can lead to flavor-violating processes such as K 0 — KO mixing
and B? — B® mixing. The LRSM contributions to FCNCs are tightly
constrained by experimental data. For example, the contribution to
K% — K° mixing is given by:

(VR)%2

2 )
mWR

Amg

(11.25)

where (Vg)12 is the flavor-violating coupling between the first and second
generations of right-handed quarks, and my, 1s the mass of the right-
handed gauge boson [194].

The LRSM also introduces new sources of CP violation through complex
phases in the right-handed CKM matrix ¥, and the Higgs sector. The right-

handed CKM matrix ¥ can have complex phases that contribute to CP-

violating observables. For example, the phase of (V)13 can affect B — BY

mixing. The bidoublet Higgs field ® can have complex Yukawa couplings,
leading to CP-violating interactions. The contribution to the CP-violating

parameter ¢; in K° — K° mixing is given by:

I ((Y1)12(Y2*)12>
exg < Im | ———=2—" |,

2
my

(11.26)



where my; 1s the mass of the mediating Higgs boson. The LRSM can also

contribute to electric dipole moments (EDMs) of particles such as the
electron, neutron, and atoms through CP-violating interactions involving the
right-handed gauge bosons and Higgs fields. The contribution to the

electron EDM is given by:
de < Im <(Y;2)11> ,
mWR

where (Y,)11 is the Yukawa coupling of the electron to the Higgs fields
[190].

(11.27)

11.4.3 Flavor and CP Violation in the MSSM

In the MSSM, the soft SUSY breaking terms, such as sfermion masses and
trilinear couplings, can introduce new sources of flavor-changing neutral
currents (FCNCs) and CP-violating phases [118]. These terms must be
carefully constrained to avoid large contributions to FCNCs and CP-
violating observables, which are tightly constrained by precision
experimental data.

For example, transitions like d L — 8, arising from off-diagonal
elements in the down-type squark mass matrix, can contribute to processes
such as K% — K mixing [118]. The key observables in the neutral kaon
system are the mass difference Amyg and the CP-violating parameter ¢. It

is essential that SUSY contributions to Amg and €x remain smaller than

the SM predictions and do not exceed the difference between experimental
results and SM predictions. This requirement imposes the following
stringent constraint on the off-diagonal elements of the squark mass
matrices (1§ p)12:

<10°% for 7~ 1TeV.

(Mg.p)12
m?

(11.28)

Moreover, the neutral B-meson system also imposes significant
constraints on the SUSY parameter space [118]. The B° — B® mixing



observables, Amp, and Amp_, require that the off-diagonal elements in the
squark mass matrices (17, ;)13 and (R, )23 satisfy:

(ng,D) 23

—| S107% for 7~ 1TeV.

~

m
(11.29)

In addition, rare decays such as B — X,y and By, — pu* ", with their SM
predictions, impose stringent constraints on SUSY parameters. Specifically,
the trilinear coupling 4, and the charged Higgs mass m g+ must satisfy:

’At‘ 5 2TeV, mpg+ Z 500 GeV.

(11.30)

On the other hand, the CP-violating parameter ¢ and sin 23 (B-meson

system), with their SM predictions, imply that the off-diagonal elements in
the squark mass matrices and the CP-violating phases in SUSY must
satisfy:

<1073, psusy <1072

(M p)r2
mZ

(11.31)

The Electric Dipole Moments (EDMs) of the electron (d,), neutron (d,),
and atoms (e.g., dy,) impose stringent constraints on SUSY CP-violating
phases. Their current experimental limits are:

|de] < 1.1x10 *®e-cm,

(11.32)
ld,|] <1.8x10 %¢-cm,

(11.33)
|dug| < 6.3x10%%¢-cm.

(11.34)

The CP-violating phases in the SUSY soft terms (e.g., ¢, ¢ 4,) must satisfy:



Gurda, S1072 for m ~ 1TeV.

(11.35)

These constraints highlight the stringent limits on SUSY parameter space
imposed by flavor and CP-violating observables. Future experiments will
further test these constraints and guide the development of SUSY models.

11.5 SCALAR LEPTOQUARK FLAVOR VIOLATION IN
SU(5)

As advocated above, the scalar triplets contained in the 457 Higgs
representation decompose under the Standard Model gauge group as:

(8%,2)7, 5 =450 =&Y,
(11.36)
(3%, 1)5s = (45m) = @7,
(11.37)
(B.1)@(3,3)", =45:)"=3P
(11.38)

As emphasized in [195], while <I>zb and ®% mediate proton decay and

must therefore be superheavy, the scalar triplet 3% does not couple to
baryon number violating operators and hence does not contribute to proton

decay. Writing ®7 as a weak doublet ®Y = (¢!, ¢%)7, its relevant
interactions with matter fields are:
£ =2V} Cuy ¢ +A(Y iy — Vi) ujf Cefy ¢
—2Y 3 v Cufy; ¢ + A(Y iy — Vi) dif Cey .
(11.39)
The first two terms induce b — s¢*¢~ transitions via ¢*! exchange,
while the last two account for b — crv through ¢ [196]. These

interactions can be rewritten using Dirac notation and antisymmetric
coupling definitions:



¥ = 2YjB up; Prva qﬁm — 4ng éBPLdiA ¢i2 + h.c.,
(11.40)

where Y;ﬂ? = 1/;115,—Yl§,1 , and we used the identities CT = _—_C and

v = \I’%T. In the mass eigenstate basis:
dg — VACIIéMd'K, V4 — VE}/INSV}{, ua —uy, ea— ey,

the Lagrangian becomes:

& =2V ul PLVIMNS L i 4yt e PV ML 6+ hec.

)

(11.41)

Consequently, the amplitude for the process b — c7v is given by[196]:

1
E(aTPL'UVT) ('&CPLub) + g(ﬂTUleL’UUT)

4’y CKM
i 8Y13V13

M= L
M¢

X (@eProywun) (YVig ™ + YiVag T + ViV ™)
+ (YI%,VngM — ngvngM)-
(11.42)

Since VngM ~ 1073 and V2§KM ~ 1072, the amplitude is predominantly
controlled by the leptoquark mass M, the couplings Y3, Y3, and Yl‘g. The
general expression of the effective Hamiltonian for the transition b — cfv,
reads [197]:
4GV, _ _
Higr = \% cb [(1 + gv, ) [€YuPrb|[€y* Prve] + gvy[cyuPrb]|[€y* Prve]
+ 95, [€Pb][LPLvy| +gs, [CPRb| [Py ] + g7 |cot” Ppb] [EO';WPLVZ]}

(11.43)

where P, g = (1 F75)/2 and g; = CNY /C™M with CM = %.
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Figure 11.1 Rp and Rp- as function of the Leptoquark mass and The
correlation between R and Rp-. &

In our model, gy, = gv, = g5, = 0, while:

. V27 g = 350 Z
R —_——, T = = —_—_—,
" M;Gr 4 2V2M3Gr

(11.44)
with

s (YEVE ™ o
2= (YiViy ™+ YV O+ Y Vi) | — e Y |-
23
(11.45)

Using SM inputs and central form factor values [198], the observables
R(D) and R(D*) are given by:

R(D) = R(D)*™ [1+1.02|gs,|>+0.9|g7|*+1.49 Re(g5,)+1.14Re(g})]-
(11.46)
R(D*) = R(D*)*™[1+0.04|g5, |*+16.07|gr|>~0.11 Re(g%,)—5.12Re(g}) .

(11.47)

A numerical scan shows that for TeV-scale leptoquarks, the model can
accommodate the current values of R(D) and R(D*) [196], while



respecting bounds from B, decays and polarization observables (see Fig.
11.1).
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BSM Cosmological Implications
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12.1 INTRODUCTION

We now turn our attention to the cosmological implications of BSM
physics. As emphasized throughout this work, the SM of particle physics
has been extraordinarily successful in describing the fundamental particles
and forces that make up the universe. However, we have also highlighted its
limitations, gaps that strongly suggest the existence of new physics beyond
the SM. These limitations are not just theoretical curiosities; they are
intimately tied to some of the most profound questions in cosmology,
including the nature of dark matter, the origin of dark energy, the generation
of neutrino masses, and the baryon asymmetry of the universe. In this
chapter, we will explore how BSM physics addresses these questions and
enriches our understanding of the universe [199].

As emphasized earlier, one of the most compelling examples of the SM's
limitations is dark matter, which makes up approximately 27% of the
universe's energy density. Astronomical observations, such as galaxy
rotation curves, gravitational lensing, and the cosmic microwave
background (CMB), provide robust evidence for the existence of dark
matter. However, the SM lacks a viable candidate particle to account for it.
Neutrinos, the only weakly interacting particles in the SM, are far too light
to explain the observed dark matter density [200]. This significant gap has
driven the search for BSM candidates.
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Another profound puzzle is dark energy, the mysterious force responsible
for the accelerated expansion of the universe. Observations of distant
supernovae [201, 202] and the large-scale structure of the cosmos have
firmly established the presence of dark energy, which constitutes
approximately 68% of the universe's total energy content. Despite its
dominance, the SM offers no explanation for dark energy. While the
cosmological constant in Einstein's equations could, in principle, account
for it, the predicted value is orders of magnitude larger than what is
observed, a glaring inconsistency known as the “cosmological constant
problem” [203, 204]. To address this enigma, BSM theories propose
alternative explanations, such as dynamic scalar fields (quintessence) [205],
modifications to general relativity [206], or contributions from extra
dimensions [139].

The baryon asymmetry of the universe, the observed dominance of
matter over antimatter, i1s another profound mystery that the SM cannot
resolve. While the SM includes processes that violate baryon number, such
as sphaleron transitions, these mechanisms are insufficient to generate the
observed asymmetry [207]. Furthermore, the SM fails to satisfy all three
Sakharov conditions: baryon number violation, C and CP violation, and
departure from thermal equilibrium, required to explain the matter-
antimatter imbalance [40]. To address this puzzle, BSM theories propose
compelling mechanisms, such as leptogenesis [208, 209] and electroweak
baryogenesis [210]. These frameworks introduce new sources of CP
violation, additional particles, or cosmological phase transitions, providing
viable explanations for the origin of the baryon asymmetry and its role in
the evolution of the universe. In this context, cosmology plays a pivotal role
in testing and constraining BSM theories.

12.2 DARK MATTER AND BSM PHYSICS

Despite profound implications of dark matter (DM) for cosmology and
fundamental physics, the nature of DM remains one of the most significant
unsolved mysteries in modern science. Although its existence was first
suggested over seven decades ago, we still lack a definitive understanding
of its composition or interactions beyond gravitational effects. The first
strong evidence for DM emerged in 1933 when Swiss astrophysicist Fritz
Zwicky studied the Coma galaxy cluster. He observed that the visible,
luminous matter in the cluster accounted for only a fraction of the total



mass required to explain the gravitational motions of its member galaxies.
This discrepancy suggested the presence of an unseen mass component,
which he referred to as DM [211]. However, for decades, this idea remained
largely speculative. It was not until the 1970s, through the work of Vera
Rubin and others on the anomalous rotation curves of spiral galaxies, that
dark matter began to be seriously considered as a necessary component of
the Universe. The observed rotational speeds of galaxies could not be
explained by visible matter alone, reinforcing the hypothesis that a
dominant, yet invisible, form of matter must be present to account for these
observations [212].

The concept of inferring unseen masses based on gravitational effects is
not new. A historical analogy can be drawn from the discovery of Neptune
in 1846, which was guided by irregularities in Uranus' orbit. These
deviations could not be explained by known celestial bodies, leading
astronomers to predict the existence of an unknown planet, later confirmed
through direct observation. Similarly, the unexplained gravitational effects
in galaxies and clusters suggest the presence of DM, even though it has yet
to be directly detected.

While the dark matter hypothesis is widely accepted, a small number of
researchers argue that it may not be necessary to explain observed galactic
rotation curves. Instead, they propose modifications to Newtonian dynamics
at galactic scales, suggesting that deviations from expected motion could
result from an incomplete understanding of gravity rather than the presence
of an unseen mass component. The most well-known alternative in this
regard 1s Modified Newtonian Dynamics (MOND), which introduces
adjustments to Newton's laws at extremely low accelerations to account for
the observed rotational speeds of galaxies without invoking DM [213].
However, these approaches are generally considered ad hoc and lack a
strong theoretical foundation within a broader physical framework.
Moreover, while such modifications may offer an explanation for galaxy
rotation curves, they fail to account for the full range of astrophysical and
cosmological evidence supporting DM, including gravitational lensing
effects, cosmic microwave background anisotropies [31], and large-scale
structure formation [214]. The necessity of dark matter extends far beyond
individual galaxies, as its presence is also inferred from observations of
galaxy clusters and the evolution of the Universe on cosmological scales,
reinforcing the view that a fundamental, non-luminous component must
exist [215].



12.2.1 What is DM made of?

The nature of DM remains one of the most compelling mysteries in modern
physics. Observations from CMB radiation, galaxy rotation curves, and
large-scale structure formation strongly suggest the existence of dark
matter, which interacts primarily through gravity and possibly weakly via
other forces [211, 212]. However, its exact composition is unknown.
Constraints from Big Bang nucleosynthesis indicate that DM cannot be
baryonic, as the abundance of baryonic matter in the universe is insufficient
to account for the observed gravitational effects [216]. A viable DM
candidate must satisfy several essential properties:

e [t must be stable on cosmological timescales, suggesting either
absolute stability or a lifetime much longer than the age of the
universe.

e [t is non-baryonic, as the observed baryonic matter is insufficient to
explain the total gravitational effects attributed to DM.

e It interacts very weakly with SM particles, at least through non-
electromagnetic forces, to remain undetected in direct searches.

e |t 1s cold and non-relativistic at the time of structure formation, as
required by large-scale structure observations.

e [t does not emit, absorb, or reflect light and does not participate in
strong interactions.

e It must produce a relic density consistent with cosmological
observations (Q2py =~ 0.27) [31].

The SM of particle physics does not provide a suitable DM candidate, as
all known particles either interact too strongly or fail to match the required
relic density [217]. Extensions beyond the SM propose new particles, which
may fulfill the above criteria. DM is broadly classified based on its velocity
dispersion and interaction properties in the early Universe. The main types
of dark matter include:

e Cold Dark Matter (CDM), which consists of particles that were non-
relativistic (moving at sub-relativistic speeds) at the time of their
decoupling from the thermal bath. These particles clump under
gravitational attraction, leading to the formation of large-scale



structures in the Universe. Weakly Interacting Massive Particles
(WIMPs) [218] and axions [219] are prominent CDM candidates.

e Warm Dark Matter (WDM), which had a relativistic speed at early
times but became non-relativistic later. Their intermediate velocity
suppresses small-scale structure formation compared to CDM, making
them a possible solution to certain discrepancies in standard structure

formation models [220]. Sterile neutrinos are a leading candidate for
WDM [221].

e Hot Dark Matter (HDM), which consists of particles that remained
relativistic for a significant period after their decoupling. Due to their
high velocities, HDM particles do not easily cluster, suppressing the
formation of small-scale structures. A classic example 1s the standard
neutrino [222].

Each of these DM types has distinct implications for cosmology and
structure formation. Observational evidence, such as measurements from
the CMB, galaxy distributions, and large-scale structure evolution, strongly
favors a cold dark matter-dominated Universe, as predicted by the ACDM
model [31]. WIMPs are among the most compelling candidates for CDM in
the Universe. These hypothetical particles are expected to interact only
through the weak nuclear force and gravity, making their direct detection
extremely challenging [218].

In the early Universe, WIMPs were in thermal equilibrium with SM
particles. Frequent interactions kept their number density comparable to that
of photons. As the Universe expanded and cooled, the interaction rate
between WIMPs and SM particles diminished. When the temperature
dropped below the WIMP mass (I' < Mwmp), annihilation processes
became inefficient at maintaining thermal equilibrium, resulting in the
decoupling of WIMPs from the thermal plasma. This freeze-out process left
behind a relic abundance of WIMPs, which persists today as a substantial
component of the dark matter [215]. The decoupling of WIMPs is a key
aspect of their cosmological evolution. At high temperatures (7' > Mwmvp
), WIMPs and SM particles maintained equilibrium through frequent
interactions. As the Universe cooled, the WIMP number density underwent
an exponential suppression, with their abundance freezing out at a
characteristic value. Today, these relic WIMPs form a dominant, non-
relativistic component of dark matter, with their number density
significantly lower than that of photons [217].



This thermal production mechanism, often referred to as the “WIMP
miracle,” naturally leads to a relic abundance that aligns with observations
from CMB measurements and large-scale structure formation [31]. Despite
their strong theoretical motivation, WIMPs have yet to be detected
experimentally, making their search a major goal of ongoing direct and
indirect detection experiments, as well as collider studies [223].

12.2.2 Experimental Evidence for Dark Matter

Multiple lines of astronomical and cosmological observations provide
compelling evidence for the existence of DM:

1. Galaxy Cluster Rotation Curves:

Early signs of dark matter were suggested by mass discrepancies in
galaxy clusters, but strong empirical support came in the 1970s through
observations of spiral galaxy rotation curves [212]. These studies
showed that stars and gas in the outer regions of galaxies orbit at nearly
constant velocities, inconsistent with the distribution of visible matter.

According to Newtonian dynamics, the rotational velocity v(r) at a
radius 7 should satisfy:

(12.1)

where M(r) is the mass enclosed within radius », and G is Newton's
gravitational constant. If only luminous matter contributed, v(r) would
decrease with increasing r. Instead, observations show that v(r)

remains flat at large radii, as shown in Fig. 12.1, indicating the
presence of additional unseen mass.
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Figure 12.1 Rotation curve of the dwarf spiral galaxy M33
overlaid on its optical image [28]. <

This phenomenon has been observed in hundreds of spiral galaxies,
supporting the idea that they are embedded in extended dark matter
halos. These halos dominate the mass distribution at large distances and
provide the gravitational influence needed to sustain the flat rotation
curves, reinforcing the dark matter hypothesis.

2. Gravitational Lensing:

When light from distant galaxies passes through a massive foreground
object like a galaxy cluster, its path is bent by gravity, a phenomenon
known as gravitational lensing. This effect distorts the images of
background galaxies, allowing astronomers to map the mass
distribution of the lensing object. In many cases, the mass inferred from
lensing far exceeds that of visible matter, providing strong evidence for
the presence of DM [224].

3. The Bullet Cluster:



The Bullet Cluster (1E0657-558) [30] offers one of the most
compelling pieces of evidence for the existence of dark matter. X-ray
observations from the Chandra satellite reveal a shock front in the hot
gas resulting from the collision of two galaxy clusters. Meanwhile,
weak gravitational lensing maps derived from Hubble Space Telescope
data show that most of the mass is located in regions offset from the
luminous matter. This spatial separation between the baryonic matter
and the gravitational potential strongly indicates the presence of non-
luminous, collisionless dark matter halos. The Bullet Cluster thus
serves as a striking, direct observational demonstration of DM's
gravitational influence (see Fig. 12.2).
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Figure 12.2 Optical (left) and X-ray (right) images of the Bullet
Cluster with gravitational lensing contours, showing that most
of the mass is offset from the luminous matter [30]. &

. Cosmic Microwave Background

While various observations provide compelling evidence for dark
matter (DM), they do not directly determine its total abundance or
composition. In contrast, the analysis of the Cosmic Microwave
Background (CMB) offers crucial insights into these fundamental
properties. The CMB, a relic radiation from the early universe, was
discovered in 1965 by Arno Penzias and Robert Wilson. Since then,
experiments such as WMAP and Planck have mapped its anisotropies
with remarkable precision, providing a wealth of cosmological data. In
the 2018 data release, the Planck collaboration reported the following
values for the total matter and baryonic matter density parameters [31]:

Qmh? = 0.1430 £ 0.0011, Qph? = 0.02237 + 0.00015.



(12.2)

The significant gap between the total matter density (2, and the
baryonic matter density €2;, indicates that most of the matter in the
universe 1s non-baryonic, that is, DM. These results are also consistent
with predictions from Big Bang nucleosynthesis (BBN), lending
additional support to the inferred value of 2, [32].

CMB observations have significantly advanced our understanding of
DM's role in cosmic evolution. The precise measurements of
temperature fluctuations reveal the composition of the universe as
follows (see Fig. 12.3):
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Figure 12.3 Left: Energy density distribution among different
components of the universe. Right: Temperature fluctuations in
the CMB as observed by the Planck satellite. <1

e 4.9%: Ordinary (baryonic) matter, atoms that make up
stars, planets, and visible structures.

e 26.6%: Dark matter, non-luminous matter detectable only
through its gravitational effects.

e 68.5%: Dark energy, responsible for the accelerated
expansion of the universe.

These results provide one of the most robust confirmations of dark
matter's existence, underscoring its essential role in the formation and
structure of the universe.

12.2.3 DM Relic Abundance



In this framework, we assume that y, a DM candidate, was initially in
thermal equilibrium with SM particles in the early universe and decoupled
when it became non-relativistic. The annihilation rate of y, given by

[y = (05" v)n,, eventually became smaller than the expansion rate of the

universe (I'y, < H), at which point y ceased to annihilate and fell out of
equilibrium [199]. The relic density of y was then frozen and has remained

constant ever since [225]. Here, (05™"v) represents the thermally averaged

cross-section for annihilation.
The relic density is determined by solving the Boltzmann equation for the
number density n,, coupled with the law of entropy conservation [225]:

an

- = —3Hn,, — (0¥"v) [nZ — (neq)ﬂ,

X X

(12.3)

(12.4)
where my! is the equilibrium number density, which depends on the

temperature 7, and is given by:

m T\ */?
neq:9X< X > e /T,

X 21
(12.5)

The Hubble parameter H is related to the temperature 7" as [215]:

(12.6)

where M p; is the Planck mass, and g« is the number of relativistic degrees

of freedom at the time. For the MSSM, g, ~ 228.75.
To simplify the Boltzmann equation, it is convenient to introduce the
dimensionless variable = =m, /T and the comoving number density

Y = n, /s, where s is the entropy density. The equation then becomes:



ay 1 ds, .. 9 9
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(12.7)

During the radiation-dominated era, the entropy density is approximately:

2m? _
s(z) = 4—59*3(35) miw %

(12.8)

with its derivative given by:
ds 3s

de =z
(12.9)
Assuming g, =~ g.,, the Boltzmann equation simplifies to:

ay TG <U;nnv>
. AE X 2

(Y2-Y2).

eq
(12.10)

If the DM candidate annihilates predominantly via s-wave and p-wave

processes, the thermally averaged cross-section can be approximated as
[226]:

(12.11)

where a, and b, correspond to the s-wave and p-wave contributions,

respectively. The present-day relic abundance of DM is given by:

mysoYy(o0)

Qn* =
" pc/h? ’

(12.12)

where Y, (00) is the asymptotic value of the comoving number density, s, is
the current entropy density, and p_ is the critical density of the universe.
Solving the Boltzmann equation yields:
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(12.13)

where ¢ = m, /T is the freeze-out parameter and A, = s(m,)/H(m,).
The value of x,1s obtained from the transcendental equation:

B a,Ayc(c+2) 60,
e ln[ Ve “T )]
(12.14)

45 T 9x
271'4 8 Gxs (Tf) ’

sufficient accuracy for most cosmological applications.

with o, = and c ~ 0.5 1s a fitting parameter that yields

12.2.4 Lightest Neutralino as DM in SUSY Theories

The lightest neutralino (y) in supersymmetric (SUSY) theories is among the
most compelling dark matter (DM) candidates. In the Minimal
Supersymmetric Standard Model (MSSM), it naturally arises as a linear
combination of the bino (B), wino (W?°), and the neutral higgsinos (
H {’, H g) [33]. The mass eigenstate is given by:

X = Nll.B + N12W0 + ngﬂf + N14ﬂg,
(12.15)

where N;; are elements of the neutralino mixing matrix. The specific
composition of the lightest neutralino determines its couplings and
annihilation mechanisms.

Depending on its nature, the neutralino can annihilate into various final
states such as fermion-antifermion pairs (ff), WtW —, ZZ Zh, ZH, ZA,
H"™H~, and others involving Higgs bosons. For a bino-like LSP (i.e.,
Ni1 ~ 1, Ny; ~ 0 for ¢ = 2,3,4), the dominant annihilation channels are
into fermion-antifermion pairs, as shown in Fig. 12.4, while all other
channels are suppressed.



Figure 12.4 Feynman diagrams contributing to early-universe neutralino y
annihilation into fermions through sfermions, Z-gauge boson, and Higgs. &

In this scenario, annihilation via Z-boson exchange is typically negligible
due to the small Zxx coupling, which is proportional to N 123 — N 124, unless

the process occurs near the Z-resonance (m, ~ myz/2). However, such a

mass range is excluded by current experimental bounds.

The dominant annihilation proceeds through ¢-channel exchange of
sleptons, particularly into lepton pairs via [z, Iz (with [ = e, y, 7), as shown
in the first diagram of Fig. 12.4. Annihilation via squark exchange is
generally suppressed due to their heavier masses.

In Fig. 12.5, we illustrate the constraints from the observed relic
abundance Qh? in the (mg,m, /2) plane for two values of the trilinear

coupling, Ay = 0 and 2000 GeV, and for tan 8 = 10 and 50, with & > 0
[227]. The relic abundance of the lightest neutralino was computed using
the micrOMEGAs package [62], which includes all relevant annihilation
and coannihilation channels. In particular, coannihilation with the next-to-
lightest supersymmetric particle (NLSP), typically the lightest stau, 71, is
fully accounted for [228].
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Figure 12.5 LSP relic—abundance constraints shown as differently shaded
regions in the (mg — my /) plane. The LUX constraint corresponds to the
light—shaded region. The parameter points yielding the correct neutralino
relic abundance, 0.09 < £2h2? < 0.14, appear as the medium—shaded curved
band. The dark—shaded and hatched areas denote parameter points excluded
by experimental or theoretical constraints. <1

It is important to note that these coannihilation effects are not captured by
the simplified analytic expressions in Eqs. (12.11)—(12.14). In the figure,
the medium-shaded region corresponds to points where the computed relic
abundance falls within the experimentally allowed range, [229]:

0.09 < QA% < 0.14.

(12.16)

The LUX constraint is satisfied in the light—shaded region.



It is noticeable that for low values of tan 8 (around 10), the allowed
region corresponds to light my, values (below 500 GeV), where efficient
coannihilation between the LSP and the lightest stau occurs. However, this
region is now excluded due to current constraints on the Higgs and gluino
masses [230]. At large tanf, an additional viable region appears,
corresponding to a resonance in the s-channel annihilation of DM pairs into
fermion-antifermion final states via the pseudoscalar Higgs boson 4, when
My ~ 2m,. For Ay = 0, only a small part of this region satisfies the Higgs

mass constraint, while for larger 4, values (around 2 TeV), a modest
enhancement of the allowed region can be achieved.

12.3 BARYON ASYMMETRY OF THE UNIVERSE

The baryon asymmetry of the universe refers to the observed imbalance
between matter and antimatter, where matter vastly dominates. This
asymmetry is quantified by the baryon-to-photon ratio, 7, defined as [31]:

n ~6x 10710

Ty
(12.17)

where np and n 5 denote the number densities of baryons and antibaryons,
respectively, and n, is the photon number density. The small but non-zero

value of » implies that, despite the near-equal creation of matter and
antimatter in the early universe, an imbalance emerged, leaving a surplus of
matter [231].

In the hot, dense conditions of the early universe, matter and antimatter
were produced in almost equal amounts and subsequently annihilated into
photons as the universe cooled. In the absence of any asymmetry, this
process should have left a universe devoid of matter. However, the presence
of a substantial matter component today, with negligible amounts of
primordial antimatter, indicates that a fundamental asymmetry developed
during the early stages of cosmic evolution. This leads to one of the most
profound open questions in modern physics: Why does the universe exhibit
a preference for matter over antimatter? Understanding the origin of this
asymmetry is essential to comprehending the conditions and mechanisms
that shaped the early universe.



12.3.1 Sakharov Conditions

In 1967, Andrei Sakharov identified three essential conditions required to
generate the baryon asymmetry of the universe [40]. These conditions,
known as the Sakharov conditions, provide the minimal ingredients for a
matter-dominated universe:

1. Baryon Number Violation: Interactions that violate baryon number (B)
must exist to allow a net excess of baryons over antibaryons.

2. C and CP Violation: Charge conjugation (C) and charge-parity (CP)
symmetries must be violated so that baryons and antibaryons behave
differently, enabling an imbalance in their production rates.

3. Departure from Thermal Equilibrium: The universe must have
undergone periods out of thermal equilibrium; otherwise, any generated
asymmetry would be washed out by inverse processes.

Although the SM includes mechanisms that partially satisfy these
conditions, they fall short of explaining the observed asymmetry. This
limitation motivates extensions of the SM and ongoing research into the
early universe.

12.3.2 Leptogenesis

Leptogenesis is one of the most compelling mechanisms proposed to
explain the observed baryon asymmetry of the universe. It provides a
natural connection between the matter-antimatter imbalance and neutrino
physics, relying on processes beyond the SM. The core idea is that a lepton
asymmetry is first generated and subsequently converted into a baryon
asymmetry via electroweak sphaleron transitions [232]. This elegantly links
the baryon asymmetry to the properties of neutrinos, which are already
known to possess non-zero masses and mixing angles not accounted for in
the SM.

In the SM extended by three right-handed neutrinos vg,, the relevant
Lagrangian involving these fields is given by

<z = Z M; (DgvRi + Vrivy;) + Z N ridLj + Z Nji Ligvr;
ij ij

(2
+ Z )‘;if’jd”/fzi + Z )‘jiﬂzcaiJ’Li
7 7



(12.18)

where L denotes the lepton doublet, ¢ the Higgs doublet, and
¢ = CyO%* = iy2p* = CyT is the charge-conjugated spinor.

Asymmetry ¢; arises from the CP-violating decays of the heavy Majorana
right-handed neutrinos »; into the Higgs doublet ¢ and lepton doublets L,

where a = e, u, 7, 1.6., N; - ¢ + L,. In most scenarios, the resulting

lepton asymmetry is dominated by the decay of the lightest right-handed
neutrino N;. The N, are Majorana fermions, representing the mass

eigenstates of the right-handed neutrinos, and are defined as:
Nj:VRi—{—V]C%i’ NC:N.
(12.19)
The chiral components relate to N via the projection operators:
I/R:PRN, V%ZPLN,

(12.20)

where P;, = +(1—+%) and Pgr = 3 (1 ++5) are the standard left- and

right-handed helicity projectors.
The CP asymmetry ¢; generated by the decay of the lightest right-handed

neutrino N, is defined as

o (|4 = #La)[* ~ [AN: - $La)[")
o (JANL = ¢La)[* + [AN: - $La)[°)

g1 = ,

(12.21)

where A(N1 — ¢L,) denotes the total decay amplitude, including both
tree-level and one-loop contributions:

A(Nl — ¢La) = AO(NI — ¢La) + Al(Nl — ¢La)'
(12.22)

The CP asymmetry arises from the interference between the tree-level
amplitude and the loop corrections. In the SM extended by right-handed
neutrinos, the decay of N; proceeds via the tree-level process, as well as



through one-loop vertex and self-energy diagrams, as illustrated in Fig.

12.6.
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Figure 12.6 Feynman diagrams in SM with right-handed neutrinos that
contribute to the decay N — ¢L,. &

The tree-level decay amplitude of vg, into the Higgs doublet ¢ and
lepton doublet L, is given by:

Ao(N1 = ¢La) = — (M) (@(p) Pru(q)),

(12.23)

where @(p) is the Dirac spinor of the outgoing lepton /,, u¢(q) is the spinor
of the incoming Majorana neutrino N;, and Pp is the right-handed
projection operator.

The one-loop vertex correction contributes:

A (N1 — ¢La) = % > W)ai(AA) (a(p) Pru‘(q)) Fy ( : >,

(12.24)
where the loop function Fy(x) has the imaginary and real parts:
Im Fy(z) = vz [1— (1—|—a:)ln<1-;w>],
(12.25)
Re Fy(z) = —v/Z {1 +In(z) (1 —(1+42)kn < . I 2 ))]
(12.26)

The self-energy contribution to the decay amplitude is:



A15(N1 = ¢La) = 16% > (A)ai AL )i (a(p) Pru‘(9)) Fs (%)

(12.27)

where  Fg(x) = ReFg(x) +iIm Fg(z), and in  the  limit
|M; — My| > |I'; — I'y], the imaginary part simplifies to:
N

Im Fg(z) = T

(12.28)

The CP asymmetry in Ny — ¢ L, decays arises from complex phases in
the Yukawa couplings 4,, which violate CP symmetry. These phases change

sign under CP conjugation, leading to differences in the decay amplitudes
of particles and antiparticles. In contrast, the phases of the loop functions
Fy(x) and Fg(x) are CP-conserving, i.e., they remain unchanged under CP.

To analyze the asymmetry, the decay amplitudes can be factorized into
CP-violating and CP-conserving components. Specifically, we write:

Ag(N1 — ¢Lo) = Atree; Ao(N1 — ¢La) = Afrees
(12.29)
A1(N1 = ¢La) = Aioop * F,  A1(N1 — ¢Lo) = Afpop - F.
(12.30)

Here, F represents the loop function (from vertex and self-energy
corrections), which is CP-even, while 4., and 4),,, carry the CP-odd

phases from the Yukawa couplings.
The CP asymmetry then follows from the interference between tree and
loop amplitudes:

a Im [AtreeA;mp]  I[F]

[ Auree|? + | Atoop FI? + 2 Re[F] Re [ Atree Ajop |
(12.31)

Since the tree-level amplitude typically dominates, this simplifies to:



(12.32)

In the SM with right-handed neutrinos, the resulting CP asymmetry
becomes:
M2 M2
ImF <M§1 ) + ImFy <M§1 )]

Several key points follow from this expression: (i) A non-zero lepton
asymmetry requires Im[()\l)\y) 1:] # 0, which translates to

1 1
€1 = o~ Im ()‘:[/Al/)zz
P 8 ()\j/)\y)ll z‘—z2,:3 [ 1]

(12.33)

Im (\/MR RmYes RT\/M_R) 40, fori=23.

(#4) Leptogenesis is independent of the phases in the PMNS matrix due to
its unitarity. (#i¢) If both R and My are real, then €; = 0, and leptogenesis

cannot proceed. (iv) In the case of quasi-degenerate right-handed neutrino
masses, the CP asymmetry can be resonantly enhanced due to the near-zero
denominator in the loop function g(z), a scenario known as resonant
leptogenesis [233]. This becomes particularly relevant for models with
suppressed Yukawa couplings.

Once a lepton asymmetry is generated, it can be partially converted into a
baryon asymmetry via electroweak sphaleron processes. Sphalerons are
non-perturbative configurations in the Standard Model that violate baryon
number (B) and lepton number (L) individually, but preserve their
difference, B — L. Active during the electroweak phase transition in the
early universe, these processes convert part of the lepton asymmetry into a
baryon asymmetry.

The final baryon asymmetry 7 is related to the initial lepton asymmetry

nL ~ k&, where ¢ is the CP asymmetry from heavy neutrino decays, and «
is an efficiency factor accounting for washout processes and the thermal
history. In typical thermal leptogenesis scenarios, x ranges from 102 to
107!, depending on the model parameters [209]. The conversion between
lepton and baryon asymmetries can be approximated as:

1
nB = _gnL,



with the factor —1/3 arising from the equilibrium conditions of sphaleron
interactions and the Standard Model particle content.

12.4 INFLATION AND BSM

The SM of cosmology, grounded in the cosmological principle, has
successfully predicted key phenomena such as the universe's expansion and
the existence of the CMB. However, it originally faced several challenges
related to initial conditions. To resolve these, the theory of inflation was
introduced [234, 235], providing a mechanism that explains the observed
homogeneity, isotropy, and large-scale structure of the universe. Inflation
thereby addresses many of the initial value problems inherent in the
classical Big Bang framework.

The theoretical foundation of cosmology rests on General Relativity
(GR), formulated by Einstein in 1915 [236], with field equations:

1
Ry — 5 guwR = 87GT .
(12.34)

In the 1920s, Friedmann used these equations to derive a solution for a
homogeneous and isotropic universe [237, 238], leading to the Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric:

2
ds? = dt* — a*(t) dr = +r? (d6* + sin® 0 d¢?) |,
1—kr
(12.35)
where x = —1,0,1 corresponds to open, flat, and closed geometries,

respectively. The evolution of the scale factor a(t) is governed by the
Friedmann equations:

4rG
a= —WT(/ML 3p)a,
(12.36)
81G
g2 K _ O

(12.37)



with the Hubble parameter defined as H = a/a. For a spatially flat universe
(k =0), two distinct eras emerge: Radiation domination, with
a(t) xt/?, poxa*, and Matter (dust) domination, with
a(t) < t?%, poca=® In both cases, if p+ 3p > 0, the expansion is
decelerating (a < 0).

The Friedmann equation can also be recast as:

K

bol= g

(12.38)

where 2 = p/p. and the critical density is given by p. = %. Present

observations, particularly those from the Planck satellite, indicate that the
density parameter Q is very close to unity (2 ~ &(1)), implying that the
universe is nearly flat [31]. This near-flatness today suggests that in the
early universe, 2 must have been extraordinarily fine-tuned to be even
closer to one. For instance, at the Planck time (¢t ~ 10743 s), the deviation
from exact flatness would have had to satisty:

1Q — 1| < 6(107%).
(12.39)

This extreme sensitivity to initial conditions is known as the flatness
problem [239], and it poses a major challenge to the standard Big Bang
model, which lacks a dynamical mechanism to explain why € should be so
close to one.

Closely related is the horizon problem, which concerns the causal
structure of the early universe. Observations of the CMB reveal that regions
of the sky separated by large angular distances have nearly identical
temperatures, as shown in Fig, 12.7, differing by less than one part in 10°.
However, under standard Big Bang evolution, these regions should have
been causally disconnected, meaning they could not have exchanged
information or energy due to the finite speed of light [240]. The observed
uniformity suggests that these regions were once in thermal equilibrium, a
state that cannot be explained without invoking a mechanism that allows
causal contact over large distances.
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Figure 12.7 The CMB temperature map shows uniform temperatures across
causally disconnected regions, highlighting the horizon problem and
motivating cosmic inflation. 4

Alan Guth proposed that at t ~ 10737 seconds, the universe underwent a
brief period of exponential expansion, known as inflation, increasing in size
by over 25 orders of magnitude within 10 3* seconds [234]. After inflation
ended, the universe resumed a slower expansion over the next 13.7 billion
years. Inflation requires accelerated expansion, ¢ > 0, which from the
Friedmann equations implies negative pressure:

p
p<—3-

(12.40)



This yields exponential growth of the scale factor:
a(t) c €™t € [ti, tg].

(12.41)

A scalar field with potential V' (¢) provides a natural mechanism for this
behavior [241]. Its Lagrangian is:

L= 39" 0u80,6 ~ V(9),
(12.42)
with energy density and pressure:
po=59"+V(9), po=75¢" —V(®).
(12.43)

When the potential dominates, ¢? < V(¢), the condition for inflation is
met [242]. This requires a flat potential for slow-roll and a minimum to end
inflation [243].

The dynamics of a homogeneous scalar field in an expanding universe
are governed by the following equations:

H? = ? [V(a&) + %952],
(12.44)

(12.45)

which describe the evolution of the scalar field and the expansion during
inflation, as shown in Fig. 12.8 [244]. Scalar fields, fundamental in many
physical theories, are characterized by their potential forms. Notable
examples include:

e The Higgs potential:

2

V(g) = A(¢* — M?),



(12.46)

central to the Higgs mechanism and spontaneous symmetry breaking
[7],

e The massive scalar field potential:

1
V(¢) - §m2¢27
(12.47)
describing a scalar field with mass m [241],
» The self-interacting scalar field potential:
V(g) = A",
(12.48)

modeling a scalar field with quartic self-interactions [245].
A vV
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Figure 12.8 The flat region of the potential allows for slow-roll inflation,
while the minimum provides a natural endpoint for the inflationary phase. &



In inflationary cosmology, the slow-roll approximation describes when a
scalar field ¢ induces exponential expansion. This is quantified by two
slow-roll parameters:

. m_il(V'(¢))2 _ My V(@)
16m \ V(o) )’ 8 V() ’

(12.49)

where V(¢) is the potential, V'(¢) and V"(¢) are its first and second
derivatives, and my, is the Planck mass. The slow-roll condition holds

when:

e<1, [n<1,

(12.50)

allowing for prolonged accelerated expansion [246]. Inflation ends when
either € or |n| approaches unity [247].

The amount of inflation required to address the horizon and flatness
problems of the Big Bang model 1s quantified by the number of e-foldings,
denoted by N. The number of e-foldings is defined as:

(Y~ (g B [ V(@)
N = ()= [T m3, |, vter

(12.51)
where:
* a;and asare the initial and final scale factors,

e H is the Hubble parameter,

* ¢, and ¢ are the initial and final values of the scalar field.

This formulation provides a detailed description of inflationary dynamics
and the conditions necessary to resolve cosmological issues.

12.5 DARK ENERGY AND BSM



Dark energy, which accounts for approximately 68% of the total energy
density of the universe [31], is one of the most profound mysteries in
modern cosmology. It is responsible for the observed accelerated late
expansion of the universe, first discovered through observations of Type Ia
supernovae in the late 1990s. Despite its dominance, the nature of dark
energy remains unknown, and its explanation often requires physics beyond
the BSM. This section explores the dark energy problem, BSM
explanations, and observational constraints.

12.5.1 Observational Evidence for Cosmic Acceleration

The accelerated expansion of the universe is strongly supported by multiple
independent lines of observational evidence:

e Type Ia Supernovae (SN Ia): Observations of distant Type Ia
supernovae provided the first direct evidence for cosmic acceleration,
showing that the universe's expansion is speeding up over time [248,
249].

e CMB: Measurements of temperature anisotropies in the CMB,
particularly by the Wilkinson Microwave Anisotropy Probe (WMAP),
have confirmed the presence of dark energy and its influence on the
universe's large-scale structure [31].

e Baryon Acoustic Oscillations (BAO): The detection of BAO in the
distribution of galaxies has provided additional evidence for cosmic
acceleration, serving as a “standard ruler” for measuring the expansion
history of the universe.

12.5.2 The Nature of Dark Energy

Dark energy is a mysterious form of energy that plays a crucial role in the
dynamics of the universe. It is believed to be the driving force behind the
accelerated expansion, acting as a repulsive force that counteracts gravity
on cosmic scales. Unlike matter, dark energy does not clump or cluster but
is uniformly distributed throughout space, making it homogeneous. This
uniformity ensures that its density remains constant across different regions
of the universe, in contrast to visible matter and dark matter, which tend to
cluster due to gravitational attraction.



The exact nature of dark energy remains one of the most profound
questions in modern cosmology. Several theories have been proposed to
explain its origin, including:

e Cosmological Constant (A): A constant energy density that fills space
homogeneously, representing the simplest explanation for dark energy
[203].

e Dynamical Fields (e.g., Quintessence): A time-varying scalar field that
provides a dynamic explanation for dark energy [250], potentially
addressing some of the theoretical challenges associated with the
cosmological constant.

12.5.3 Cosmological Constant

The dark energy problem arises from the observed acceleration of the
universe's expansion, as described by the Friedmann equation:

G

H? = —3—(Pm+ pr + pa),;

(12.52)

where H is the Hubble parameter, p,, and p, represent the energy densities

of matter and radiation, respectively, and p, is the energy density associated
with dark energy.

The concept of dark energy originates from FEinstein's cosmological
constant (A), introduced in 1916 to describe a static universe. He proposed
A as a repulsive force to counteract gravity, ensuring a non-expanding
universe. However, after Edwin Hubble's discovery of the expansion of the
universe in the 1920s, Einstein discarded the cosmological constant, calling
it his “biggest mistake.”

Modern cosmology has revived the cosmological constant, driven by the
observed acceleration of the universe's expansion, first confirmed in 1998
through Type Ia supernova measurements [248, 249]. In this context, the
cosmological constant corresponds to a constant energy density:

B A
PA= R0G

(12.53)



This energy density is uniform in space and time, providing a simple
explanation for the accelerated expansion.

Despite its success, the cosmological constant faces two significant
theoretical challenges.

e Cosmological Constant Problem: The observed value of pp is

exceedingly small (~ 10~%7 GeV4), and is very different from
theoretical predictions from quantum field theory, suggesting a value
many orders of magnitude larger. This discrepancy highlights the
difficulty in reconciling the observed dark energy density with
quantum physics [203].

e Coincidence Problem: The energy densities of dark energy and matter
are comparable in the present epoch, even though they evolve
differently over the universe's history. Matter density decreases with
expansion, while dark energy remains constant. This raises the
question of why the two densities are so similar today, challenging our
understanding of the timing and nature of dark energy's dominance, as
shown in Fig, 12.9 [251, 252].
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Figure 12.9 Energy density evolution in the universe as a function of scale

factor a, showing logarithmic densities (in GeV#) for radiation, matter, and
dark energy. The vertical axis represents log density, and the horizontal axis
the scale factor, with “Today” marking the present. Source: [253]. &

These challenges highlight the elusive nature of dark energy and its deep
implications for cosmology and fundamental physics. Addressing them may
require new theoretical frameworks, such as modifications to general
relativity, dynamical fields like quintessence, or more radical extensions
beyond the SM. Observations from the CMB, large-scale structure surveys,
and supernova data continue to offer essential insights, guiding the quest to
understand dark energy and its role in the universe.

12.5.4 Quintessence

To address the limitations of the cosmological constant, several BSM
explanations have been proposed. One prominent idea is that dark energy
arises from a dynamical field, known as quintessence, which differs from
the cosmological constant by varying over time and space. Unlike matter
and radiation, which slow down the expansion through gravitational
attraction, quintessence generates a repulsive force that accelerates the
universe's expansion [250].

Quintessence is described by a dynamical scalar field ¢ that evolves over
time, providing a time-varying dark energy density. The energy density py

and pressure p of the quintessence field are:
1.
Py = 5¢2 + V(9),

(12.54)

(12.55)

where V' (¢) is the scalar field potential [254].

A key feature of quintessence is the time-varying equation of state
wg = Pgy/ Py, distinguishing it from the cosmological constant, which has a

fixed equation of state wy = —1. This dynamism may help resolve the



coincidence problem, which questions why dark energy and matter densities
are similar in the present epoch [255].

However, the specific form of the potential V(¢) remains unknown, and
various models have been proposed, each with distinct implications for the
evolution of the universe. Common choices for V(¢) include exponential,

power-law, and tracker potentials, each leading to different cosmological
behaviors [256]. Despite this diversity, none of these models have been
conclusively supported by observational data.

A classic example of a quintessence potential is the exponential form:

V(g) = Voe M,
(12.56)

where V, 1s a constant with dimensions of energy density, 4 is a

dimensionless parameter controlling the slope of the potential, and

k = V87m(G is the gravitational coupling constant. The equation of state
parameter w, for the quintessence field is given by:

_ Py _ 12— V(9)

YT e T 1)
(12.57)

The evolution of the field depends on A: for small A, the field rolls slowly
down the potential, leading to wg ~ —1, mimicking a cosmological

constant. For large A, the field rolls faster, and Wy deviates from —1,
potentially resulting in a time-varying equation of state.

12.5.5 Modified Gravity

Modified gravity theories propose that dark energy is not a new form of
energy but rather a manifestation of deviations from general relativity on
cosmological scales [257, 258]. The action for f(R) gravity, an arbitrary

function of the Ricci scalar R, is given by:
S =5 [ Ao VTIIE®) + [ d'e Lis(gu ¥)

(12.58)



where k%2 = 87 G is the gravitational coupling constant, G is the Newtonian
coupling constant, g is the determinant of the metric tensor g,,,, and £}y is

the matter Lagrangian depending on the metric g, and matter fields W .
Varying the action (12.58) with respect to the metric g, leads to the field
equations for f(R) gravity [259]:

F(R)Ru(9) — %f(R)gW — V,V,F(R) + g,,0F(R) = K*T,,,
(12.59)

where F(R) = 0f/OR is the derivative of f(R) with respect to R, R, is

e — __2 Zu

the Ricci tensor, and T}, = 7= g
matter [258].

In f(R) gravity, the modified Friedmann equations for a flat Friedmann-

Robertson-Walker (FRW) universe with the metric

is the energy-momentum tensor of

ds? = —dt* + a(t)?dz?,

arc:

FR— .
3FH® = (pm +pr) + — I sup

(12.60)
. 4 . .
—2FH ==k (pm + gpr> +F— HF.
(12.61)

Here, p,, and p, are the energy densities of matter and radiation,
respectively, and H = % is the Hubble parameter [257].
The total energy density p,,, and pressure p,,, in f(R) gravity include

contributions from matter, radiation, and the effective dark energy
component arising from the modification of gravity. The conservation
equation for the total energy-momentum tensor is:

Prot + 3H(ptot + ptot) =0.

(12.62)



This equation can be split into separate conservation equations for matter
and radiation:

pm + 3Hp, =0, (matter)
(12.63)
pr +4Hp, = 0. (radiation)

(12.64)

In f(R) gravity, the dark energy component arises from the modification
of the gravitational action. The effective dark energy density ppr and

pressure ppg are defined as:

_ L (FRZTS spp
(12.65)
1 - FR .. .
pDE=—2<f +F+2HF).
K 2
(12.66)

These definitions ensure that the Friedmann equations can be written in the
standard form:

3H2 = 52(pm + Pr =+ pDE))

(12.67)

) 4
—2H =&’ (Pm + 3Pr + PpE +PDE>-
(12.68)

The effective equation of state parameter w4 1s defined as the ratio of the
total pressure to the total energy density of the universe:

(12.69)

From Friedmann equations, one can express H as follows:



H=—ZH?(1+weg)
(12.70)

Solving for w,g we arrive at:

2H
Weff = -1 - —3H2 .
(12.71)

The effective equation of state w,, describes the overall behavior of the
universe's expansion:

o If wepr < —%, the universe undergoes accelerated expansion (dark
energy domination).

e If wer = —1, the expansion mimics a cosmological constant (ACDM).

1

o If weer > —73,

domination).

the expansion decelerates (matter or radiation

It is worth mentioning that w,;, depends on the functional form of f(R)
[257, 259].
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