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Abstract

The Standard Model (SM) of particle physics has been highly successful in ex-

plaining most of the experimental measurements in elementary particle physics. It has

survived decades of precision tests at highest available energies and with the discovery

of the Higgs boson in 2012 at the Large Hadron Collider (LHC) the last missing piece

of the SM was confirmed. However, the SM suffers from a number of shortcomings,

which strongly suggest that the SM is only an effective limit of a more fundamental

theory of interactions. The aim of this thesis is to study various aspects of the physics

beyond the SM ranging from the phenomenological implications of viable models to

cosmological implications such as the matter-antimatter asymmetry of the universe,

dark matter, and dark energy.

In this thesis we study several models beyond the SM in the contexts of LHC phe-

nomenology, neutrino masses, flavor anomalies associated with B-decays and gauge

coupling unification. We also study the possibilities of explaining the matter-antimatter

asymmetry via baryogenesis (leptogenesis) mechanisms in these models. We also

touch upon the issues of potential candidates for dark matter and the realization of

dark energy in models beyond the SM.

We study the implications of a right handed charged gauge boson W±
R with mass

of around a few TeV for leptogenesis. We point out how the discovery of a TeV scale

W±
R will rule out all possibilities of leptogenesis in all classes of the left-right symmet-

ric extensions of the SM due to the unavoidable fast gauge mediated B − L violating

interactions. We also study the framework of LRSM with additional scalar singlets

and vector-like fermions in the context of the recent LHC excess signals and the phe-

nomenological implications for the fermion masses and mixing. We also discuss how

the introduction of a real bi-triplet scalar, which contains a potential DM candidate,

can allow gauge coupling unification. Furthermore, we point out that the existence of

new vector-like fermions can also have interesting implications for baryogenesis and

the dark matter sector.

The effective low energy left-right symmetric subgroups of the superstring inspired

E6 model provide a rich phenomenology, thanks to many additional exotic fields in-

cluding leptoquarks. We systematically study these low energy subgroups in the con-
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text of the LHC excess signals reported by the CMS collaboration, and high scale

leptogenesis. We also study the left-right symmetric low energy subgroups of E6 in

the context of recent experimental results from the LHCb, BaBar and Belle collabora-

tions on the decays of the B mesons: B̄ → D(∗)τ ν̄ and B̄ → K̄ll, showing significant

deviations from the SM, which hint towards a new physics scenario beyond the SM.

We use the leptonic decays D+
s → τ+ν̄, B+ → τ+ν̄, D+ → τ+ν̄ and D0-D̄0 mixing

to constrain the couplings involved in explaining the enhanced B decay rates. We also

study the E6 motivated U(1)N extension of the supersymmetric SM in the context of

the LHC excess signals and the baryon asymmetry of the universe. In light of the hint,

from short-baseline neutrino experiments, of the existence of one or more light sterile

neutrinos, we also study the neutrino mass matrices, which are dictated by the discrete

symmetries in the variants of this model.

We study a cogenesis mechanism in which the observed baryon asymmetry of the

universe and the dark matter abundance can be produced simultaneously at a low re-

heating temperature without violating baryon number in the fundamental interactions.

This mechanism can also provide a natural solution for the cosmic coincidence prob-

lem. We also present a realization of mass varying neutrino dark energy in two simple

extensions of the SM, where the SM is extended to include new TeV scale triplet scalars

and fermions, respectively. We also discuss the possible leptogenesis mechanisms for

simultaneously generating the observed baryon asymmetry of the universe in both the

scenarios and the collider signatures for the new TeV scale fields.
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Chapter 1

Introduction

1.1 The Standard Model of particle physics

The Standard Model of particle physics is a theory based on local gauge symmetries

describing the strong, the electromagnetic and the weak interactions. The symme-

try gauge group GSM ≡ SU(3)c × SU(2)L × U(1)Y governs these interactions. The

SU(3)c gauge theory governs the strong interactions dictating the interactions among

the quarks of six flavors having three colors each, mediated by eight gauge bosons,

called gluons, corresponding to the eight generators of the group SU(3)c. Colored

states are confined (today) and only color singlet states such as baryons (consisting of

three quarks forming a color singlet) or mesons (consisting of quark-antiquark form-

ing a color singlet) are allowed to exist as free particles in nature. The weak interac-

tions responsible for nuclear beta decay can be described by a dimension six effective

four fermion interaction leading to a coupling constant with a dimension of inverse

mass squared. This effective theory emerges from a renormalizable theory, called elec-

troweak theory [1–3], which describes both the weak and electromagnetic interactions

at around 100 GeV. The electroweak theory based on the gauge group SU(2)L×U(1)Y

is spontaneously broken at around 100 GeV with the symmetry breaking pattern

SU(2)L × U(1)Y −→ U(1)Q, (1.1)

such that the electric charge Q and hyper charge Y are related by

Q = T3L + Y, (1.2)

19
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where T3L is the diagonal generator of SU(2)L. There are three gauge bosons corre-

sponding to SU(2)L with electric charges ±1, 0, where the gauge bosons with electric

charges ±1 corresponds to the raising and lowering generators of SU(2)L. There is

another electrically neutral gauge boson corresponding to U(1)Y . Before the elec-

troweak symmetry breaking all four generators are massless; and after the symmetry

is spontaneously broken, three of the gauge bosons W±, Z become massive, leaving

behind a massless combination of the two neutral gauge bosons, which is identified

with the photon corresponding to U(1)Q. The electromagnetic interactions governing

the interactions of charged particles is described by a U(1)Q gauge theory, where Q

corresponds to the electric charge. The electromagnetic interaction is mediated via

the photon, which is the gauge boson corresponding to the only generator of U(1)Q.

The heavy W±, Z bosons appear as internal propagators in the effective four fermion

interactions and mediate the weak interaction.

In the Standard Model the quarks and the leptons are the only fermionic fields. The

left handed fermions transform as doublets under SU(2)L, while all the right handed

fermions transform as singlets. Once the SU(2)L transformations are assigned to a

particle, the hypercharge quantum number can be determined from the electrical charge

using the relation given in Eq. (1.2). The left handed up type quarks (uαi L) and down

type quarks (dαi L) form a doublet Qα
i L, where α = 1, 2, 3 is the SU(3)c index and

i = 1, 2, 3 is the generation index. In the leptonic sector the left handed neutrinos ν`iL

and the leptons `−iL form a doublet under SU(2)L. There are no right handed neutrinos

in the Standard Model. The SU(3)c×SU(2)L×U(1)Y quantum numbers of the fields

in the Standard Model are summarized in Table. 1.1.

Other than the fermions and gauge bosons, the Standard Model also includes the

doublet Higgs scalar which is responsible for breaking the electroweak symmetry [4–

8]. The Higgs scalar transforms as a doublet under SU(2)L with a charged and a neutral

component. The transformation of the Higgs scalar under SU(3)c × SU(2)L ×U(1)Y

is given by

φ ≡

φ+

φ0

 ≡ (1, 2, 1/2). (1.3)
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1st 2nd 3rd (SU(3)c, SU(2)L, U(1)Y )

generation generation generation transformations

Qα
iL

uαL
dαL

 cαL
sαL

 tαL
bαL

 (3,2,1/6)

uαiR uαR cαR tαR (3,1,2/3)

dαiR dαR sαR bαR (3,1,−1/3)

ψiL

νeL
e−L

 νµL
µ−L

 ντL
τ−L

 (1,2,−1/2)

e−iR e−R µ−R τ−R (1,1,−1)

Table 1.1: The transformation of the Standard Model fermions under the gauge group

GSM ≡ SU(3)c × SU(2)L × U(1)Y .

The renormalizable gauge invariant Lagrangian for the gauge interactions is given by

L = − 1

4
Gp
µνG

µν
p −

1

4
Wm
µνW

µν
m −

1

4
BµνB

µν

+ Q̄α
aLiγ

µ
[
δαβδab∂µ + igsδab(Tαβ)pGp

µ

+ igδαβ(σab)
mWm

µ + i
g′

6
δαβδabBµ

]
Qβ
bL

+ ūαRiγ
µ
[
δαβ∂µ + igs(Tαβ)pGp

µ + i
2g′

3
δαβBµ

]
uβR

+ d̄αRiγ
µ
[
δαβ∂µ + igs(Tαβ)pGp

µ − i
g′

3
δαβBµ

]
dβR

+ ψ̄aRiγ
µ
[
δab∂µ + ig(σab)

mWm
µ − i

g′

2
δabBµ

]
ψbR

+ ēRiγ
µ [∂µ − ig′Bµ] eR ; (1.4)

where we have dropped the generation indices i for simplicity; a, b = 1, 2 are the

SU(2)L indices and α, β = 1, 2, 3 are the SU(3)c indices in the fundamental repre-

sentations; gs, g and g′ are the gauge couplings for the groups SU(3)c, SU(2)L, and

U(1)Y , respectively. Gp
µν , Wm

µν and Bµν are the field strength tensors for SU(3)c,
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SU(2)L, and U(1)Y groups, respectively. T p, σm are the generators of the groups

SU(3)c and SU(2)L, respectively.

1.1.1 Spontaneous symmetry breaking and masses of the gauge

bosons

The Lagrangian involving the Higgs scalar can be written as

Lφ = LφKin + LY − V (φ), (1.5)

where the first term on the right hand side LφKin is the kinetic energy term given by

LφKin = −1

2

∣∣∣∣∂µφ+ igσmWm
µ φ+ i

g′

2
Bµφ

∣∣∣∣2 ; (1.6)

the second term LY contains the Yukawa interactions

− LY = huijQ̄iLujRφ̃+ hdijQ̄iLdjRφ+ heijψ̄iLejRφ+ h.c., (1.7)

where i, j = 1, 2, 3 are the generation indices and φ̃ is defined as

φ̃ = iτ2φ
∗ =

 φ∗0

−φ−

 ≡ (1, 2,−1/2), (1.8)

where τ2 is the second Pauli matrix. The last term in Eq. (1.5) corresponds to the scalar

potential given by

V (φ) = −µ
2

2
φ†φ+

λ

4

(
φ†φ
)2
. (1.9)

Taking the mass parameter µ2 to be positive-definite, it is straightforward to find the

vacuum expectation value (VEV) of the Higgs scalar

〈φ†φ〉 = v2 = µ2/λ. (1.10)

Note that the manifold of points, at which V (φ) is minimized, is SU(2) invariant

and one must perturb φ about a particular choice of minimum to break the symmetry

spontaneously. Now in the unitary gauge 1 where

〈φ〉 =

0

v

 , (1.11)

1The unitary gauge is a particular gauge choice in a gauge theory with a spontaneous symmetry

breaking, such that the scalar field responsible for the spontaneous symmetry breaking is transformed

into a basis in which the Goldstone components are set to zero. In the unitarity gauge choice the manifest

number of scalar degrees of freedom is minimal.
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it is easy to verify that the generators of SU(2)L and U(1)Y no longer annihilate the

vacuum state; however, the linear combination T3L + Y ≡ Q does. Thus, the spon-

taneous symmetry breaking leaves the subgroup U(1)Q unbroken, which governs the

quantum electrodynamics.

The interactions of the Higgs scalar φ with the gauge bosons of the broken groups

given in the kinetic energy term [Eq. (1.6)] make the gauge bosons massive. The

charged gauge bosons corresponding to SU(2)L given by,

W±
µ =

1√
2

(W 1
µ ∓W 2

µ), (1.12)

and a combination of neutral gauge bosons,

Zµ = cos θwW
3
µ − sin θwBµ, (1.13)

where sin θw = g′/(g2 + g′
2
)1/2, get masses

mW =
1

2
vg, mZ =

1

2
v

√
g2 + g′2, (1.14)

respectively, while the other remaining neutral gauge boson, identified as the photon,

Aµ = sin θwW
3
µ + cos θwBµ, (1.15)

remains massless.

Comparing the effective four-fermion interaction describing muon decay obtained

in this theory with the (V − A) theory gives the relation

g2/m2
W = 4

√
2GF , (1.16)

where the Fermi constant GF = 1.16639 × 10−5GeV−2. One obtains the value of the

VEV of φ given by

v =
2mW

g
' 246 GeV. (1.17)

The interactions of the physical gauge bosons with the fermions is given by

Lgauge = − g√
2

(jµCCW
+
µ + jµCC

†W−
µ )− g

cos θw
jµNCZµ − ejµQAµ, (1.18)

where

jµCC = ψ̄fLγ
µ1

2
(τ1 + iτ2)ψfL,

jµNC = ψ̄fLγ
µ1

2
(cV − cAγ5)ψfL,

jµQ = ψ̄fLγ
µQψfL, (1.19)
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are the charged current, the neutral current and the electromagnetic current respec-

tively. τ1 and τ2 are the first and the second Pauli matrices, cV = T3L− 2Q sin2 θw and

cA = T3L.

The relative strengths of the neutral and charged current weak interactions is often

expressed as the ρ-parameter defined as,

ρ =
m2
W

m2
Z cos2 θw

, (1.20)

which is experimentally constrained to be very close to unity within a small uncer-

tainty, which matches with the value given by the Standard Model.

1.1.2 Fermion masses and mixing

After the symmetry is broken by the VEV of φ the fermions acquire masses through

the Yukawa couplings in Eq. (1.7)

− LY = huijQ̄iLujR

v
0

+ hdijQ̄iLdjR

0

v

+ heijψ̄iLejR

0

v

+ h.c.

= mu
ijūiLujR +md

ij d̄iLdjR +me
ij ēiLejR + h.c., (1.21)

where the up type quark, down type quark and the charged lepton mass matrices are

given by

mu
ij = huijv; md

ij = hdijv; me
ij = heijv; (1.22)

respectively. The neutrinos are massless in the Standard Model. We will discuss the

issue of neutrino masses in more detail in the following section.

Note that the quark and lepton mass matrices are in general non-diagonal. Since

the neutrinos are massless in the Standard Model, it is possible to make a unitary

transformation to a basis where charged leptons are diagonal without affecting the

charged current interactions. However, the case of the quark sector is nontrivial and

will be discussed below.

In the weak basis the quark masses can be written in the matrix form as

− LM = ŪLMuUR + D̄LMdDR, (1.23)

where UL(R) and DL(R) are the matrices corresponding to uiL(R) and diL(R); and the

mass matrix Mu(d) has the elements mu(d)ij
. The mass matrices Mu(d) are not diagonal



1.1. The Standard Model of particle physics 25

in the weak basis, in which the charged current interaction can be written as

LCC =
g√
2

(ūkLγ
µdkLW

+
µ + d̄kLγ

µukLW
−
µ ). (1.24)

Now one can diagonalize the mass matricesMu(d) to obtain the physical or mass eigen-

states U ′L(R) and D′L(R). Noting that Mu and Md are in general not Hermitian, a biuni-

tary transformation is required to diagonalize them

U †uLMuUuR = M̂u, U †dLMdUdR = M̂d, (1.25)

where M̂u(d) are diagonal matrices; UuL(R) and UdL(R) are unitary matrices. The mass

eigenstates are related to weak eigenstates by the relations

U ′L(R) = UuL(R)UL(R), D′L(R) = UdL(R)DL(R). (1.26)

In the mass basis the quark masses can be written as

LM = Ū ′LM̂
uU ′R + D̄′LM̂

dD′R. (1.27)

In a weak interaction the particles are created in weak basis, but their time evolution

occurs as physical or mass eigenstates. In other words, a down type quark produced

in a weak interaction, can propagate as an admixture of down and strange quarks, and

can become a strange quark at a certain time when detected in the weak basis. The

charged current interaction can be written in the mass basis as

LCC =
g√
2

(ū′iLγ
µVijdjLW

+
µ + d̄′jLγ

µV ∗iju
′
iLW

−
µ ), (1.28)

where the unitary matrix

Vij = [UuL]ik[U †dL]jk, (1.29)

is called the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [9, 10]. The neutral

current interaction is diagonal in both bases; and so is the neutral Higgs couplings. The

current values of the CKM elements can be found in Ref. [11].

1.1.3 Limitations of the Standard Model

Although the Standard Model (SM) is highly successful in explaining the low energy

phenomenology of fundamental particles, it suffers from a number of shortcomings,
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which strongly suggests that the SM is only an effective limit of a more fundamental

theory of interactions. In what follows we will try to highlight some of the shortcom-

ings of the SM.

Neutrinos are massless in the SM. Due to the absence of right handed neutrinos one

cannot write a Dirac mass term, and a Majorana mass term of the form
1

2
νcLmννL is

also not allowed by the SU(2)L×U(1)Y gauge invariance. However, the discovery of

neutrino oscillations have established that neutrinos have nonzero masses. This implies

that the SM is incomplete. Consequently, the evidence of neutrino masses coming from

neutrino oscillation experiments provides a strong evidence of physics beyond the SM.

In addition to the fact that gravity is completely left out in the SM, the strong in-

teraction is not unified with weak and electromagnetic interactions. In fact, even in the

electroweak “unification” one still has two coupling constants, g and g′ correspond-

ing to SU(2)L and U(1)Y . Thus, one is tempted to seek for a more complete theory

where the couplings gs, g, and g′ unify at some higher energy scale giving a unified

description of the fundamental interactions.

Given that the ratio mPl/mW is so large, where mPl = 1.2 × 1019 GeV is the

Planck scale, another major issue in the SM is the infamous “hierarchy problem”. The

discovery of the Higgs boson with a mass around 125 GeV has the consequence that, if

one assumes the Standard Model as an effective theory, then in Eq. (1.9) λ ∼ O(0.1)

and µ2 ∼ (O(100) GeV)2 (including the effects of 2-loop corrections). The problem

is that every particle that couples, directly or indirectly, to the Higgs field yields a

correction to µ2 resulting in an enormous quantum correction. For instance, let us

consider a one-loop correction to µ2 coming from a loop containing a Dirac fermion f ,

as shown in Fig. 1.1, with mass mf . If f couples to the Higgs boson via the coupling

φ

f

Figure 1.1: one-loop correction to the Higgs squared mass parameter due to a Dirac

fermion f .
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term (−λfφf̄f), then the correction coming from the one-loop diagram is given by

∆µ2 =
λ2
f

8π2
Λ2

UV + · · · , (1.30)

where ΛUV is the ultraviolet momentum cutoff and the ellipses are the terms propor-

tional to m2
f , growing at most logarithmically with ΛUV. Each of the quarks and lep-

tons in the SM plays the role of f , and if ΛUV is of the order of mPl, then the quantum

correction to µ2 is about 30 orders of magnitude larger than the required value of

µ2 = 92.9 GeV2. Since all the SM quarks, leptons, and gauge bosons obtain masses

from 〈φ〉, the entire mass spectrum of the Standard Model is sensitive to ΛUV. Thus

one expects some new physics between mW and mPl addressing this problem.

There are also other questions such as why the fermion families have three genera-

tions; is there any higher symmetry that dictates different fermion masses even within

each generation; in the CKM matrix the weak mixing angles and the CP violating

phase are inputs of the theory, instead of being predicted by the SM.

Finally, in the cosmic arena, the observed baryon asymmetry of the universe cannot

be explained within the SM. Also there are no suitable candidates for dark matter and

dark energy in the SM. These also points towards the existence of physics beyond the

SM.

1.2 Physics beyond the Standard Model

1.2.1 Neutrino masses

The atmospheric, solar and reactor neutrino experiments have established that the

neutrinos have small nonzero masses which are predicted to be orders of magnitude

smaller than the charged lepton masses from cosmology and nuclear β decay exper-

iments. However, in the SM the left handed neutrinos νiL, i = e, µ, τ , transform as

(1, 2,−1) under the gauge group SU(3)c× SU(2)L×U(1)Y . Consequently, one can-

not write a gauge singlet Majorana mass term for the neutrinos. On the other hand,

there are no right handed neutrinos in the SM which would allow a Dirac mass term.

The simplest way around this problem is to add singlet right handed neutrinos νiR with

the transformation (1, 1, 0) under the SM gauge group. Then one can straightaway
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write the Yukawa couplings giving Dirac mass to the neutrinos

− Lmass =
1

2
hijψ̄iLνjRφ, (1.31)

such that once φ acquires a VEV, the neutrinos get Dirac mass mDij = hijv. However,

to explain the lightness of the neutrinos one needs to assume a very small Yukawa

coupling for neutrinos in comparison to charged leptons and quarks, which is rather

ad-hoc and unnatural. One way out is to consider the dimension-5 effective lepton

number violating operator [12–15] of the form

Ldim-5 =
(νφ0 − eφ+)2

Λ
, (1.32)

where Λ is the scale corresponding to some new extension of the SM violating lepton

number. This dimension-5 term can induce small Majorana masses to the neutrinos

after the eletroweak symmetry breaking

− Lmass = mνν
T
iLC

−1νjL, (1.33)

with mν = v2/Λ. Here, C is the charge conjugation matrix. Consequently, lepton

number violating new physics at a high scale Λ would naturally explain the smallness

of neutrino masses. In what follows, we discuss some of the popular mechanisms of

realizing the same.

Seesaw mechanism: type-I

The type-I seesaw mechanism2 [16–22] is the simplest mechanism of obtaining tiny

neutrino masses. In this mechanism, three singlet right handed neutrinosNiR are added

to the SM; and one can write a Yukawa term similar to Eq. (1.31) and a Majorana mass

term for the right handed neutrinos since they are singlets under the SM gauge group.

The relevant Lagrangian is given by

− Ltype-I = hiαN̄iRφlαLφ+
1

2
MijN

c
iL
T
iLC

−1N c
jL + h.c. . (1.34)

Note that, the Majorana mass term breaks the lepton number explicitly and since the

right handed neutrinos are SM gauge singlets, there is no symmetry protecting Mij

2The seesaw mechanisms generically require a new heavy scale (as compared to the electroweak

scale) in the theory, inducing a small neutrino mass (millions of times smaller than the charged lepton

masses). Hence the name “seesaw”.
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and it can be very large. Now after the symmetry breaking, combining the Dirac and

Majorana mass matrices we can write

− 2Lmass = mDαiν
T
αLC

−1N c
iL +MiN

c
iL
TC−1N c

jL + h.c.

=
(
να N c

i

)T
L
C−1

 0 mDαi

mT
Dαi Mi

να

N c
i


L

+ h.c. , (1.35)

where mDαi = hDαiv. Now assuming that the eigenvalues of mD are much less than

those of M one can block diagonalize the mass matrix to obtain the light Majorana

neutrinos with massesmνij = −mDαiM
−1
i mT

Dαi and heavy neutrinos with massmN =

Mi. Note that if any of the right handed neutrino mass eigenvalues (Mi) vanish then

some of the left handed neutrinos will combine with the right handed neutrinos to form

Dirac neutrinos. For n generations, if the rank ofM is r, then there will be 2r Majorana

neutrinos and n− r Dirac neutrinos. The type-I seesaw mechanism not only generates

tiny neutrino masses, but also provides the necessary ingredients for explaining the

baryon asymmetry of the universe via leptogenesis, which we will discuss in length in

the next section.

Seesaw mechanism: type-II

In type-II seesaw mechanism [23–26], the effective operator given in Eq. (1.32) is

realized by extending the SM to include an SU(2)L triplet Higgs scalar ξ which trans-

forms under the SM gauge group SU(3)c×SU(2)L×U(1)Y as (1, 3, 1). For simplicity

we assume that there are no right handed neutrinos in this model and only one triplet

scalar is present. The Yukawa couplings of the triplet Higgs scalar with the left handed

lepton doublet (νi, li) are given by

− Ltype-II = fij

[
ξ0νiνj + ξ+(νilj + νjli)/

√
2 + ξ++lilj

]
. (1.36)

Now a nonzero VEV acquired by ξ0 (〈ξ0〉 = u) gives Majorana masses to the neutrinos.

Note that u has to be less than a few GeV to not affect the electroweak ρ-parameter.

The most general Higgs potential with a doublet and a triplet Higgs has the form

V = m2
φφ
†φ+m2

ξξ
†ξ +

1

2
λ1(φ†φ)2 +

1

2
λ2(ξ†ξ)2 + λ3(φ†φ)(ξ†ξ) + λ4φ

T ξ†φ. (1.37)
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We assume λ4 6= 0, which manifests explicit lepton number violation and the mass of

the triplet Higgs scalar Mξ ∼ λ4 � v. The mass matrix of the scalars
√

2 Imφ0 and
√

2 Imξ0 is given by

M2 =

−4λ4u 2λ4v

2λ4v −λ4v
2/u

 , (1.38)

which tells us that one combination of these fields remains massless, which becomes

the longitudinal mode of the Z boson; while the other combination becomes massive

with a mass of the order of triplet Higgs scalar and hence the danger of Z decaying

into Majorons 3 is absent in this model. The minimization of the scalar potential yields

u = −λ4v
2

M2
ξ

, (1.39)

giving a seesaw mass to the left handed neutrinos

mνij = fiju = −fij
λ4v

2

M2
ξ

. (1.40)

Note that in the left-right symmetric extension of the SM , which we will discuss in the

next subsection, both type-I and type-II seesaw mechanisms are present together. The

type-II seesaw mechanism can also provide a very attractive solution to leptogenesis,

which we will discuss in the next section.

Seesaw mechanism: type-III

In type-III seesaw mechanism [27, 28] the SM is extended to include SU(2)L triplet

fermions to realize the effective operator given in Eq. (1.32) 4. The Yukawa interac-

tions in Eq. (1.34) are generalized straightforwardly to SU(2)L triplet fermions Σ with

hypercharge Y = 0. The corresponding interaction Lagrangian is given by

− Ltype-III = hΣiαΨ̄iL

(
~Σα · ~τ

)
φ̃+

1

2
MΣαβ

~Σc
α

T
C−1~Σc

β + h.c. , (1.41)

where α = 1, 2, 3. In exactly similar manner as in the case of type-I seesaw, one

obtains for MΣ � v, the left handed neutrino mass

mνij = −v2hΣiαM
−1
Σβαh

T
Σjβ. (1.42)

3Majorons correspond to Goldstone bosons associated with the spontaneous breaking of a global

lepton number symmetry.
4Ref. [28] established the nomenclature Types I, II, III, for the three and only three tree-level seesaw

mechanisms.
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Radiative models of neutrino mass

Small neutrino masses can also be induced via radiative corrections. The advantage of

these models is that without introducing a very large scale into the theory the smallness

of the neutrino masses can be addressed. In fact, several of these models can explain

naturally the smallness of the neutrino masses with only TeV scale new particles. Thus

new physics scale in these models can be as low as TeV, which can be probed in current

and next generation colliders.

νL eL eR νL

η−

φ1

φ2

νL eL νLeLeReR

η−η−

ζ++

Figure 1.2: (left) one-loop diagram diagram generating neutrino mass in Zee model.

(right) Two loop diagram generating neutrino mass in Zee-Babu model.

One realization of this idea is the so-called Zee model [29, 30], where one extends

the SM to have two (or more) Higgs doublets φ1 and φ2, and a scalar η+ which trans-

forms under the SM gauge group SU(3)c × SU(2)L × U(1)Y as (1, 1, 1). The lepton

number violating Yukawa couplings are given by

LZee = fijψ
T
iLC

−1ψjLη
+ + µεabφaφbη

− + h.c. , (1.43)

where fij is antisymmetric in the family indices i, j and εab is the totally antisymmetric

tensor. Now, the VEV of the SM Higgs doublet allows mixing between the singlet

charged scalar and the charged component of the second Higgs doublet, resulting in a

neutrino mass induced through the one-loop diagram showed in Fig. 1.2 (left). The

antisymmetric couplings of η+ with the leptons make the diagonal terms of the mass

matrix vanish, with the non-diagonal entries given by

mν
ij(i 6= j) = Afij(m

2
i −m2

j) , (1.44)

where i, j = e, µ, τ and A is a numerical constant. In the Zee model, if the second

Higgs doublet is replaced by a doubly charged singlet scalar ζ++, then one gets what
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is called Zee-Babu Model [31,32]. In this model a Majorana neutrino mass can be ob-

tained through a two loop diagram shown in Fig. 1.2 (right). In fact, there are several

other radiative models of Majorana neutrino mass such as the Ma model [33] con-

necting the Majorana neutrino mass to dark matter at one-loop; Krauss-Nasri-Trodden

model [34] and Aoki-Kanemura-Sato model [35] giving neutrino mass at the three

loop level with a dark matter candidate in the loop; Gustafsson-No-Rivera model [36]

involving a three loop diagram with a dark matter candidate and the W boson; and

Kanemura-Sugiyama model [37] utilizing an extension of the Higgs triplet model.

There are also models for radiative Dirac neutrino masses such as the Nasri-Moussa

model [38] utilizing a softly broken symmetry; Gu-Sarkar model [39] with dark matter

candidates in the loop; Kanemura-Matsui-Sugiyama model [40] utilizing an extension

of the two Higgs doublet model, etc.

1.2.2 Left-Right Symmetric Models

The SM gauge group GSM ≡ SU(3)c×SU(2)L×U(1)Y explains the (V −A) structure

of the weak interaction and parity violation, which is reflected by the trivial transforma-

tion of all right handed fields under SU(2)L. However, the origin of parity violation is

not explained within the SM, and it is natural to seek an explanation for parity violation

starting from a parity conserved theory at some higher energy scale. This motivated

a left-right symmetric extension of the SM gauge theory, called the Left-Right Sym-

metric Model (LRSM) [41–46], in which the Standard Model gauge group is extended

to

GLR ≡ SU(3)c × SU(2)L × SU(2)R × U(1)B−L

whereB−L is the difference between baryon (B) and lepton (L) numbers. In LRSM all

left handed fermions transform trivially under SU(2)R, while all right handed fermions

transform trivially under SU(2)L. The quarks and the leptons transform under the



1.2. Physics beyond the Standard Model 33

gauge group SU(3)c × SU(2)L × SU(2)R × U(1)B−L as

QL =

u
d


L

: (3, 2, 1,
1

3
), QR =

u
d


R

: (3, 1, 2,
1

3
)

lL =

ν
e


L

: (1, 2, 1,−1), lR =

N
e


R

: (1, 1, 2,−1). (1.45)

The electric chargeQ and the SM electroweak quantum numbers T3L and Y are related

to the quantum numbers corresponding to SU(2)R and U(1)B−L through the charge

equation

Q = T3L + Y = T3L + T3R +
B − L

2
. (1.46)

Note that B−L is a local gauge symmetry in LRSM, and any B−L violating process

such as generation of Majorana neutrino mass or neutron-antineutron oscillation can

occur only after the U(1)B−L symmetry is broken spontaneously.

In LRSM, the invariance of the Lagrangian under parity ensures that the gauge

coupling constants gL(R) corresponding to SU(2)L(R) are the same before the SU(2)R

is broken at a scale MR; and after the left-right symmetry breaking the two gauge

coupling constants canbe different. In some variants of LRSM the parity symmetry is

broken spontaneously along with SU(2)R or before SU(2)R breaking; while in some

other variants parity is broken explicitly: for example in some superstring inspired

models it is also possible that parity breaks down during the compactification.

The most popular choice of the Higgs sector for the LRSM consists of one bi-

doublet Φ and two triplet ∆L,R complex scalar fields with the transformations

Φ =

Φ0
1 Φ+

1

Φ−2 Φ0
2

 : (1, 2, 2, 0),

∆L =


∆+
L√
2

∆++
L

∆0
L −∆+

L√
2


L

: (1, 3, 1, 2),

∆R =


∆+
R√
2

∆++
R

∆0
R −∆+

R√
2


R

: (1, 1, 3, 2). (1.47)

The left-right symmetry is spontaneously broken to reproduce the Standard Model,
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where the symmetry breaking pattern follows the scheme

SU(3)c × SU(2)L × SU(2)R × U(1)B−L ≡ GLR
〈∆R〉−−−→ SU(3)c × SU(2)L × U(1)Y ≡ GSM

〈Φ〉−−→ SU(3)C × U(1)Q ≡ GEM (1.48)

In the first stage of symmetry breaking the right handed triplet ∆R acquires a Vacuum

Expectation Value (VEV) 〈∆R〉 = vR ∼ MR which breaks the SU(2)R symmetry

and gives masses to the W±
R , ZR bosons. The electroweak symmetry is broken by the

VEVs of the bidoublet Higgs Φ, which gives masses to the charged fermions and the

gauge bosons W±
L and ZL. For simplicity we assume a hierarchy between the VEVs

of the two neutral components of Φ, v � v′, so that we can neglect v′. The ∆L gets

an induced tiny seesaw VEV 〈∆L〉 = vL � mW , which is constrained to be less than

a few eV by the electroweak precision measurements. To see this explicitly, we write

down the scalar potential with the fields replaced by their VEVs

V (vL, vR, v) = −µ2v2 − λ2
∆(v2

L + v2
R) + λ1(v4

L + v4
R) + λ2v

2
Lv

2
R + λ3v

4

+λ4v
2(v2

L + v2
R) + λv2vLvR, (1.49)

which can be minimized with respect to vL and vR to obtain

(v2
L − v2

R)
[
(4λ1 − 2λ2)vLvR − λv2

]
= 0, (1.50)

which has two solutions. The parity conserving solution vL = vR is inconsistent with

low-energy parity violation; and the other solution gives the induced seesaw VEV

vL =
λv2

(4λ1 − 2λ2)vR
. (1.51)

The Lagrangian corresponding to Yukawa couplings can be split into Dirac and

Majorana parts

− LDir = hiαQ̄LiQRαΦ + fiαl̄LilRαΦ,

−LMaj = fLijl
T
LiC

−1lLj∆L + fRαβl
T
RαC

−1lLβ∆R, (1.52)

where i, j(α, β) = 1, 2, 3 are left (right) handed generation indices. After the elec-

troweak symmetry is broken by the VEVs of the bidoublet Higgs Φ the quarks and
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charged leptons get masses. The neutrinos also get a Dirac mass of the same order

of magnitude as the charged leptons mD ∼ fiαv. The neutrinos also get Majorana

masses once ∆R acquires a Vacuum Expectation Value (VEV) 〈∆R〉 = vR, also induc-

ing 〈∆L〉 = vL as given by Eq. (1.52). The neutrino mass matrix including both Dirac

and Majorana contributions can be written in the basis (νL, NR) as

Mν =

fLijvL fiαv

fTjβv fRβαvL

 . (1.53)

Now for a nonvanishing fRαβ , we have three heavy Majorana neutrinos with masses

∼ O(vR) and three light neutrinos with masses

mν
Lij =

(
−fiαf−1

Rβαf
T
jβ +

λfLij
4λ1 − 2λ2

)
v2

vR
, (1.54)

where the first term corresponds to type-I seesaw and the second term corresponds to

type-II seesaw.

In another variant of the LRSM, one considers doublet Higgs scalars instead of

triplet Higgs scalars [47–51]. Here the Higgs sector consists of doublet scalars

Φ : (1, 2, 2, 0), HL : (1, 2, 1, 1), HR : (1, 1, 2, 1), (1.55)

and there is one additional singlet fermion field S (1,1,1,0) in addition to the fermions

mentioned in Eq. (1.45). The doublet Higgs scalar HR acquires a VEV 〈HR〉 = uR

to break SU(2)R × U(1)B−L symmetry and HL acquires a small VEV 〈HL〉 = uL.

The bidoublet scalar breaks the electroweak symmetry and generates charged fermion

masses like before. The relevant Lagrangian corresponding to the Yukawa interactions

of the neutrinos and S is given by

LS = fiαl̄LilRαΦ + fLil̄LiSHL + fRαl̄RαSHR +MSSS. (1.56)

After the Higgs scalars acquire VEVs, the neutrino mass matrix can be written in the

basis (νL, NR, S) as

Mν =


0 fiαv fLiuL

fTjβv 0 fRβuR

fTLjuL fTRαuR MS

 . (1.57)
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The right handed neutrinos get an effective Majorana mass

MNR
βα '

v2

MS

fRβf
T
Rα; (1.58)

while the left handed neutrinos acquire a light mass

mνR
ij = −fiαfTRα

−1
fTLj

vuL
uR

+ fiαf
T
Rα

−1
f−1
Rβf

T
jβ

MSv
2

u2
R

, (1.59)

where the second term is the so-called double seesaw contribution [27, 52–56]. Note

that, although we have considered only one singlet fermion for simplicity, in a general

case three singlets Sp, p = 1, 2, 3, are required to have a rank-3 light neutrino mass

matrix. In this model, parity can be broken spontaneously by an additional singlet

Higgs scalar. Alternatively, parity can be broken explicitly by giving different masses

to HL and HR. A natural hierarchy between VEVs of the Higgs scalars is vL . v �
vR. Depending on the hierarchy between MS and vR one can have pseudo-Dirac or

Majorana heavy neutrinos.

One of the key features of LRSM is the prediction of two charged right handed

gauge bosons (W±
R ) with mass MWR

∼ vR and one combination of neutral gauge

bosons, ZR, corresponding to SU(2)R and U(1)B−L with mass MZR ∼ vR. Although

low energy phenomenology gives a lower bound onMR of only about a TeV a left-right

symmetry breaking scale MR at around 109 GeV or higher is required to explain neu-

trino masses in the conventional models and to have high scale leptogenesis. However,

using the resonant scheme the lower bound on MR from leptogenesis can be reduced

quite significantly. The seesaw texture can also be engineered to have correct neutrino

masses for relatively low MR. There has been some keen interest in TeV scale left-

right symmetry breaking in recent times due to the potential hint of WR detection at

the Large Hadron Collider (LHC) reported by the CMS collaboration. However, the

detection of a TeV scale WR can have very severe implications for leptogenesis, which

we will discuss at length in the next chapter.

1.2.3 Grand unified theory

The essential idea behind grand unified theories is to embed the SM gauge group

GSM ≡ SU(3)c×SU(2)L×U(1)Y into one bigger gauge group with only one coupling
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constant. At some higher energy, called the unification scale MU , the unified group GU
breaks down to the SM gauge group followed by different evolution of the different

couplings gs, g, and g′ leading to their SM values at the electroweak symmetry break-

ing scale. Note that it is possible to have several intermediate scales between MU and

mW corresponding to multi-stage breaking of GU to GSM. The first attempt to find a

symmetry that unifies all the SM symmetries was made by Pati and Salam [41,42], who

proposed a partially unified SU(4)c × SU(2)L × SU(2)R gauge theory with leptons

as a fourth color. This model unified the quarks and leptons in the same representation

treating them in the same footing at higher energies and explained the quantization of

the electric charge. In fact, the number of coupling constants in the original Pati-Salam

gauge group can be reduced from three to two by making the theory left right symmet-

ric so that the two SU(2) couplings become equal [44, 45]. Following this Georgi and

Glashow [57] pointed out that the SM can be embedded into the rank-4 simple Lie

group SU(5) leading to a unification of all coupling constants. In what follows, we

will discuss the SU(5) unification briefly and then make some general remarks about

the SO(10) unification.

SU(5) grand unification

In the SM the first generation contains 15 fermions: the left handed up and down type

quarks u1,2,3
L and d1,2,3

L , the right handed up and down type quarks u1,2,3
R and d1,2,3

R , the

left handed and right handed electrons eL, eR, and the left handed neutrinos νeL. In

grand unified theories, often it is convenient to include the left handed particles (ψL)

and the CP conjugates of the right handed particles (ψcL) in a particular representa-

tion. The right handed particles and the CP conjugates of the left handed particles are

assumed to be in a different representation of the group. Following this convention we

have the SM fermions

QL =

u
d


L

≡ (3, 2, 1/6); ucL ≡ (3̄, 1,−2/3); dcL ≡ (3̄, 1, 1/3);

lL =

 ν

e−


L

≡ (1, 2,−1/2); ecL ≡ (1, 1, 1); (1.60)
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which we want to assign to SU(5) representations. Before we do that, we note that

the simple group SU(5) contains SU(3) × SU(2) × U(1) as a subgroup. We write

down the decompositions of a few SU(5) representations under its subgroup SU(3)×
SU(2)× U(1):

5̄ = (3̄, 1, 1/3) + (1, 2,−1/2),

10 = (3, 2, 1/6) + (3̄, 1,−2/3) + (1, 1, 1),

24 = (8, 1, 0) + (1, 3, 0) + (1, 1, 0) + (3, 2,−5/6) + (3̄, 3, 5/6). (1.61)

Looking at the above decompositions readily suggests that all the fermions given in Eq.

(1.60) can be accommodated in the anomaly free combination of 5̄+10 representations

of SU(5):

ψ5̄L =



dc1

dc2

dc3

νe

e−


L

, ψ10L =



0 uc3 −uc2 −u1 −d1

−uc3 0 uc1 −u2 −d2

uc2 −uc1 0 −u3 −d3

u1 u2 u3 0 −ec

d1 d2 d3 ec 0


L

; (1.62)

while the right handed fermions will belong to the 5 and 10 representations.

The SU(5) group has 24 generators which can be associated with 24 gauge bosons

coupled to 24 different currents, out of which 12 currents associated with 12 gauge

bosons are identified with the SM currents and gauge bosons associated with SU(3)c×
SU(2)L × U(1)Y , while the rest of the gauge bosons are expected to be very massive

making the interactions mediated by them very weak. The 24 gauge bosons of the

SU(5) can be put in a matrix form Amµ with m = 1, 2, · · · , 24 as



GD
1 G12 G13 Xc

1 Y c
1

G21 GD
2 G23 Xc

2 Y c
2

G31 G32 GD
3 Xc

3 Y c
3

X1 X2 X3 GD
4 W+

Y1 Y2 Y3 W− GD
5


(1.63)
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with the diagonal elements given by

GD
1 =

1

2
G3 +

1

2
√

3
G8 −

1√
15
B

GD
2 = −1

2
G3 +

1

2
√

3
G8 −

1√
15
B

GD
3 = − 1√

3
G8 −

1√
15
B

GD
4 =

1

2
W3 −

3

2
√

15
B

GD
4 = −1

2
W3 −

3

2
√

15
B, (1.64)

where the four independent diagonal generators of SU(5): G3, G8, W3, and B corre-

spond to the two diagonal generators of SU(3)c, and one diagonal generator of SU(2)L

and U(1)Y respectively. The gauge bosons

X µ
αi =

Xµ
α

Y µ
α

 , X cµ
αi =

Xcµ
α

Y cµ
α,

 (1.65)

where α = 1, 2, 3 and i = 1, 2 are the SU(3)c and SU(2)L indices respectively, corre-

spond to the raising and lowering operators connecting quarks with the antiquarks or

the leptons with the antiquarks (the antileptons with the quarks).

The phenomenology of the SU(5) grand unified theory is determined by the choice

of Higgs scalars and the consequent symmetry breaking scheme. A conventional

choice for the SU(5) symmetry breaking pattern is given by

SU(5)
MU−−→ SU(3)c × SU(2)L × U(1)Y

MW−−→ SU(3)c × U(1)Q. (1.66)

The first stage is achieved by giving a VEV to a SM singlet component of a Higgs

scalar in the adjoint representation Σ{24}

〈Σ〉 = V Diag[1, 1, 1,−3/2,−3/2]. (1.67)

Since this VEV commutes with the generators of the SM gauge group, the gauge

bosons corresponding to the SM remain massless after this stage of symmetry break-

ing, however, the remaining gauge bosons become superheavy with mass MX ∼ MU .

The second stage of symmetry breaking is realized by giving VEV to a Higgs scalar
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belonging to a 5-plet of SU(5), H{5}

〈H〉 =
v√
2



0

0

0

0

1


, (1.68)

giving masses to the SM fermions and gauge bosons in a similar fashion as the Higgs

doublet in the SM. The Yukawa couplings of the left handed fermions with the Higgs

scalars are given by

LYuk = h1
abψ

T
5̄LC

−1ψ10LH
† + h2

abψ
T
10LC

−1ψ10LH. (1.69)

The Hermitian conjugate of the above Lagrangian will contain the right handed parti-

cles. After H acquires a VEV, the first term gives masses to the down type quarks and

the charged leptons; while the second term gives masses to the up type quarks

Md = h1
ab〈H〉, Me = h1

ab〈H〉, Mu = h2
ab〈H〉, (1.70)

which are then evolved down to the electroweak symmetry breaking scale MW using

the renormalization group equations (RGE). The neutrinos remain massless in this

minimal scheme. To explain the neutrino masses one can introduce an SU(5) singlet

fermion S with the interactions

LS = hSabψ5̄LSH +MSSS + h.c. , (1.71)

which can give a tiny seesaw mass to the neutrinos hSab
2〈H〉2/MS , after H acquires

a VEV. Alternatively, one can introduce a Higgs scalar ξ belonging to the 15-plet of

SU(5) with the Yukawa interactions

Lξ = f ξabψ
T
5̄LC

−1ψ5̄Lxi
† + h.c. , (1.72)

and a term µξHH in the scalar potential. After the scalar ξ acquires a tiny VEV

〈ξ〉 = µ〈H〉2/m2
ξ , where µ and mξ are of the order of MU , the neutrinos get masses

f ξab〈ξ〉.
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Gauge coupling unification

In a grand unified theory the coupling constants g3, g2 and g1 corresponding to the

groups SU(3)c, SU(2)L and U(1)Y should get unified at the unification scale, so for

the SU(5) unification we should have

g3(MU) = g2(MU) = g1(MU) = g5(MU). (1.73)

The evolution for running coupling constants with energy at one-loop level is governed

by the RGEs

µ
∂gi
∂µ

= βi(gi) ≡
bi

16π2
g3
i , (1.74)

which can also be written in the form

1

αi(µ2)
=

1

αi(µ1)
− bi

2π
ln

(
µ2

µ1

)
, (1.75)

where αi = g2
i /4π and the one-loop beta-coefficients bi are given by

bi = −11

3
C2(G) +

2

3

∑
Rf

T (Rf )
∏
j 6=i

dj(Rf ) +
1

3

∑
Rs

T (Rs)
∏
j 6=i

dj(Rs).(1.76)

Here, C2(G) is the quadratic Casimir invariant corresponding to the adjoint represen-

tations,

C2(G) ≡

N if SU(N),

0 if U(1).
(1.77)

T (Rf ) and T (Rs) are the Dynkin indices of the irreducible representation Rf,s for a

given fermion and scalar, respectively,

T (Rf,s) ≡


1/2 if Rf,s is fundamental,

N if Rf,s is adjoint,

0 if Rf,s is singlet.

(1.78)

and d(Rf,s) is the dimension of a given representation Rf,s under all the gauge groups

except the i-th gauge group under consideration. An additional factor of 1/2 is multi-

plied in the case of a real Higgs representation.

By fixing the normalization of 5̄ one can fix the U(1)Y normalization, YN =
√

3/5,

taking the normalization condition for the fundamental representation of any SU(N)

group as

Tr[TiTj] =
1

2
δij. (1.79)
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The precision measurements of the Z mass and Z width at LEP and also the jet cross

sections and energy-energy correlations give values of sin2 θw and αs at the elec-

troweak scale. Using the fine structure constant at the electroweak scale αem(MW ) =

1/127.9, sin2 θw(MW ) = 0.2334, and αs(MW ) = 0.118 one can obtain the values of

the three coupling constants at the electroweak scale given by

α−1
1 (MW ) ≡ 3

5
α−1

em(MW ) cos2 θw(MW ) = 58.83

α−1
2 (MW ) ≡ α−1

em(MW ) sin2 θw(MW ) = 29.85

α−1
3 (MW ) ≡ α−1

s (MW ) = 8.47. (1.80)

Using these as the boundary conditions we can evolve the three gauge couplings using

RGEs to check whether they meet at a point giving the unified gauge coupling constant.

Figure 1.3: The one-loop evolution of the gauge coupling constants in the minimal SU(5)

grand unified theory.

The evolution of the three gauge couplings α−1
1 , α−1

2 and α−1
3 with energy in SU(5)

unification is shown in Fig. 1.3. Clearly, they do not meet at a point and this result

remains valid even when the two loop corrections and errors in the measurement of

the coupling constants are included. This rules out the minimal SU(5) grand unified

theory. However, by introducing some intermediate symmetry breaking scale or new

particles with masses above the electroweak scale it is possible to make the gauge

coupling constants meet at a point.
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Proton decay

In SU(5) grand unified theory the gauge bosons Xµ and X c
µ can mediate proton decay

and baryon number violation. The relevant interactions are given by

L = g5d̄
c
αLγµliLX cµ

αi + g5ē
c
LγµQαiLX cµ

αi + g5Ū
c
αLγµQβiLX µ

γiεαβγ + h.c. , (1.81)

where g5 is the SU(5) gauge coupling constant, εαβγ is a totally antisymmetric SU(3)c

tensor with ε123 = 1. Fig. 1.4 shows a typical diagram for the gauge bosons mediating

proton decay p → e+π0. The amplitude corresponding to this process is given by

A(p → e+π0) ∼ α5/M
2
X , where MX ' MU . The proton lifetime is then given

by τp = M4
X/α

2
5m

5
p. For the minimal SU(5) theory one obtains [58] 1030 years <

τp < 1031 years, which is ruled out by the present experimental limit τp > 1 ×
1034years [11]. Note that some extensions such as inclusion of gravity effects or the

supersymmetric version may provide a way around this problem. The simplest form of

the baryon number violating effective operators is given by QQQL or QQQLc, where

Q corresponds to a quark and L represents a lepton. Note that these operators conserve

B−L. An example of aB−L violating as well as baryon number violating operator is

QQQLφ, where φ is the usual SM Higgs doulet. In a grand unified theory with larger

gauge group such as SO(10) it is possible to have B−L violating neutron-antineutron

oscillations [46] or three lepton decay mode of a proton [59].

u

u

d

e+

dc

d

Xµ

Figure 1.4: An example of gauge boson mediated proton decay p→ e+π0.

Some Remarks on SO(10) and E6 Grand Unified Theories

The SO(10) grand unified theory has many advantages over the SU(5) grand unified

theory. Being a rank-5 group, SO(10) has one extra diagonal generator, which can
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be identified with B − L. In fact, one of the most interesting symmetries as one of

the intermediate symmetries can be the left-right symmetric group. The spontaneous

breaking of B − L gauge symmetry can have very interesting consequences, for ex-

ample, new B−L violating processes inducing, e.g., neutron-antineutron oscillations,

B − L violating proton decay modes, or neutrinoless double beta decay. Only one

16-plet spinor representation of SO(10) can accommodate all fermions that belong to

5̄ + 10 of SU(5) and the CP conjugate of the right handed neutrino and the gauge

interactions of SO(10) also make parity part of a continuous symmetry. For an intro-

ductory level discussion on SO(10), see for example Refs. [60, 61] and the references

therein.

Another group that we would like to mention before closing this subsection is

the exceptional group E6, which has received considerable attention in the literature

thanks to its superstring motivation and a very rich phenomenology. E6 group is a

rank-6 group with 78 generators and is the only exceptional group which can real-

ize a flavor-chiral theory. Moreover it contains SO(10) as one of its subgroups. The

only maximal subgroup of E6 that can contain the SU(3)c as an explicit factor is

SU(3)c × SU(3) × SU(3), under which the 27-dimensional fundamental representa-

tion of E6 has the decomposition 27 = (3c, 3, 1) + (3̄c, 1, 3̄) + (1c, 3̄, 3). There are

several other possibilities of breaking E6 to the SM gauge group, involving other max-

imal subgroups of E6 such as SO(10) × U(1) or SU(2) × SU(6). For a detailed

discussion regarding the E6 group, see for example Ref. [62].

1.2.4 Supersymmetry

Supersymmetry is a symmetry that interrelates fermions and bosons, so that an irre-

ducible representation of the supersymmetry algebra called a supermultiplet must con-

tain an equal number of fermionic and bosonic degrees of freedom. Thus a fermion

will have a scalar superpartner and a scalar or vector will have a fermionic superpartner.

Since the generators of gauge symmetry commute with supersymmetry generators, the

superpartners must also have the same quantum numbers e.g., electric charge, isospin,

color etc.

Supersymmetry is considered to be one of the most attractive extensions of the SM
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because of its many virtues. It can naturally address the hierarchy problem discussed

in section 1.1.3. To see how this works, consider the one-loop diagram shown in Fig.

1.5. Here, s is a superpartner of any of the SM fermions. The one-loop correction is

given by

∆µ2 = − λs
8π2

[
Λ2

UV − 2m2
s ln(ΛUV/ms) + · · ·

]
, (1.82)

where ms is the mass of the scalar particle. We note that quadratic and logarithmic

divergences have appeared again in Eq. (1.82), however, this time with an opposite

sign with respect to Eq. (1.30). Thus if λs = |λf |2, then indeed the divergences cancel

neatly. More restrictions on the theory are required to ensure that this cancellation per-

sists to higher orders. Turning to the other motivations, supersymmetry with a discrete

symmetry called R-parity can give a natural dark matter candidate in the form of the

lightest supersymmetric particle (LSP), usually the lightest neutralino, which is a mass

eigenstate formed by a linear combination of the superpartners of the neutral gauge

and Higgs fields. In various supersymmetry breaking scenarios soft masses are gen-

erated by breaking supersymmetry at some higher energy scale above the electroweak

symmetry breaking scale which gives various soft parameters at that scale. Then it

is possible to use the RGEs to evolve these parameters to explain the shape of the

Higgs potential required for electroweak symmetry breaking in the SM. A supersym-

metric version of grand unified theories can often help in unifying the gauge coupling

constants at a single point, while naturally solving the gauge hierarchy problem in

grand unified theories, protecting the Higgs scalar against the quadratic divergences

by cancelling the divergent diagrams with equivalent diagrams with supersymmetric

partners. Supersymmetric models can also provide additional sources of CP -violation

compared to the SM which may assist in electroweak baryogenesis or alternatively

new matter fields in supersymmetry with B − L violating interactions can lead to new

leptogenesis mechanisms.

Supersymmetric Lagrangian and superpotential

A free chiral supersymmetric Lagrangian can be written as

Lfree = −∂µφ∗i∂µφi + iψ†iσ̄µ∂µψi + F ∗iFi, (1.83)
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φ

s

Figure 1.5: One-loop correction to the Higgs squared mass parameter due to a scalar s.

where φi is a complex scalar field and ψi is a left handed two component Weyl fermion.

Fi is a nonpropagating auxiliary field (it does not have a kinetic term), which allows the

supersymmetry algebra to close off-shell 5 and has equations of motion (Fi = F ∗i = 0).

In this subsection we closely follow the notations and conventions of Ref. [63]. This

Lagrangian is invariant under the infinitesimal supersymmetry transformations

δφi = εψi, δφ∗i = ε†ψ†i,

δ(ψi)α = −i(σµε†)α∂µφi + εαFi, δ(ψ†i)α̇ = i(εσµ)α̇∂µφ∗i + ε†α̇F
∗i,

δFi = −iε†σ̄µ∂µψi, δF ∗i = i∂µψ
†iσ̄µε

(1.84)

where εα is an infinitesimal anticommuting two component Weyl fermion, parametriz-

ing the supersymmetry transformation.

Now, the most general set of renormalizable interactions involving the chiral su-

permultiplets must be invariant under the supersymmetry transformations. Wess and

Zumino [64] first constructed the interacting supersymmetry preserving Lagrangian

given by

LWZ = −∂µφ∗i∂µφi + iψ†iσ̄µ∂µψi −W iW ∗
i −

1

2
(W ijψiψj +W ∗

ijψ†iψ†j), (1.85)

with

Wi =
∂W

∂φi
, Wij =

∂2W

∂φi∂φj
, (1.86)

where

W = Liφi +
1

2
M ijφiφj +

1

6
yijkφiφjφk, (1.87)

5A Weyl spinor has two complex components and so total four degrees of freedom when it is off-

shell. However, when it is On-shell the equation of motion imposes two constraints, reducing the number

of degrees of freedom to two. On the other hand, a complex scalar field has two degrees of freedom.

So on-shell, the number of bosonic and fermionic degrees of freedom match. However, off-shell, the

number of bosonic and fermionic degrees of freedom do not match.
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is a holomorphic function of the scalar fields φi treated as complex variables, called the

superpotential. Li are parameters with dimension [mass]2, M ij is a symmetric matrix

with dimension of [mass] and yijk is a Yukawa coupling matrix, totally symmetric

under interchange of i, j, k. The term Liφi is often dropped because it is only allowed

when φi is a gauge singlet. Note that the auxiliary fields are eliminated using their

equations of motion in the presence of interactions

Fi = −W ∗
i , F ∗i = −W i. (1.88)

The Lagrangian corresponding to gauge supermultiplets can be written as

Lgauge = −1

4
F a
µνF

µνa + iλ†aσ̄µDµλ
a +

1

2
DaDa, (1.89)

where

F a
µν = ∂µA

a
ν − ∂νAaµ + gfabcAbµA

c
ν , (1.90)

Dµλ
a = ∂µλ

a + gfabcAbµλ
c. (1.91)

Aaµ are the massless gauge fields and the two component Weyl fermions λa are their

superpartners, called gauginos. fabc are totally antisymmetric structure constants cor-

responding to the relevant gauge groups. Da are auxiliary fields required to match the

bosonic and fermionic degrees of freedom off-shell, similar to the F i fields in the Wess-

Zumino Lagrangian. They can be removed on-shell using their equations of motion.

The infinitesimal supersymmetry transformations under which the gauge Lagrangian

is invariant are given by

δAaµ =
1√
2

(ε†σ̄µλ
a + λ†aσ̄µε),

δλaα =
i

2
√

2
(σµσ̄νε)αF

a
µν +

1√
2
εαD

a,

δDa =
i√
2

(ε†σ̄µDµλ
a −Dµλ

†aσ̄µε). (1.92)

To construct a general supersymmetric Lagrangian with both chiral and gauge su-

permultiplets, one must take into account the transformation of chiral supermultiplets

and auxiliary fields under the gauge groups, and include any other interactions allowed

by gauge invariance or interactions involving gauginos and Da fields such that super-

symmetry is preserved. The full Lagrangian containing interacting chiral and gauge
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supermultiplets is given by

Lint = −Dµφ∗iDµφi + iψ†iσ̄µDµψi −
1

2
(M ijψiψj +M∗

ijψ
†iψ†j)

−1

2
(yijkφiψjψk + y∗ijkφ

∗iψ†jψ†k)− 1

4
F a
µνF

µνa + iλ†aσ̄µDµλ
a

−
√

2g(φ∗T aψ)λa −
√

2gλ†a(ψ†T aφ)− V (φ, φ∗) (1.93)

where

V (φ, φ∗) = F ∗iFi +
1

2

∑
a

DaDa = W ∗
i W

i +
∑
a

g2
a(φ
∗T aφ)2 (1.94)

is the complete scalar potential after eliminating the auxiliary fields using their equa-

tions of motion. The two types of terms in the scalar potential are referred to as F -terms

and D-terms, respectively.

From the above discussion, it is clear that in a renormalizable supersymmetric the-

ory once the gauge group, field content, and their transformations are defined, they

together with the superpotential readily determine all the interactions. Supersymme-

try can be given an elegant geometric interpretation using what is called superspace, a

manifold, which in addition to the usual bosonic spacetime coordinates t, x, y, z in-

cludes four fermionic coordinates. In this approach, the Lagrangian is defined in

terms of integrals over the superspace with fermionic and ordinary bosonic coordi-

nates, which makes the invariance under supersymmetry transformations manifest.

However, here we will not develop the superspace formalism, which is a very inter-

esting topic by itself. An interested reader may refer to Refs. [63,65] for details of this

formalism. The following working knowledge will suffice to understand most parts of

this thesis. Usually, the superpotential is written in terms of superfields as

W = Liφ̂i +
1

2
M ijφ̂iφ̂j +

1

6
yijkφ̂iφ̂jφ̂k, (1.95)

where φ̂i is a superfield which contains the scalar field φi, fermionic field ψi and the

auxiliary field Fi.

Breaking supersymmetry softly

Since the supersymmetric partners of the SM fields have not been observed at LEP,

Tevatron or LHC, in a realistic phenomenological model supersymmetry must be bro-

ken at some higher scale. In order to naturally maintain the hierarchy between the
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electroweak and the Planck scale by maintaining the cancellations of the quadratic di-

vergences, one must ensure that dimensionless supersymmetry breaking couplings are

absent. In practice, one can introduce extra terms to the Lagrangian, which break su-

persymmetry softly such that the theory remains free of quadratic divergences in scalar

masses [66]

Lsoft = −
(

1

2
Maλ

aλa +
1

6
aijkφiφjφk +

1

2
bijφiφj + tiφi

)
+c.c.−(m2)i

jφ
∗jφi. (1.96)

The terms (from left to right) corresponds to a gaugino mass term, a massive trilinear

scalar coupling term, a massive bilinear scalar coupling term, a tadpole coupling term,

and a scalar squared mass term. In particular, the tadpole term requires φi to be a gauge

singlet.

In phenomenology, it is often convenient to consider a particular soft supersym-

metry breaking mechanism motivated by a model so that the corresponding param-

eter space can be constrained. For example, in a spontaneous breaking, one can

assume the vacuum to be not invariant under the action of the supersymmetry gen-

erators Q|0〉 6= 0. This can be realized when a VEV is acquired by either a D-

term, called Fayet-Iliopoulos supersymmetry breaking [67, 68] or a F -term, called

O’Raifeartaigh supersymmetry breaking [69]. In typical phenomenological models

such as the Minimal Supersymmetric Standard Model (MSSM), the Next-to-Minimal

Supersymmetric Standard Model (NMSSM), the Exceptional Supersymmetric Stan-

dard Model (E6SSM) one does not readily have the right ingredients for implementing

a viable supersymmetry breaking and some new scheme needs to be included. An

example of such a scheme is hidden sector supersymmetry breaking, where a hidden

sector is postulated to have a very small coupling with the visible sector. The typ-

ical models of such types include gravity mediation, gauge mediation, and anomaly

mediation.

R-parity

In the superpotential it is often possible to write terms that are gauge invariant and holo-

morphic in chiral superfields, but they violate either baryon number or lepton number.

This is rather disturbing, because no such baryon or lepton number violating processes

have been observed experimentally. The non-observation of proton decay puts one of
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the most stringent constraints. While it is possible to impose baryon or lepton number

conservation to avoid this, that will kill all possibilities of non-perturbative baryon and

lepton number violating processes at high energies, which may be rather important in

the early universe, for example, in high scale baryogenesis or Majorana mass gener-

ation. Thus, one adds a new symmetry, which eliminates the possibility of B and L

violating terms in the renormalizable superpotential. This new symmetry is referred to

as R-parity or equivalently the matter parity, with a multiplicatively conserved quan-

tum number defined as

PR = (−1)3(B−L)+2s and PM = (−1)3(B−L) (1.97)

where s is the spin of the particle. All the SM particles and the Higgs bosons have

PR = +1, while their supersymmetric partners (squarks, sleptons, gauginos and hig-

gsinos) have PR = −1. In the case of matter parity: all the quark and lepton supermul-

tiplets have PM = −1, and the Higgs supermultiplets, the gauge bosons and gauginos

have PM = +1. Since the product of (−1)2s for fields involved in any interaction

vertex conserving angular momentum is always (+1), the matter parity conservation

and R-parity conservation are exactly equivalent. R-parity has some important conse-

quences. The lightest sparticle with PR = −1, often called the lightest supersymmetric

particle (LSP), is absolutely stable because its decay into lighter particles will violate

R-parity conservation. If it is electrically neutral then it can only have weak inter-

actions and consequently can be an excellent candidate for dark matter. At colliders

the sparticles can only be produced in pairs (or in even numbers), which can have im-

portant implications for sparticles searches. Current search limits for supersymmetric

particles can be found in Ref. [11].

1.3 Cosmological implications of physics beyond the Stan-

dard Model

The cosmic frontier of particle physics is driven by the interplay between particle

physics and cosmology. In the standard model of cosmology, the universe started

from a big-bang and then it continued to expand and cool down to the universe that we
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observe today. To understand the evolution of the universe at an earlier epoch when

the universe was very dense and the average energy per particle was much higher com-

pared to today, an understanding of the particle interactions at that energy scale is

required. Extrapolating this logic backwards, the present day astrophysical (cosmo-

logical) observations can provide an imprint of information about particle interactions

when the universe was much denser and the average energy of the particles were much

higher compared to the energy scale reachable at present time colliders such as LHC.

Thus the astrophysical observations can provide a unique window to the fundamental

interactions of particle physics, far beyond the reach of colliders. One would expect

that if the SM is not a complete theory then such observations must have some hints

about the physics beyond the SM. In this section we will discuss a few of these issues in

cosmology such as the baryon asymmetry of the universe, dark matter and dark energy

which points to the existence of new physics beyond the SM of particle physics.

1.3.1 Baryon Asymmetry of the universe and baryogenesis

Cosmological observations (studies of the cosmic microwave background radiation,

large scale structure data, the primordial abundances of light elements) indicate that

our visible universe is dominated by matter and there is very little antimatter. The

baryon asymmetry normalized to number density of photons (nγ) can be extracted out

of these observations, which gives

η(t = present) =
nB − nB̄

nγ
∼ 10−10. (1.98)

The astrophysical observations suggest that at an early epoch before the big-bang nu-

cleosynthesis this asymmetry was generated. Thus it is natural to seek an explanation

for this asymmetry from the fundamental particle interactions within or beyond the SM

of particle physics. There are three conditions, often called Sakharov’s conditions [70],

that must be met in order to generate a baryon asymmetry dynamically:

1. baryon number violation,

2. C and CP violation, and

3. departure from thermal equilibrium.
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In principle, the SM has all the ingredients to satisfy all three conditions.

1. In the SM baryon number B and lepton number L are violated due to the tri-

angle anomaly, leading to 12-fermion processes (discussed later)involving nine

left handed quarks (three of each generation) and three left handed leptons (one

from each generation) obeying the selection rule ∆(B − L) = 0. These pro-

cesses have a highly suppressed amplitude proportional to e−2π/α (where α is

the fine structure constant) at zero temperature. However, at high temperature

this suppression is lifted and these processes can be very fast.

2. The weak interactions in the SM violateC in a maximal way. CP is also violated

via the CKM phase δCKM .

3. The electroweak phase transition can result in the departure from thermal equi-

librium if it is sufficiently strongly first order.

However, in practice it turns out that only the first Sakharov condition is fulfilled in a

satisfactory manner in the SM. The CP violation coming from the CKM phase is sup-

pressed by a factor T 12
EW in the denominator, where TEW ∼ 100 GeV is the temperature

during the electroweak phase transition. Consequently, the CP violation in the SM

is too small to explain the observed baryon asymmetry of the universe. Furthermore,

the electroweak phase transition is not sufficiently strongly first order for a Higgs mass

mφ ∼ 125 GeV.

Thus, to explain the baryon asymmetry of the universe one must go beyond the

SM, either by introducing new sources of CP violation and a new kind of out-of-

equilibrium situations (such as the out-of-equilibrium decay of some new heavy parti-

cles) or modifying the electroweak phase transition itself. Some possible alternatives

are GUT baryogenesis, electroweak baryogenesis, Affleck-Dine mechanism, and lep-

togenesis.

GUT baryogenesis

In the grand unified theories, a natural realization of baryogenesis becomes possible

through the out-of-equilibrium decay of the heavy gauge and Higgs bosons [71–78].

As discussed in the section 1.2.3, the heavy bosons in grand unified theories can have
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baryon number violating decays. Since fermions belong to the chiral representations,

C is violated maximally and a CP asymmetry can be generated through complex cou-

plings in the Lagrangian. However, in the simplest GUT models such as SU(5) and

SO(10), B and L are violated but B − L is conserved. Consequently, the B − L

conserving and B + L violating sphaleron processes, which are in equilibrium untill

a temperature T . 1012 GeV will washout any B + L asymmetry created above this

scale. Furthermore, the non-observation of proton decay gives stringent limits on the

reheat temperature after inflation, which is quite high for the simple inflation models

to work.

Electroweak baryogenesis

As the name suggests, in this class of models the departure from thermal equilibrium is

provided by the electroweak phase transition [79–85]. If the electroweak phase transi-

tion is first order then once the temperature reaches the critical point, the free energies

corresponding to true vacuum and false vacuum becomes equal. Both vacua coexist

as the bubbles start forming, where inside the bubbles the electroweak symmetry is

broken and B + L violating processes, sphaleron transitions are not allowed 6. Con-

sequently, any baryon number violation along the bubble wall can generate a B + L

asymmetry inside the bubbles, which remain unaffected by the sphaleron transitions.

Thus, the out-of-equilibrium condition is satisfied. However, as we discussed above

the CP violation coming from the CKM phase is too small and the electroweak phase

transition is not sufficiently strongly first order for a Higgs scalar with a mass ∼ 125

GeV. In fact, in viable models of electroweak baryogenesis the scalar potential is mod-

ified such that the nature of electroweak phase transition can be made more strongly

first order compared to the SM, and one includes new sources of CP violation.

6In Ref. [86] it was pointed out that in the thermal bath of the expanding Universe one can make

transitions between the gauge vacua through thermal fluctuations over the barrier (not by tunneling).

In fact, At temperatures larger than the height of the barrier, the exponential suppression in the rate

provided by the Boltzmann factor disappears. Consequently, (B + L) violating processes can occur at

a significant rate and can be in equilibrium in the expanding Universe. The finite temperature transition

rate in the electroweak theory is determined by the so called sphaleron configuration [87], which is a

saddle point of the field energy of the gauge-Higgs system.
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The Affleck-Dine mechanism

In this mechanism the baryon asymmetry is generated via the cosmological evolu-

tion of scalar fields carrying baryonic charge [88, 89]. This scenario can be naturally

realized in the context of supersymmetric models utilizing supersymmetric flat direc-

tions, along which the scalar potential vanishes. The scalar field can be some linear

combination of squarks, sleptons and Higgs scalars. Supersymmetry breaking and

non-renormalizable operators lift the flat direction, setting the scale for the potential.

During inflation, the scalar field gets displaced to a large expectation value, setting

the initial conditions for subsequent evolution. After inflation, when the Hubble rate

becomes of the order of the curvature of the potential, the field starts oscillating and

the non-renormalizable B violating terms in the potential impart baryon number to the

scalar field, which subsequently gets transferred to the fermions via decay of the scalar

field.

Leptogenesis

Leptogenesis is a mechanism where a lepton asymmetry is generated before the elec-

troweak phase transition, which then gets converted to baryon asymmetry of the uni-

verse in the presence of sphaleron induced anomalous B + L violating processes,

which converts any primordial L asymmetry, and hence B − L asymmetry, into a

baryon asymmetry. A realization of leptogenesis via the decay of out-of-equilibrium

heavy neutrinos transforming as singlets under the SM gauge group was proposed in

Ref. [90]. The Yukawa couplings provide the CP through interference between tree

level and one-loop decay diagrams. The departure from thermal equilibrium occurs

when the Yukawa interactions are sufficiently slow 7. The lepton number violation in

7The out of equilibrium condition can be understood as follows. In thermal equilibrium the expecta-

tion value of the baryon number can be written as 〈B〉 = Tr[Be−βH]/Tr[e−βH], where β is the inverse

temperature. Since particles and anti particles have opposite baryon number, B is odd under C oper-

ation, while it is even under P and T operations. Thus CPT conservation implies a vanishing total

baryon number since B is odd and H is even under CPT , unless there is a nonvanishing chemical po-

tential. Assuming a nonvanishing chemical potential implies that the above equation for the expectation

value of the baryon number is no longer valid and the baryon number density departs from the equilib-

rium distribution. This is achieved when the interaction rate is very slow compared to the expansion rate
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this scenario comes from the Majorana masses of the heavy neutrinos. The generated

lepton asymmetry then gets partially converted to baryon asymmetry in the presence

of sphaleron induced anomalous B + L violating interactions before the electroweak

phase transition. In what follows, we will discuss the sphaleron processes and few of

the most popular scenarios of leptogenesis in some detail.

AnomalousB+L violating processes and relating baryon and lepton asymmetries

In the SM both B and L are accidental symmetries and at the tree level these sym-

metries are not violated. However, the chiral nature of weak interactions gives rise to

equal global anomalies for B and L, giving a vanishing B − L anomaly, but a non-

vanishing axial current corresponding to B + L, given by [91, 92]

∂µj
µ
(B+L) =

2Nf

8π

(
α2W

a
µνW̃

aµν − α1BµνB̃
µν
)
, (1.99)

where W a
µν and Bµν are the SU(2)L and U(1)Y field strength tensors and Nf is the

number of fermion generations. The corresponding B + L violation can obtained by

integrating the divergence of the B + L current, which is related to the change in the

topological charges of the gauge field

∆(B + L) =

∫
d4x∂µj(B+L)

µ = 2Nf∆Ncs, (1.100)

where Ncs = ±1,±2, · · · corresponds to the topological charge of gauge fields, called

the Chern-Simons number. Physically speaking, the Chern-Simons number corre-

sponds to infinitely many degenerate ground states separated by potential barrier in

the space of the gauge and Higgs field configurations. The probability of tunneling be-

tween different neighboring vacua is determined by the instanton configurations. In the

SM there are three generations of fermions (Nf = 3), leading to ∆B = ∆L = 3Ncs,

thus the vacuum to vacuum transition changes B and L by multiples of 3 units. At the

lowest order, one has the B + L violating effective operator

O(B + L) =
∏
i=123

(qLiqLiqLilLi), (1.101)

which gives rise to 12-fermion sphaleron induced transitions, such as

|vac〉 → [uLuLdLe
−
L + cLcLsLµ

−
L + tLtLbLτ

−
L ]. (1.102)

of the universe.
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Interactions µ relations eliminated µ

Dµφ†Dµφ µW = µ− + µ0 µ−

q̄LγµqLW
µ µdL = µuL + µW µdL

l̄LγµlLW
µ µiL = µνiL + µW µiL

q̄LuRφ
† µuR = µ0 + µuL µuR

q̄LdRφ µdR = −µ0 + µdL µdR

l̄iLeiRφ µiR = −µ0 + µiL µiR

Table 1.2: Relations among chemical potential arising from interactions in chemical equi-

librium.

At zero temperature the transition rate is suppressed by e−4π/α = O(10−165) [91, 92].

However, when the temperature is larger than the barrier height, this Boltzmann sup-

pression disappears and B+L violating transitions can occur at a significant rate [86].

In the symmetric phase, when the temperature is grater than the electroweak phase

transition temperature, T ≥ TEW, the transition rate per unit volume is [93–96]

ΓB−L
V
∼ α5 lnα−1T 4, (1.103)

where α is the fine-structure constant.

Now to see how the B − L symmetry gets converted to a baryon asymmetry let us

follow an analysis of the chemical potential [61,97,98]. In the ultrarelativistic limit, the

difference between the number of particles (n+) and antiparticles (n−) can be written

in terms of the chemical potential (µ) as

n+ − n− = nd
gT 3

6

µ

T
(1.104)

where nd = 2 for bosons and nd = 1 for fermions. In Table. 1.2 we summarize the

relations among the chemical potential using the relevant interactions of the SM fields.

µf corresponds to the chemical potential of the SM fermion f , µW corresponds to the

chemical potential of the gauge boson W and (µ−, µ0) corresponds to the chemical

potential of the Higgs doublet. The chemical potential of neutrinos always appear as

a sum and will be denoted as µν =
∑
i

µiL. From Table. 1.2 we note that all chemi-

cal potentials can be expressed as a linear combination of four independent chemical
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potentials µ0, µW , µu ≡ µuL, and µν . The baryon number, lepton number, the electric

charge and hypercharge can be written in terms of these four chemical potential as

B = 12µu + 6µW ,

L = 3µ+ 2µW − µ0,

Q = 24µu + (12 + 2m)µ0 − (4 + 2m)µW ,

Y = −(10 +m)µW , (1.105)

where m is the number of Higgs doublets. Out of the four chemical potentials, one

can further be eliminated using the relation given by the sphaleron processes, 3µu +

2µW + µ = 0. At a temperature above the electroweak phase transition, T > TEW,

both 〈Q〉 and 〈Y 〉 should vanish; while for T < TEW, 〈Q〉 should vanish, but 〈Y 〉 need

not vanish and µ0 = 0. These conditions together with the relations discussed above

allows us to write down the baryon asymmetry in terms of the B − L number density

as

B(T > TEW) =
24 + 4m

66 + 13m
(B − L),

B(T < TEW) =
32 + 4m

98 + 13m
(B − L). (1.106)

Thus, the primordialB−L asymmetry gets partially converted into a baron asymmetry

of the universe after the electroweak phase transition.

Leptogenesis with right handed neutrinos

In section 1.2.1, we have discussed how adding singlet right handed neutrinos NRi

to the SM can generate tiny seesaw masses [16–22] for light neutrinos. Beyond the

generation of light neutrino masses, the interaction terms

Lint = hαil̄LαφNRi +Mi(NRi)cNRi, (1.107)

can also provide all the ingredients necessary for realizing leptogenesis. We will

work on a basis where the right handed neutrino mass matrix is real and diagonal.

Furthermore we assume a hierarchical mass spectrum for the right handed neutrinos

M3 > M2 > M1. The Majorana mass term gives rise to lepton number violating
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Figure 1.6: Tree level and one-loop vertex diagrams contributing to the vertex type CP

violation in models with right handed neutrinos.

decays of the right handed neutrinos

NRi → liL + φ̄,

→ liL
c + φ, (1.108)

which can generate a lepton asymmetry if there is CP violation and the decay is out

of equilibrium [90]. This lepton asymmetry (equivalently B−L asymmetry) then gets

converted to baryon asymmetry in presence of anomalous B + L violating processes

before the electroweak phase transition.

In the original proposal [90] and few subsequent works [99–103], only the CP

violation coming from interference of tree level and one-loop vertex diagrams, shown

in Fig. 1.6. was considered. This is somewhat analogous to the CP violation in

K-physics coming from the penguin diagram. The CP asymmetry parameter corre-

sponding to the vertex type CP violation is given by

εv ≡
Γ(N → lφ†)− Γ(N → lcφ)

Γ(N → lφ†) + Γ(N → lcφ)
= − 1

8π

∑
i=2,3

Im
[
Σα(h∗α1hαi)Σβ(h∗β1hβi)

]
Σα|hα1|2

fv

(
M2

i

M2
1

)
,

(1.109)

where the loop function fv is defined by

fv (x) =
√
x

[
1− (1 + x) ln

(
1 + x

x

)]
. (1.110)

In the limit M1 �M2,M3 the asymmetry simplifies to

εv ' −
3

16π

∑
i=2,3

M1

Mi

Im
[
Σα(h∗α1hαi)Σβ(h∗β1hβi)

]
Σα|hα1|2

. (1.111)

It was later pointed out in Refs. [104, 105] and confirmed rigorously in Refs.

[106–111], that there is another source of CP violation coming from interference of
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Figure 1.7: Tree level and one-loop self-energy diagrams contributing to theCP violation

in models with right handed neutrinos.

tree level diagram with one-loop self-energy diagram shown in Fig. 1.7. This CP

violation is similar to the CP violation due to the box diagram, entering the mass ma-

trix in K − K̄ mixing in K-physics. If the heavy neutrinos decay in equilibrium, the

CP asymmetry coming from the self-energy diagram due to one of the heavy neu-

trinos may cancel with the asymmetry from the decay of another heavy neutrino to

preserve unitarity. However, in out-of-equilibrium decay of heavy neutrinos the num-

ber densities of the two heavy neutrinos differ during their decay and consequently,

this cancellation is no longer present. This can be understood as the right handed neu-

trinos oscillating into antineutrinos of different generations, which under the condition

Γ[particle → antiparticle] 6= Γ[antiparticle → particle], can create an asymmetry

in right handed neutrinos before they decay. An elementary discussion regarding how

the CP violation enters in Majorana mass matrix, which then generates a lepton asym-

metry can be found in Ref. [61, 112]. The basic idea is to treat the particles and the

antiparticles independently. The CP eigenstates |Ni〉 and |N c
i 〉 are no longer physical

eigenstates, which evolves with time. Consequently, the physical states, which are ad-

mixtures of |Ni〉 and |N c
i 〉, can decay into both leptons and antileptons, giving rise to

a CP violation. The CP asymmetry parameter coming from the interference of tree

level and one-loop self-energy diagram is given by

εs ≡
Γ(N → lφ† −N → lcφ)

Γ(N → lφ† +N → lcφ)
=

1

8π

∑
i=2,3

Im
[
Σα(h∗α1hαi)Σβ(h∗β1hβi)

]
Σα|hα1|2

fs

(
M2

i

M2
1

)
,

(1.112)

where the loop function fs is defined by

fs (x) =

√
x

1− x. (1.113)
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When the mass difference between the right handed neutrinos is very large compared

to the width, M1 − M2 �
1

2
ΓN1,2 , the CP asymmetries coming from vertex and

self-energy diagrams are comparable. However, when two right handed neutrinos are

nearly degenerate, such that their mass difference is comparable to their width, then

CP violation contribution coming from the self-energy diagram becomes very large

(orders of magnitude larger than the CP asymmetry generated by the vertex type dia-

gram). This is often referred to as the resonance effect.

To ensure that the lightest right handed neutrino decays out-of-equilibrium so that

an asymmetry is generated, the out-of-equilibrium condition given by

hα1

16π
M1 < 1.66

√
g∗
T 2

mPl

at T = M1. (1.114)

must be satisfied, where g∗ correspond to the effective number of relativistic degrees

of freedom. This gives a lower bound mN1 > 108 GeV [113]. Though this gives us

a rough estimate, in an actual calculation of the asymmetry one solves the Boltzmann

equation, which takes into account both lepton number violating as well as lepton

number conserving processes mediated by heavy neutrinos.The Boltzmann equation

governing lepton number asymmetry nL ≡ nl − nlc , is given by

dnL
dt

+ 3HnL = (εv + εs)Γψ1(nψ1 − neqψ1
)− nL

nγ
neqψ1

Γψ1 − 2nγnL〈σ|v|〉, (1.115)

where Γψ1 is the decay rate of the physical state |ψ1〉, neqψ1
is the equilibrium number

density of ψ1 given by

neqψ1
=


sg∗
−1 T � mψ1

s

g∗

(mψ1

T

)3/2

exp
(
−mψ1

T

)
T � mψ1 ,

(1.116)

where s is the entropy density. The first term on the right hand side of Eq. (1.115)

corresponds to the CP violating contribution to the asymmetry and is the only term

that generates asymmetry when ψ1 decays out-of-equilibrium, while the second term

corresponds to inverse decay of ψ1, and the last term corresponds to 2 ↔ 2 lepton

number violating scattering process such as l+φ† ↔ lc+φ, with 〈σ|v|〉 being the ther-

mally averaged cross section. The number density of ψ1 is governed by the Boltzmann

equation

dnψ1

dt
+ 3Hnψ1 = −Γψ1(nψ1 − neqψ1

). (1.117)
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One often defines a parameter K = Γψ1(T = mψ1)/H(T = mψ1), where the Hubble

rate H = 1.66g∗
1/2(T 2/MPl), which gives a measure of the deviation from thermal

equilibrium. For K � 1 one can find an approximate solution for Eq. (1.115) given

by

nL =
s

g∗
(εv + εs). (1.118)

The Yukawa couplings are constrained by the required amount of primordial lepton

asymmetry required to generate the correct baryon asymmetry of the universe, while

the lightest right handed neutrino mass is constrained from the out-of-equilibrium con-

dition. In the resonant leptogenesis scenario, the CP violation is largely enhanced,

making the constrains on Yukawa couplings relaxed. Consequently the scale of lepto-

genesis can be considerably lower, making it possible to realize a TeV scale leptogen-

esis, which can be put to test at the LHC.

Leptogenesis with triplet Higgs

In section 1.2.1, we have discussed how small neutrino masses can be generated by

adding triplet Higgs scalars ξa to the SM [23–26]. The interactions of these triplet

Higgs scalar that are relevant for leptogenesis are given by

Lint = fijξψLi = faijξ
++
a lilj + µaξ

†
aφφ. (1.119)

From these interactions we have the decay modes of the triplet Higgs

ξ++
a →

 l+i l
+
j

φ+φ+,
(1.120)

The CP violation is obtained through the interference between the tree level and one-

loop self-energy diagrams shown in Fig. 1.8. There are no one-loop vertex diagrams in

this case. One needs at least two ξ’s. To see how this works, we will follow the mass-

matrix formalism [23], in which the diagonal tree-level mass matrix of ξa is modified

in the presence of interactions to

1

2
ξ†
(
M2

+

)
ab
ξb +

1

2
(ξ∗a)

† (M2
−
)
ab
ξ∗b , (1.121)

where

M2
± =

M2
1 − iΓ11M1 −iΓ±12

−iΓ±21M1 M2
2 − iΓ22M2

 , (1.122)
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Figure 1.8: Tree level and one-loop self-energy diagrams contributing to theCP violation

in a model with triplet Higgs.

with Γ+
ab = Γab and Γ−ab = Γ∗ab. From the absorptive part of the one-loop diagram for

ξa → ξb we obtain

ΓabMb =
1

8π

(
µaµ

∗
b +MaMb

∑
k,l

fakl
∗f bkl

)
. (1.123)

Assuming Γa ≡ Γaa �Ma, the eigenvalues of M2
± are given by

λ1,2 =
1

2
(M2

1 +M2
2 ±
√
S), (1.124)

where S = (M2
1 − M2

2 )2 − 4|Γ12M2|2 and M1 > M2. The physical states, which

evolves with time, can be written as linear combinations of the CP eigenstates as

ψ+
1,2 = a+

1,2ξ1 + b+
1,2ξ2 , ψ−1,2 = a−1,2ξ

∗
1 + b−1,2ξ

∗
2 , (1.125)

where a±1 = b±2 = 1/
√

1 + |C±i |2, b±1 = C±1 /
√

1 + |C±i |2, a±2 = C±2 /
√

1 + |C±i |2

with

C+
1 = −C−2 =

−2iΓ∗12M2

M2
1 −M2

2 +
√
S
,

C−1 = −C+
2 =

−2iΓ12M2

M2
1 −M2

2 +
√
S
. (1.126)

The physical states ψ±1,2 evolve with time and decay into lepton and antilepton pairs.

Assuming (M2
1 −M2

2 )2 � 4|Γ12M2|2, the CP asymmetry is given by [23]

εi '
1

8π2(M2
1 −M2

2 )2

∑
k,l

Im
(
µ1µ

∗
2f

1
klf

2
kl
∗)(Mi

Γi

)
. (1.127)

For M1 > M2, when the temperature drops below M1, ψ1 decays away to create a

lepton asymmetry. However, this asymmetry is washed out by lepton number violating

interactions of ψ2; and the subsequent decay of ψ2 at a temperature below M2 sustains.
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The generated lepton asymmetry then gets converted to the baryon asymmetry in the

presence of the sphaleron induced anomalous B + L violating processes before the

electroweak phase transition. The approximate final baryon asymmetry is given by

nB
s
∼ ε2

3g∗K(lnK)0.6
, (1.128)

where K ≡ Γ2(T = M2)/H(T = M2) is the parameter measuring the deviation

from thermal equilibrium when, H = 1.66g∗
1/2(T 2/MPl) is the Hubble rate, and g∗

corresponds to the number of relativistic degrees of freedom.

In a more rigorous estimation of the baryon asymmetry, in addition to the decays

and the inverse decays of triplet scalars, one needs to incorporate the gauge scatterings

ψψ̄ ↔ FF̄, φφ̄, GḠ (F corresponds to SM fermions and G corresponds to gauge

bosons) and ∆L = 2 scattering processes ll↔ φ∗φ∗ and lφ↔ l̄φ∗ into the Boltzmann

equation analysis of the asymmetry. Including these washout processes, one finds a

lower limit on Mξ, Mξ & 1011 GeV [114]. For a quasi-degenerate spectrum of scalar

triplets the resonance effect can enhance the CP asymmetry by a large amount and

a successful leptogenesis scenario can be attained for a much smaller value of triplet

scalar mass. In Refs. [115, 116], an absolute bound of Mξ & 1.6 TeV is obtained for a

successful resonant leptogenesis scenario with triplet Higgs.

1.3.2 Dark matter and dark energy

Out of the total mass-energy budget of the universe, the ordinary baryonic matter ac-

counts for only about 4.6% while the rest is accounted for by 24% dark matter and

71.4% dark energy. However, we have yet to find a satisfactory solution about their

nature and interactions. Thus, several models beyond the SM of particle physics try to

address the issues of dark matter and dark energy.

Evidences from the observations of the Cosmic Microwave Background Radiation

(CMBR), the large scale structures and the abundance of light elements during pri-

mordial nucleosynthesis suggests that dark matter is primarily non-baryonic, possibly

in the form of particles, which can naturally be attributed to models beyond the SM.

One of the most popular candidates for dark matter is the weakly interacting massive

particles (WIMPs). They can have a mass in the range ∼ 100 -1000 GeV and interact
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weakly. The thermal freeze out of WIMPs in the early universe gives a value of their

mass density today, consistent with the observed dark matter relic density. This is often

referred to as the WIMP miracle. A popular realization of WIMP comes from super-

symmetric models with conserved R-parity in the form of the lightest supersymmetric

particle (LSP) [117–122], usually the lightest neutralino, which is a mass eigenstate

formed by a linear combination of the superpartners of the neutral gauge and Higgs

fields. Axions, heavy sterile neutrinos and “hidden sector” dark matter are among the

other popular dark matter candidates. There have also been some interest in the recent

literature about some radiative models of neutrino masses, involving Higgs scalars

that do not acquire any VEV and can be potential dark matter candidates [33, 123].

Detection and identification of dark matter candidates in direct and indirect detection

experiments, and at collider searches will definitely provide a key direction in the study

of physics beyond the SM.

One of the interesting approaches, called co-genesis, tries to correlate two of the

most important puzzles in cosmology and particle physics: the matter-antimatter asym-

metry of the universe and the nature of non-baryonic dark matter. Observations of the

cosmic microwave background (CMB) by WMAP [124] and PLANCK [125] suggest

comparable values of the baryonic and cold dark matter densities

Ωbh
2 ∼ 0.022, ΩDMh

2 ∼ 0.12. (1.129)

This is often referred to as the cosmic coincidence problem. Though, the standard

paradigm, in general, adopts unrelated mechanisms to explain the observed baryon

asymmetry of the universe and the dark matter relic abundance, several co-genesis

mechanisms involving asymmetric dark matter have been proposed in the literature

addressing the cosmic coincidence problem [126–141]. In generic co-genesis mech-

anisms, a matter-antimatter asymmetry in the dark sector determines the dark matter

relic abundance and generates the correct baryon asymmetry in the visible sector.

Dark energy is attributed to the accelerated expansion of the universe and remains

a challenge to explain. The observed value of the cosmological constant 8 corresponds

to a very small mass scale, about 13 orders of magnitude smaller than the electroweak
8The cosmological constant is a constant term (remains constant over the entire evolution of the

universe) in the Einstein equation.
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symmetry breaking scale
|Λ|1/4
〈φ〉 ∼ 10−13. (1.130)

Consequently, the cosmological constant induced by the electroweak phase transition

is 52 orders of magnitude larger than the observations. In fact, there is also a contri-

bution from the zero-point vacuum fluctuations, which gives a contribution 120 orders

of magnitude larger than the observations, if the cutoff is chosen as the reduced Planck

scale mPl ∼ 1018 GeV. This is often called the cosmological constant problem.

Several models have been considered to solve this problem, which differ by their

predictions for the equation of state of the dark energy, ω = p/ρ, where p and ρ are the

pressure and the density of dark energy, respectively. A good fit to the observation is

obtained for a ω very close to -1, which can be either of dark energy or a cosmological

constant.

While the existence of a scalar field called quintessence provides an explanation

for the dark energy, a striking proximity of the effective scales of neutrino masses and

the dark energy points to a connection between them. This apparent connection is

realized in the neutrino dark energy (νDE) models. To this end, several approaches

have been proposed in the literature. In some of the scenarios, a direct connection

through the formation of neutrino condensate at a late epoch of the early universe

using the effective self-interaction has been studied [142–148], while another class

of models utilizes the variation of neutrino masses to dynamically obtain the dark

energy [149–165].

1.4 Potential hints of new physics from the LHC and

flavor physics

The second run of the LHC is already in effect and some preliminary but interesting

potential hints of new physics have been reported by the CMS and ATLAS Collabo-

rations at the LHC, as this section is being written. Several potential signals reported

at the end of first run are yet to be confirmed or ruled out. On the other hand, sev-

eral anomalies in the flavor sector, particularly the ones associated with B-decays are

growing strong with new measurements at the B-factories. Since one of the key goals
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of this thesis is to explore physics beyond the SM at a phenomenological level and to

study the associated implications, these signals often play a guiding role which moti-

vated several of the studies in this thesis. Thus, without an account of these signals, the

introduction of this thesis will remain incomplete. In what follows, we compile a sum-

mary of the signals relevant to the studies done in this thesis. An account of the same

will be repeated as necessary in the following chapters for an easy and independent

reference.

1.4.1 Potential signals of new physics at the LHC

In 2014 the CMS Collaboration at the LHC at CERN announced their results for the

right handed gauge boson WR search at a center of mass energy of
√
s = 8 TeV

and 19.7 fb−1 of integrated luminosity [166]. They have used the final state eejj

to probe pp → WR → eNR → eejj, with the cuts pT > 60 GeV, |η| < 2.5

(pT > 40 GeV, |η| < 2.5) for leading (subleading) electron. The invariant mass meejj

is calculated for all events satisfying mee > 200 GeV. In the bin 1.8 TeV < meejj <

2.2 TeV roughly 14 events have been observed with 4 expected background events,

amounting to a 2.8σ local excess, which, however, cannot be explained by WR decay

in Left-Right Symmetric Models (LRSM) with strict left-right symmetry (gauge cou-

plings gL = gR) [166]. The CMS search for di-leptoquark production, at a center of

mass energy of
√
s = 8 TeV and 19.6 fb−1 of integrated luminosity has reported a

2.4σ and a 2.6σ local excess in eejj and e/pT jj channels 9 respectively, and has ex-

cluded the first generation scalar leptoquarks with masses less than 1005 (845) GeV

for β = 1(0.5), where β is the branching fraction of a leptoquark to a charged lepton

and a quark [167]. In the eejj channel for a 650 GeV leptoquark signal using the op-

timization cuts ST > 850 GeV,mee > 155 GeV and mmin
ej > 270 GeV (where ST is

the scalar sum of the pT of two leptons and two jets), 36 events have been observed

compared with 20.49 ± 2.4 ± 2.45 (syst.) expected events from the Standard Model

(SM) backgrounds implying a 2.4σ local excess. While in the e/pT jj channel using

the optimization cuts ST > 1040 GeV,m/ET
> 145 GeV,mej > 555 GeV and mT,e/pT

9The e/pT jj channel is often referred to as eνjj channel in the literature. Also note that the “ee” in

eejj refers to two first generation charged leptons, not necessarily of the same sign.
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(where ST is now the scalar sum of the missing energy /ET and pT of the electron

and two jets), 18 events have been observed compared with 7.54 ± 1.20 ± 1.07(syst.)

expected background events amounting for a 2.6σ local excess.

Using the run one data, the ATLAS and CMS collaborations have also reported

a number of diboson and dijet excesses over the SM expectations near the invariant

mass region 1.8−2.0 TeV. The search for diboson production has been reported by the

ATLAS collaboration to show a 3.4σ excess at∼ 2 TeV in boosted jets ofWZ channel

amounting to a global 2.5σ excess over the SM expectation [168]. The method of jet

substructure has been used to discriminate the hadronic decays of W and Z bosons

from QCD dijets and due to overlaps in the jet masses of the gauge bosons many events

can also be interpreted as ZZ or WW resonances, yielding 2.9σ and 2.6σ excesses in

two channels respectively. On the other hand, the CMS has reported a 1.4σ excess at

∼ 1.9 TeV in their search for diboson production without discriminating between the

W - and Z-tagged jets [169] and a 1.5σ excess at ∼ 1.8 TeV in the search for diboson

production with a leptonically tagged Z [170]. In the search for dijet resonances the

ATLAS and CMS have reported excesses at 1.8 TeV with 2.2σ and 1σ significance

levels respectively [171, 172]. The CMS has also reported a 2.1σ excess in the energy

bin 1.8 to 1.9 TeV in the resonant HW production channel [173].

Very recently, the CMS and ATLAS collaborations have reported a roughly 3σ

excess in the diphoton channel at an invariant mass of about 750 GeV in the first

3 fb−1 of collected data from Run 2 of the LHC at 13 TeV [174, 175]. The Landau-

Yang theorem forbids the possibility of a massive spin one resonance decaying to γγ.

The leading interpretations of the excess within the context of new physics scenarios

therefore consist of postulating a fundamental spin zero or spin two particle with mass

of about 750 GeV. However no enhancements have been seen in the dijet, tt̄, diboson or

dilepton channels posing a clear challenge to the possible interpretations of this excess.

The absence of a peaked γγ angular distribution in the observed events towards the

beam direction disfavours [176] the spin two hypothesis and the spin zero resonance

interpretation seems more favourable from a theoretical point of view.
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1.4.2 Flavor anomalies pointing to new physics beyond the SM

Precision measurements associated with rare decays provide powerful probes for new

physics (NP) beyond the Standard Model (SM) in the intensity frontier of modern par-

ticle physics. To this end, the study of rareB decays induced by flavor changing neutral

current (FCNC) have shown some interesting anomalies hinting towards lepton non-

universal NP. In 2012 the BaBar collaboration reported [177, 178] the measurements

of the ratio of branching fractions

RD(∗) =
Br(B̄ → D(∗)τ ν̄)

Br(B̄ → D(∗)lν̄)
, (1.131)

RBaBar
D = 0.440±0.058±0.042 andRBaBar

D∗ = 0.332±0.024±0.018 showing 2.0σ and

2.7σ enhancements over the SM predictionsRSM
D = 0.300±0.010 andRSM

D∗ = 0.252±
0.005 respectively. Partially corroborating this result in 2015 the Belle collaboration

reported RBelle
D = 0.375 ± 0.064 ± 0.026 and RBelle

D∗ = 0.293 ± 0.038 ± 0.015 [179].

Very recently, the LHCb and Belle collaborations have reported RLHCb
D∗ = 0.336 ±

0.027 (stat.) ± 0.030 (syst.) and RBelle16
D∗ = 0.302 ± 0.030 (stat.) ± 0.011 (syst.)

amounting to∼ 2.1σ and∼ 1.6σ enhancements, respectively, over the SM predictions

[180, 181]. These results are consistent with each other and when combined together

show significant enhancements over the SM expectations, hinting towards a large new

physics contribution. Interestingly, the LHCb collaboration [182, 183] has recently

reported another striking deviation from the SM prediction of the ratio of branching

fractions of charged B̄ → K̄ll decays

RK =
Br(B̄ → K̄µ+µ−)

Br(B̄ → K̄e+e−)
. (1.132)

The measured value of RLHCb
K = 0.745 ±0.090

0.074 ±0.036, in the dilepton invariant mass

squared bin 1 GeV2 ≤ q2 ≤ 6 GeV2 corresponds to a 2.6σ deviation from the SM

prediction RSM
K = 1.0003± 0.0001 [184].

On the other hand, currently the most precise measurement of the anomalous muon

magnetic moment by E821 experiment at BNL has been reported to show a significant

deviation from the SM prediction ∆aµ = aexp
µ − aSM

µ = (2.8± 0.9)× 10−9 amounting

to a ∼ 3σ level deviation [185, 186]. This discrepancy also points to the possible

existence of NP beyond the SM.
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1.5 Objectives and overview of the chapters

In the next chapter, Chapter 2, we discuss the implications of a right handed charged

gauge bosonW±
R with mass of around a few TeV on leptogenesis. We point out how the

discovery of a TeV scale W±
R will rule out all possibilities of leptogenesis in all classes

of the left-right symmetric extensions of the Standard Model due to the unavoidable

fast gauge mediated B − L violating interactions. An excess signal of two leptons

and two jets that has been reported by CMS in the context of WR search or a signal

of a resonance decaying into a pair of standard model (SM) gauge bosons reported by

ATLAS search, if confirmed, can point to such implications.

In chapter 3, we study the framework of left-right symmetric models with addi-

tional scalar singlets and vector-like fermions. In this framework, the recent diphoton

excess signal at an invariant mass of 750 GeV can be interpreted as due to decay of a

singlet scalar. Extending the LRSM framework to include these new vector-like fields,

on the other hand, results in interesting phenomenological implications for the LRSM

fermion masses and mixing. We also discuss how the introduction of a real bi-triplet

scalar, which contains a potential DM candidate, can also allow gauge coupling uni-

fication. Furthermore, existence of new vector-like fermions can also have interesting

implications for baryogenesis and the dark matter sector.

In chapter 4, we study three effective low energy left-right symmetric subgroups of

the superstring inspired E6 model having a number of additional exotic fields which

provides a rich phenomenology. We discuss how these models can explain both the

recently detected excess eejj and e/pT jj signals at CMS, and also accommodate an

attractive mechanism of high scale leptogenesis. Working in a R-parity conserving

supersymmetric variants, we show that the excess CMS events can be produced via the

decay of exotic sleptons in Alternative Left-Right Symmetric Model of E6, which can

also allow leptogenesis at a high scale.

We also discuss a possible explanation of the recent diphoton excess reported by

ATLAS and CMS collaborations, at around 750 GeV diphoton invariant mass, within

the framework of Alternative Left-Right Symmetric Model. We discuss how gluon-

gluon fusion can give the observed production rate of the 750 GeV resonance, through
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a loop of scalar leptoquarks with masses below a few TeV range. The subsequent

decay of this resonance via a loop of scalar leptoquarks and sleptons can give rise to a

diphoton final state with the observed cross section of the diphoton signal

In chapter 5, we study low-energy subgroups of E6 in the context of recent experi-

mental results from the LHCb, BaBar and Belle collaborations on the decays of the B

meson: B̄ → D(∗)τ ν̄ and B̄ → K̄ll, showing significant deviations from the Standard

Model (SM), which hint towards a new physics scenario beyond the SM. First, we

discuss how these enhanced decay rates can be explained within the framework of E6

motivated Alternative Left-Right Symmetric Model, which has been successful in ex-

plaining the recent excesses at LHC and has the feature of accommodating high scale

leptogenesis. We also study the leptonic decays D+
s → τ+ν̄, B+ → τ+ν̄, D+ → τ+ν̄

and D0-D̄0 mixing to constrain the couplings involved in explaining the enhanced B

decay rates and we find that ALRSM can explain the current experimental data on

R(D(∗)) quite well while satisfying these constraints.

Next, we discuss a unified explanation for the B-decay anomalies in RD(∗) and RK

together with the anomalous muon magnetic moment within the framework of a Left-

Right Symmetric Model, which corresponds to one of the low-energy subgroups of E6

and can naturally accommodate leptoquarks. This explanation is consistent with the

constraints from the current measurements of the leptonic decay rates and D0 − D̄0,

B0
s − B̄0

s mixings.

In chapter 6, we study the E6 motivated U(1)N extension of the supersymmetric

standard model in the context of the recent excess events at CMS and the baryon asym-

metry of the universe. In light of the hint, from short-baseline neutrino experiments of

the existence of one or more light sterile neutrinos, we also study the neutrino mass

matrices, which are dictated by the field quantum number assignments and the dis-

crete symmetries in the variants of this model. We discuss how all the variants can

explain the excess events at CMS via the exotic slepton decay. For a standard choice

of the discrete symmetry four of the variants have the feature of allowing high scale

baryogenesis (leptogenesis), while for one other variant the three body decay induced

soft baryogenesis mechanism can be realized, which in turn can induce baryon number

violating neutron-antineutron oscillations. Finally, we discuss how the neutrino mass
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matrix of the U(1)N model variants can naturally accommodate three active and two

sterile neutrinos, giving rise to interesting textures for neutrino masses.

In chapter 7, we study a cogenesis mechanism in which the observed baryon asym-

metry of the universe and the dark matter abundance can be produced simultaneously

at a low reheating temperature without violating baryon number in the fundamental

interactions. In particular, we consider a model where the matter superfields include

additional pairs of color triplet and singlet superfields in addition to the Minimal Su-

persymmetric Standard Model superfields. The modulus dominantly decays into the

additional color triplet superfields, which subsequently decay into the fermionic com-

ponent of a singlet superfield and quarks without violating baryon number. We discuss

how the decay of the lightest eigenstate of the scalar component of a color triplet super-

field can generate the observed baryon asymmetry in the visible sector and an asym-

metric dark matter component with the right abundance, naturally solving the cosmic

coincidence problem.

In chapter 8, we present a realization of mass varying neutrino dark energy in

two simple extensions of the SM with a dynamical neutrino mass related to a scalar

field called the acceleron (which drives the universe to a late time accelerating phase),

while satisfying naturalness. In the first scenario the SM is extended to include a TeV

scale scalar Higgs triplet and a TeV scale second Higgs doublet, while in the second

scenario an extension of the SM with fermion triplet is considered. We also discuss the

possible leptogenesis mechanisms for simultaneously generating the observed baryon

asymmetry of the universe in both the scenarios and the collider signatures for the TeV

scale new fields which make these models testable in the current and next generation

of colliders.

Finally, in chapter 9 we present an outlook for future studies.





Chapter 2

Probing Left-Right Symmetric Models

at the LHC and implications for

leptogenesis

The Left-Right Symmetric Model (LRSM) [19, 21, 41–46] is one of the most popular

candidates for extensions of the Standard Model (SM) of particle physics. In LRSM

the Standard Model gauge group is extended at higher energies to

GLR ≡ SU(3)c × SU(2)L × SU(2)R × U(1)B−L

where B − L is the difference between baryon (B) and lepton (L) numbers. Left-right

symmetry breaking predicts the existence of a massive right-handed charged gauge

boson (W±
R ). In this chapter, we argue that if W±

R has a mass of a few TeV and can

be detected at the LHC, it will have profound consequences for our understanding of

the baryon asymmetry of the Universe. This is a unique situation where by observ-

ing W±
R at the LHC, we can make a very strong statement about our origin, that is

regarding the baryon asymmetry of the Universe. As discussed earlier, one of the most

attractive mechanisms to generate the baryon asymmetry is leptogenesis, in which a

lepton asymmetry is created before the electroweak phase transition, which then gets

converted to the baryon asymmetry in the presence of (B + L) violating anomalous

processes [90]. Detection of a TeV scale W±
R at the LHC would imply violation of

(B − L) at a lower energy, which will rule out all scenarios of leptogenesis. In this

context we must mention that an excess of 2.8 σ level was observed in the energy bin

73
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1.8 TeV < Mlljj < 2.1 TeV in the two leptons two jets channel at the LHC by the CMS

experiment [166], which can be interpreted as due toW±
R decay by embedding the con-

ventional LRSM with gL 6= gR in SO(10) [187, 188] and with gL = gR by taking into

account the CP phases and nondegenerate masses of heavy neutrinos [189]. The AT-

LAS search has also reported a resonance that decays to a pair of SM gauge bosons

to show a local excess of 3.4σ (2.5σ global) in the WZ final state at approximately

2 TeV [168], which can naturally be explained by a WR in the LRSM framework with

a coupling gR ∼ 0.4 [190].

In the LRSM the fermion sector transforms under the gauge group GLR as:

lL : (1, 2, 1,−1), lR : (1, 1, 2,−1),

QL : (3, 2, 1,
1

3
), QR : (3, 1, 2,

1

3
). (2.1)

In a popular version of the LRSM, the Higgs sector consists of one bidoublet Φ and

two triplet ∆L,R complex scalar fields with the transformations

Φ : (1, 2, 2, 0), ∆L : (1, 3, 1, 2), ∆R : (1, 1, 3, 2) (2.2)

The left-right symmetry is spontaneously broken to reproduce the Standard Model and

the smallness of the neutrino masses can be taken care of by the seesaw mechanism

[16–22]. The symmetry breaking pattern follows the scheme

GLR
〈∆R〉−−−→ SU(3)C × SU(2)L × U(1)Y ≡ GSM
〈Φ〉−−→ SU(3)C × U(1)EM ≡ GEM (2.3)

In the first stage of symmetry breaking the right-handed triplet ∆R acquires a Vacuum

Expectation Value (VEV) 〈∆R〉 =
1√
2
vR which breaks the SU(2)R symmetry and

gives masses to the W±
R , ZR bosons. The electroweak symmetry is broken by the

Higgs bidoublet Φ, which gives masses to the charged fermions and the gauge bosons

W±
L and ZL. ∆L gets an induced seesaw VEV which is tiny and can give a Majorana

mass to the left-handed neutrinos. The generators of the broken gauge groups are

then related to the electric charge by the modified Gell-Mann-Nishijima formula Q =

T3L + T3R +
B − L

2
.
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In a variant of the LRSM one considers only doublet Higgs scalars to break all the

symmetries. This scenario is more popular than the LRSM scenario with triplet Higgs

scalars in all superstring inspired models. Here the Higgs sector consists of doublet

scalars

Φ : (1, 2, 2, 0), HL : (1, 2, 1, 1), HR : (1, 1, 2, 1), (2.4)

and there is one additional singlet fermion field SR (1,1,1,0) in addition to the fermions

mentioned in Eq. (2.1). The Higgs doublet HR acquires a VEV and breaks the left-

right symmetry and results in mixing of S with right-handed neutrinos, giving rise to

one light Majorana neutrino, and one heavy pseudo-Dirac neutrino or two Majorana

neutrinos.

In the conventional LRSM, the left-right symmetry is broken at a fairly high scale,

MR > 1010 GeV. First, the gauge coupling unification requires this scale to be high,

and second, thermal leptogenesis in this scenario gives a comparable bound. One

often introduces a parity odd scalar and gives a large VEV to this field. This is called

D-parity breaking, which may then allow gL 6= gR even before the left-right symmetry

breaking, and hence, this allows gauge coupling unification with TeV scaleMR. This is

true for both triplet and doublet models of LRSM. Embedding the LRSM in an SO(10)

GUT framework, the violation of D-parity [191] at a high scale can explain the CMS

TeV scale WR signal for gR ≈ 0.6gL [187, 188].

2.1 Falsifying leptogenesis with a TeV-scale W±
R at the

LHC

For a TeV scale W±
R , all leptogenesis models may be classified into two groups:

• A lepton asymmetry is generated at a very high scale either in the context of

D-parity breaking LRSM or through some other interactions, both thermal and

nonthermal.

• A lepton asymmetry is generated at the TeV scale with resonant enhancement,

when the left-right symmetry breaking phase transition is taking place.
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These discussions are valid for the LRSM with both triplet as well as doublet Higgs

scalars. We use the reference of the two variants of the LRSM mentioned above to

study the lepton number violating washout processes and demonstrate that all these

possible scenarios of leptogenesis are falsifiable for a TeV scale WR. In models with

high-scale leptogenesis with T > 109 GeV, the low energyB−L breaking is associated

with giving mass to the W±
R , which allows gauge interactions that wash out all the

baryon asymmetry before the electroweak phase transition is over. On the other hand,

the same lepton number violating gauge interactions will slow down the generation of

the lepton asymmetry for resonant leptogenesis at the TeV scale, so that generation of

the required baryon asymmetry of the universe is not possible for TeV scale W±
R .

The most stringent constraints on the W±
R mass for successful high-scale leptoge-

nesis for a hierarchical neutrino mass spectrum (MN3R
� MN2R

� MN1R
= mNR)

come from the SU(2)R interactions [192]. To have successful leptogenesis in the case

MNR > MWR
, the out-of-equilibrium condition for the scattering process e−R +W+

R →
NR → e+

R +W−
R gives

MNR
>∼ 1016 GeV (2.5)

withmWR
/mNR & 0.1. Now for the caseMWR

> MNR leptogenesis can happen either

at T ' MNR or at T > MWR
but at less than the B − L breaking scale. Considering

the out-of equilibrium condition for the scattering process e±Re
±
R → W±

RW
±
R through

NR exchange one obtains the constraint

MWR
& 3× 106 GeV(MNR/102 GeV)2/3. (2.6)

Thus observing a WR signal with a mass in the TeV range for hierarchical neutrino

masses rules out the high-scale leptogenesis scenario. In Refs. [193, 194], the con-

straints obtained from the observation of lepton number violating processes and neutri-

noless double beta decay were studied to rule out typical scenarios of high-scale ther-

mal leptogenesis, particularly leptogenesis models with right-handed neutrinos with

mass greater than the mass scale observed at the LHC by the CMS experiment. The

possibility of generating the required lepton asymmetry with a considerably low value

of the WR mass has been discussed in the context of the resonant leptogenesis sce-

nario [104–111]. In the LRSM, it has been pointed out that successful low-scale lep-

togenesis with a quasidegenerate right-handed neutrino mass spectrum, requires an
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absolute lower bound of 18 TeV on the WR mass [195]. Recently, it was reported that

just the right amount of lepton asymmetry can be produced even for a substantially

lower value of the WR mass (MWR
> 3 TeV) [196] by considering relatively large

Yukawa couplings, which has been updated to 13.1 TeV after a more careful analysis

in Ref. [197]. In Refs. [195, 196], the lepton number violating gauge scattering pro-

cesses such as NReR → ūRdR, NRūR → eRdR, NRdR → eRuR and NRNR → eRēR

have been analyzed in detail. However, lepton number violating scattering processes

with external WR have been ignored on the account of the fact that for a heavy WR,

there will be a relative suppression of e−mWR/mNR in comparison to the processes with

no external WR. Now if the WR mass is a few TeV’s as suggested by the excess signal

at the LHC reported by the CMS experiment then one has to take the latter processes

seriously.

In Ref. [198], we pointed out that the lepton number violating washout processes

(e±Re
±
R → W±

RW
±
R and e±RW

∓
R → e∓RW

±
R ) can be mediated by doubly charged Higgs

scalars in the conventional LRSM. Following that, in Ref. [197] only this channel

was considered, and for a parity-asymmetric type-I seesaw model with relatively small

MNR it was found to have a small contribution, as expected for a large MWR
/MNR .

However the other gauge scattering processes in that scenario are strong enough to

give a lower bound of 13.1 TeV on the WR mass. In this chapter, we discuss the

above lepton number violating scattering processes mediated by both ∆++
R and NR in

a much more general context, where we have also taken into account the interference

of these channels [199]. The former channel has one gauge vertex and one Yukawa

vertex, while for the latter channel both the vertices are gauge vertices, thus are highly

unsuppressed compared to the processes involving Yukawa vertices. We find that the

lepton number violating scattering process e±RW
∓
R → e∓RW

±
R mediated via both NR

and ∆++
R can stay in equilibrium till the electroweak phase transition for a TeV scale

WR and wash out the lepton asymmetry 1. Thus if one incorporates the above washout

process in the Boltzmann equation for lepton number asymmetry, the mentioned lower

limit on MWR
for successful TeV-scale resonant leptogenesis will further go up. In

1 Note that the other scattering process is doubly phase space suppressed at a temperature below the

WR mass and hence we will not consider it for leptogenesis at T .MWR
.
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the latter variant of LRSM mentioned above the doubly charged Higgs is not there,

however, the lepton number violating scattering processes mediated via NR are still

present and will wash out the lepton asymmetry.

In the LRSM, the charged current interaction involving the right-handed neutrino

and the right-handed gauge boson is given by

LN =
1

2
√

2
gRJRµW

−µ
R + h.c. (2.7)

where JRµ = ēRγµ (1 + γ5)NR. The Lagrangian for the right-handed Higgs triplet is

given by

L∆R
⊃
(
DRµ

~∆R

)† (
Dµ
R
~∆R

)
, (2.8)

where ~∆R =
(
∆++
R ,∆+

R,∆
0
R

)
in the spherical basis and the covariant derivative is

defined as DRµ = ∂µ − igR
(
T jRA

j
Rµ

)
− ig′Bµ. The AjRµ and Bµ are gauge fields

associated with SU(2)R and U(1)B−L groups with the gauge couplings given by gR

and g′, respectively. After spontaneous breaking of the left-right symmetry by giving

VEV to the neutral Higgs field ∆0
R i.e. 〈∆0

R〉 =
1√
2
vR, the interaction between the

doubly charged Higgs and the gauge boson WR will be given by [200]

L∆R
⊃
(
− vR√

2

)
g2
RW

−
µRW

−µ
R ∆++

R + h.c. (2.9)

The Yukawa interaction between the lepton doublet ψeR = (NR, eR)T and the Higgs

triplet ~∆R will be given by

LY = hRee(ψeR)c
(
iτ2~τ.~∆R

)
ψeR + h.c., (2.10)

where τ ’s are the Pauli matrices. By giving a VEV to the neutral Higgs triplet field, the

Yukawa coupling can be expressed as hRee =
MNR

2vR
where MNR corresponds to mass of

the Majorana neutrino (NR).

The Feynman diagrams of the lepton number violating scattering processes induced

by the above interactions are shown in Fig. 2.1. Utilizing the interactions in Eqs. (2.7)-

(2.10), the differential scattering cross section for the e∓R(p)W±
R (k) → e±R(p′)W∓

R (k′)

process is given by [200]

dσeRWR
eRWR

dt
=

1

384πM4
WR

(
s−M2

WR

)2 ΛeRWR
eRWR

(s, t, u), (2.11)
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W+
R (k)

e−R(p)

W−
R (k

′)

e+R(p
′)

W+
R (k)

e−R(p)

W−
R (k

′)

e+R(p
′)

W+
R (k)

e−R(p)

W−
R (k

′)

e+R(p
′)

NR

∆++
R

NR

Figure 2.1: Feynman diagrams for e−RW
+
R → e+

RW
−
R scattering mediated by NR and

∆++
R fields. The Feynman diagrams for e−Re

−
R →W−RW

−
R are the same as above with appro-

priate change in direction of the external lines.

where

ΛeRWR
eRWR

(s, t, u) = ΛeRWR
eRWR

(s, t, u)
∣∣
NR

+ ΛeRWR
eRWR

(s, t, u)
∣∣
∆++
R

(2.12)

and

ΛeRWR
eRWR

(s, t, u)
∣∣
NR

= g4
R

{
−t
∣∣∣∣MNR

(
s

s−M2
NR

+
u

u−M2
NR

)∣∣∣∣2

−4M2
WR

(
su−M4

WR

)
(s− u)2

∣∣∣∣∣ MNR(
s−M2

NR

) (
u−M2

NR

)∣∣∣∣∣
2

−4M4
WR
t

∣∣∣∣∣ mNR(
s−M2

NR

)∣∣∣∣∣
2

+

∣∣∣∣∣ MNR(
u−M2

NR

)∣∣∣∣∣
2
 , (2.13)

ΛeRWR
eRWR

(s, t, u)
∣∣
∆++
R

= 4g4
R(−t)

{
(s+ u)2 + 8M4

WR(
t−M2

∆R

)2 |MNR |2

+
(s+ u)

t−M2
∆R

|MNR |2
(

s

s−M2
NR

+
u

u−M2
NR

)
+

4M4
WR

t−M2
∆R

|MNR |2
(

1

s−M2
NR

+
1

u−M2
NR

)}
, (2.14)

where we have neglected any mixing between WL and WR. Note that on the right-

hand side of Eq. (2.14) the first term represents the Higgs scalar exchange itself while
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the last two terms correspond to the interference between the Higgs scalar exchange

and the NR exchange mechanisms. The relation between Mandelstam variables s =

(p+ k)2 , t = (p− p′)2 and u = (p− k′)2 and scattering angle θ is given by st

su−M4
WR

 = −1

2

(
s−M2

WR

)2
(1∓ cos θ) . (2.15)

The differential scattering cross section for the e±R(p)e±R(p′) → W±
R (k)W±

R (k′)

process is given by [200]

dσeReRWRWR

dt
=

1

512πM4
WR
s2

ΛeReR
WRWR

(s, t, u), (2.16)

where

ΛeReR
WRWR

(s, t, u) = ΛeReR
WRWR

(s, t, u)
∣∣
NR

+ ΛeReR
WRWR

(s, t, u)
∣∣
∆++
R

. (2.17)

The expressions of ΛeReR
WRWR

(s, t, u) in this case are obtained by interchanging s ↔
t in ΛeRWR

eRWR
(s, t, u): ΛeReR

WRWR
(t, s, u)= -ΛeRWR

eRWR
(s, t, u). In this case, the Mandelstem

variables t = (p− k)2 and u = (p− k′)2 are related to s = (p+ p′)
2 and scattering

angle θ byt
u

 = −s
2

(
1− 2M2

WR

s

)1∓
√

1−
(

2M2
WR

s− 2M2
WR

)2

cos θ

 .

(2.18)

2.1.1 Wash out of lepton asymmetry for T > MWR

During the period vR > T > MWR
, both the lepton number violating processes are

very fast without any suppression. To get an idea of the effectiveness of these scattering

processes in wiping out the lepton asymmetry, we estimate the parameter

K ≡ n〈σ|v|〉
H

, (2.19)

for both the processes during vR > T > MWR
, where n is the number density of

relativistic species and is given by n = 2 × 3ζ(3)

4π2
T 3, H is the Hubble rate given by

H ' 1.7g1/2
∗ T 2/MPl, where g∗ ∼ 100 corresponds to the number of relativistic degrees

of freedom, and 〈σ|v|〉 is the thermally averaged cross section. In order to obtain a
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rough estimate of vR, let us draw an analogy with the Standard Model, where we have

〈φ〉 =
vL√

2
where vL = 246 GeV, and MWL

∼ 80 GeV. Now in the LRSM scenario,

where we have 〈∆0
R〉 =

vR√
2

breaking the left-right symmetry and MWR
= gRvR. Then

taking gR ∼ gL, we have
〈φ〉
MWL

=
〈∆0

R〉
MWR

≈ 3.

Using the differential cross-section given in Eqs. (2.11) and (2.16), we plot the

behavior of K as a function of temperature in the range 3MWR
> T > MWR

for

MWR
= 2.1 TeV (in the mass range of CMS excess) in Fig. 2.2. The high value of K

eR
≤ WR

¡
Ø eR

¡ WR
≤

eR
≤ eR

≤
Ø WR

≤ WR
≤

3 4 5 6

5 µ 109

1 µ 1010

5 µ 1010

1 µ 1011

T HTeVL

K

Figure 2.2: Plot showing K as a function of temperature (T ) with MWR
= 2.1 TeV for

the scattering processes e±RW
∓
R → e∓RW

±
R and e±Re

±
R → W±RW

±
R (including both ∆++

R and

NR mediated diagrams) for vR > T > MWR
.

in Fig. 2.2 for both the processes implies that these scattering processes are very fast

in washing out lepton asymmetry for T >∼MWR
. In the variant of LRSM with doublet

Higgs scalars the scattering processes cannot be mediated via a doubly charged Higgs

scalar. However, these lepton number violating scattering processes can still be medi-

ated via heavy neutrinos, which washes out the lepton asymmetry in this scenario for

T >∼MWR
.

2.1.2 Wash out of asymmetry for T < MWR

For T < MWR
, the process e±RW

∓
R → e∓RW

±
R is more important. Below we will

estimate a lower bound on T until which the latter process stays in equilibrium below

T = MWR
. The cross section of this process as a function of temperature T can
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be obtained from Eq. (2.11). The scattering rate is given by 2 Γ = n̄〈σvrel〉. At

a temperature T < MWR
the number density n̄ = g

(
TMWR

2π

)3/2

exp

(
−MWR

T

)
accounts for the Boltzmann suppression of the scattering rate. The condition for the

scattering process to be in thermal equilibrium is Γ > H . Using MNR
<∼MWR

and

vrel = 1 we plot the temperature until which the scattering process e±RW
∓
R → e∓RW

±
R

M DR
=10 TeV

M DR
=5 TeV

M DR
=0.5 TeV

0 5 10 15
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Figure 2.3: Plots showing the out-of-equilibrium temperature (T ) of the scattering process

e±RW
∓
R → e∓RW

±
R (mediated via ∆++

R andNR fields) as a function ofMWR
for three different

values of M∆R
and MNR ∼MWR

.

stays in equilibrium as a function of the MWR
in Fig. 2.3 for three different values

of M∆R
. We have chosen the lowest value of M∆R

to be 500 GeV in accordance

with the recent search limits on the doubly charged Higgs boson mass [11]. The plot

clearly shows that unlessMWR
is significantly larger than the TeV scale, the scattering

process e±RW
∓
R → e∓RW

±
R will stay in equilibrium until a temperature close to the

electroweak phase transition and will continue to wash out the lepton asymmetry until

that temperature. In the LRSM scenario with doublet Higgs scalars, the lepton number

violating scattering processes mediated only via heavy neutrinos will continue to wash

out the asymmetry till the electroweak phase transition, pushing up the lower limit on

the WR mass for a successful leptogenesis scenario far beyond the WR signal range

reported by the CMS experiment, ruling out the possibility of generating the observed

baryon asymmetry from TeV scale resonant leptogenesis as well.

2We have ignored any finite temperature effects to simplify the analysis.
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2.2 Summary of the chapter

To summarize, for the high-scale leptogenesis scenario (T >∼MWR
), in both the vari-

ants of the LRSM the lepton number violating scattering processes (e±Re
±
R → W±

RW
±
R

and e±RW
∓
R → e∓RW

±
R ) are very efficient in wiping out the lepton asymmetry, while

for a TeV scale resonant leptogenesis scenario the latter process will stay in equi-

librium until the electroweak phase transition, washing out the lepton asymmetry for

T < MWR
. Hence we rule out the possibility of successful leptogenesis for W±

R with

mass in the TeV range

• in all possible high-scale leptogenesis scenarios for the LRSM variants with (i)

triplet Higgs and (ii) doublet Higgs, and

• in TeV scale resonant leptogenesis scenarios for LRSM variants with (i) triplet

Higgs and (ii) doublet Higgs.

Complementing the above results, we have also explored the low-energy subgroups of

the superstring motivated E6 model. In one of the supersymmetric low-energy sub-

groups of E6 (known as the Alternative Left-Right Symmetric Model) one can allow

for high-scale leptogenesis, and explain the excess signal at the LHC reported by the

CMS experiment from resonant slepton decay. However, the excess signal cannot be

explained by right-handed gauge boson decay while allowing leptogenesis, in both su-

persymmetric and non-supersymmetric low-energy subgroups of the superstring mo-

tivated E6 model [201]. Thus, if the two leptons and two jets excess at the LHC

reported by the CMS experiment is indeed due to W±
R decay, then one needs to resort

to a post-electroweak phase transition mechanism to explain the baryon asymmetry of

the Universe. In this context, the experiments to observe the neutron-antineutron os-

cillation [202, 203] or (B − L) violating proton decay [59] will play a crucial role in

confirming such possibilities.





Chapter 3

Left-Right Symmetric Model in light of

the diphoton excess, unification and

baryogenesis

The CMS and ATLAS collaborations had recently reported a roughly 3σ excess in the

diphoton channel at an invariant mass of about 750 GeV in the first 3 fb−1 of collected

data from Run 2 of the LHC at 13 TeV [174, 175]. The Landau-Yang theorem forbids

the possibility of a massive spin one resonance decaying to γγ. The leading interpre-

tations of the excess within the context of new physics scenarios therefore consist of

postulating a fundamental spin zero or spin two particle with mass of about 750 GeV.

However no enhancements have been seen in the dijet, tt̄, diboson or dilepton channels

posing a clear challenge to the possible interpretations of this excess. The absence of a

peaked γγ angular distribution in the observed events towards the beam direction dis-

favors [176] the spin two hypothesis and the spin zero resonance interpretation seems

more favorable from a theoretical point of view.

A large number of interpretations of the diphoton signal in terms of physics beyond

the Standard Model have been proposed in the literature. For a partial list see Ref. [204]

and the references therein. One of the possibilities that has been largely explored in the

literature is a scalar or pseudo-scalar resonance produced through gluon-gluon fusion

and decaying to γγ via loop diagrams with circulating fermions or bosons. A new

resonance coupling with the Standard Model (SM) t quark or W± can give rise to such

loop diagrams, however, they will be highly suppressed at the large γγ invariant masses
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and the dominant decay channel would have to be tt̄ orW+W−. Hence the observation

of the γγ resonance at 750 GeV (much greater than the electroweak symmetry breaking

scale) can potentially hint towards the existence of vector-like fermions around that

mass scale. Given that both the ATLAS and CMS collaborations have suggested signal

events consistent with each other at a tempting 3σ statistical significance level, hinting

towards a new physics scenario, it is important to explore possible model frameworks

that can naturally accommodate such vector-like fermions.

From a theoretical standpoint, a framework that can explain the diphoton excess

while being consistent with other searches for new physics is particularly intriguing.

To this end, one must mention the results reported by the CMS Collaboration in the

first run of LHC for the right-handed gauge boson WR search at
√
s = 8 TeV and

19.7fb−1 of integrated luminosity [166]. As discussed earlier, a 2.8σ local excess was

reported in the eejj channel in the energy range 1.8 TeV < meejj < 2.2 TeV, hinting

at a right handed gauge counterpart of the SM SU(2)L broken around the TeV scale.

The Left-Right Symmetric Model (LRSM) framework with gR 6= gL can explain such

signal with the possibility of being embedded into a ultraviolet complete higher gauge

group [187, 188, 205, 206]. It is thus an interesting exercise to explore the possibility

of naturally accommodating the γγ excess also in such a framework.

In this chapter, we discuss the possibility of extending the standard LRSM frame-

work with vector-like fermions and singlet scalars which can explain the diphoton

signal [207]. Adding such new vector-like fermionic fields, on the other hand, re-

sults in interesting phenomenological implications for the LRSM fermion masses and

mixing. Moreover, existence of such vector-like fermions can have interesting impli-

cations for baryogenesis and the potential dark matter sector. In gauged flavor groups

with left-right symmetry [208] or quark-lepton symmetric models [209], vector-like

fermions are naturally accommodated while LRSMs originating from D-brane or het-

erotic string compactifications also often include vector-like fermions [210, 211]. We

first discuss a minimal LRSM that hosts such vector-like fermions and which can ex-

plain the diphoton signal. Then we also discuss the possible fermion masses and mix-

ing phenomenology and the implications of these vector-like particles in baryogenesis

and the dark matter sector.
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3.1 Left-Right Symmetric Model framework with vector-

like fermions

The left-right symmetric extension of the SM has the basic gauge group given by

GL,R ≡ SU(3)C × SU(2)L × SU(2)R × U(1)B−L, (3.1)

where B −L is the difference between baryon and lepton number. The electric charge

is related to the third component of isospin in the SU(2)L,R gauge groups and the

B − L charge as

Q = T3L + T3R + 1/2(B − L). (3.2)

The quarks and leptons transform under the LRSM gauge group as

qL =

uL
dL

 ≡ [2, 1,
1

3
, 3], qR =

uR
dR

 ≡ [1, 2,
1

3
, 3] ,

`L =

νL
eL

 ≡ [2, 1,−1, 1], `R =

νR
eR

 ≡ [1, 2,−1, 1],

where the gauge group representations are written in the form [SU(2)L, SU(2)R, B −
L, SU(3)C].

Originally the left-right symmetric extension of the SM [19, 21, 41–46] was in-

troduced to give a natural explanation for parity violation seen in radioactive beta

decay and to consistently address the light neutrino masses via the seesaw mecha-

nism [16–22]. The right handed neutrinos form doublets with the right handed charged

fermions under the SU(2)R gauge group. If SU(2)R breaks at around the TeV scale,

LRSMs offer a rich interplay between high energy collider signals and low energy pro-

cesses such as neutrinoless double beta decay and lepton flavor violation [212]. The

principal prediction of this scenario is a TeV scale right-handed gauge boson WR. The

CMS and ATLAS collaborations had reported several excesses around 2 TeV in Run

1 of the LHC, pointing towards such a possibility. From the first results of Run 2, no

dijet and diboson excesses have been reported (more data is required to exclude the

diboson excesses reported in Run 1), the eejj channel signal hinting at a 2 TeV WR
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is still not excluded. Thus, in light of the diphoton excess it is important to revisit the

LRSM framework to explore the possibility of accommodating such a signal and the

possible implications.

As will be discussed in section 3.2, the 750 GeV diphoton excess can be explained

through the resonant production and decay of a scalar or pseudoscalar particle. To this

end, we discuss a simple left-right symmetric model with a scalar singlet S and vector-

like fermions added to the minimal particle content of left-right symmetric models 1.

We extend the standard LRSM framework to include isosinglet vector-like copies

of LRSM fermions. This kind of a vector-like fermion spectrum is very naturally

embedded in gauged flavour groups with left-right symmetry [208] or quark-lepton

symmetric models [209]. The field content of this model and the relevant transforma-

tions under the LRSM gauge group are shown in Tab. 3.1. The fields U , D, E and N

correspond to the vector-like fermions.

Field SU(2)L SU(2)R B − L SU(3)C

qL 2 1 1/3 3

qR 1 2 1/3 3

`L 2 1 -1 1

`R 1 2 -1 1

UL,R 1 1 4/3 3

DL,R 1 1 -2/3 3

EL,R 1 1 -2 1

NL,R 1 1 0 1

HL 2 1 1 1

HR 1 2 1 1

S 1 1 0 1

Table 3.1: LRSM representations of extended field content.

1We assume the resonance to be a new singlet scalar and it can easily be generalized to the pseu-

doscalar case.



3.1. Left-Right Symmetric Model framework with vector-like fermions 89

The relevant Yukawa part of the Lagrangian is given by

L =−
∑
X

(λSXXSXX +MXXX)− (λLUH̃LqLUR + λRUH̃RqRUL

+ λLDHLqLDR + λRDHRqRDL + λLEHL`LER + λREHR`REL

+ λLNH̃L`LNR + λRNH̃R`RNL + h.c.), (3.3)

where the summation is over X = U,D,E,N and we suppress flavour and colour

indices on the fields and couplings. H̃L,R denotes τ2H
∗
L,R, where τ2 is the usual second

Pauli matrix.

The vacuum expectation values (VEVs) of the Higgs doublets HR(1, 2,−1) and

HL(2, 1,−1) break the LRSM gauge group to the SM gauge group and the SM gauge

group to U(1)EM respectively, with an ambiguity regarding parity breaking, which can

either be broken at the TeV scale or at a much higher scale MP . In the latter case, the

Yukawa couplings can be different for right-type and left-type Yukawa terms because

of the renormalization group running below MP , λRX 6= λLX . Hence, we distinguish

the left and right handed couplings explicitly with the subscripts L and R. We use

the VEV normalizations 〈HL〉 = (0, vL)T and 〈HR〉 = (0, vR)T with vL = 175 GeV

and vR constrained by searches for the heavy right-handed WR boson at colliders and

at low energies, vR & 1 − 3 TeV (depending on the right-handed gauge coupling).

Due to the absence of a bidoublet Higgs scalar, normal Dirac mass terms for the SM

fermions are absent and the charged fermion mass matrices assume a seesaw structure.

However, if one does not want to depend on a “universal” seesaw structure, a Higgs

bidoublet Φ can be introduced along with HL,R.

After symmetry breaking, the mass matrices for the fermions are given by

MuU =

 0 λLUvL

λRUvR MU

 , MdD =

 0 λLDvL

λRDvR MD

 ,

MeE =

 0 λLEvL

λREvR ME

 , MνN =

 0 λLNvL

λRNvR MN

 , (3.4)

The mass eigenstates can be found by rotating the mass matrices via left and right

orthogonal transformations OL,R (we assume all parameters to be real). For example,

the up quark diagonalization yields OLT
U ·MuU · OR

U = diag(m̂u, M̂U). Up to leading
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order in λLUvL, the resulting up-quark masses are

M̂U ≈
√
M2

U + (λRUvR)2, m̂u ≈
(λLUvL)(λRUvR)

M̂U

, (3.5)

and the mixing angles θL,RU parametrizing OL,R
U ,

tan(2θLU) ≈ 2(λLUvL)MU

M2
U + (λRUvR)2

, tan(2θRU ) ≈ 2(λRUvR)MU

M2
U − (λRUvR)2

. (3.6)

The other fermion masses and mixings are given analogously. For an order of mag-

nitude estimate one may approximate the phenomenologically interesting regime with

the limit λRUvR → MU in which case the mixing angles approach θLU → m̂u/M̂U and

θRU → π/4. This means that θLU is negligible for all fermions but for the top quark and

its vector partner [213]. We have neglected the flavor structure of the Yukawa cou-

plings λL,RX and λSXX which will determine the observed quark and leptonic mixing.

The hierarchy of SM fermion masses can be generated by either a hierarchy in the

Yukawa couplings or in the masses of the of the vector like fermions.

As described above, the light neutrino masses are of Dirac-type as well, analo-

gously given by

m̂ν =
λLNλ

R
NvLvR
MN

, (3.7)

It is natural to assume that MN � vR, as the vector like N is a singlet under the model

gauge group. In this case, the scenario predicts naturally light Dirac neutrinos [208].

3.2 Diphoton signal from a scalar resonance

One may attempt to interpret the diphoton excess as the resonant production of the

singlet scalar S with mass MS = 750 GeV. Considering the possible production mech-

anisms for the resonance at 750 GeV it is interesting to note that the CMS and ATLAS

did not report a signal in the ∼ 20fb−1 data at 8 TeV in Run 1. One possible interpre-

tation of this can be that the resonance at 750 GeV is produced through a mechanism

with a steeper energy dependence. Excluding the possibility of an associated produc-

tion of this resonance, the most favourable mechanism is gluon-gluon fusion which we

will consider as the dominant production mechanism. Subsequently, the scalar with
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mass 750 GeV decays to two photons via a loop [207] 2. The cross section can be

expressed as

σ(pp→ γγ) =
Cgg
MSs

ΓggBrγγ, (3.8)

with the proton centre of mass energy
√
s and the parton distribution integral Cgg =

174 at
√
s = 8 TeV and Cgg = 2137 at

√
s = 13 TeV [216]. One can obtain a best

fit guess of the cross section by reconstructing the likelihood, assumed to be Gaussian,

from the 95% C.L. expected and observed limits in an experimental search. For the

diphoton excess, we use a best fit cross section value of 7 fb found by combining the

95% CL ranges from ATLAS and CMS at 13 TeV and 8 TeV for a resonance mass of

750 GeV [216].

Apart from the necessary decay modes of the scalar S i.e, S → gg and S → γγ, S

may also decay to other particles; due to the necessary SM invariance and the fact that

MS > mZ , S → γγ necessitates the decays S → γZ and ZZ which are suppressed

by 2 tan2 θW ≈ 0.6 and tan4 θW ≈ 0.1 relative to Γ(S → γγ) [216]. Furthermore, S

in this model may also decay to SM fermions due to mixing with the heavy vector-like

fermions. As described above, the mixing is only sizable for the top and its vector

partner. The total width is thereby given by ΓS ≈ Γgg + 1.7× Γγγ + Γtt̄.

Production of a scalar resonance in gluon fusion via a loop of vector-like quarks and

subsequent decay of scalar resonance to γγ via a loop of vector-like quarks and leptons.

There are contributions to Γ(S → γγ) from quark-like vector fermion ψQ = U,D and

lepton-like vector fermion ψL = E propagating inside the loop. Apart from quark-

like vector fermion contributing to the production of scalar through gluon fusion, there

could be another top-quark mediated diagram via mixing with SM Higgs boson.

In the LRSM framework discussed in section 3.1, the vector-like degrees of free-

dom contribute to the loop leading to S → gg and S → γγ. The partial decay widths

2One can find similar interpretations of the diphoton excess in [213–215] in models with a singlet

scalar accompanied by vector-like fermions.
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are given by [217]

Γγγ =
α2M3

S

256π3

∣∣∣∣∣∑
X

NC
XQ

2
Xλ
′
SXX

MX

A
(
m2
S

4M2
X

)∣∣∣∣∣
2

,

Γgg = K
α2
sM

3
S

128π3

∣∣∣∣∣
C∑
X

λ′SXX
MX

A
(
m2
S

4M2
X

)∣∣∣∣∣
2

. (3.9)

Here, the sums in Γγγ and Γgg are over all and coloured fermion species and flavours,

respectively. NC
X is the number of color degrees of freedom of a species, i.e 1 for

leptonic vector-like fermions and 3 for quark-like fermions. Similarly, QX is the

electric charge of the species. The effective coupling of S to a fermion species is

λ′SXX = λSXX(OR
X)1X(OL

X)1X , i.e. the coupling λSXX dressed with the corresponding

left and right mixing matrix element. We take the value of the parameters α ≈ 1/127,

αs ≈ 0.1 and K ≈ 1.7 [217]. A(x) is a loop function defined by

A(x) =
2

x2
[x+ (x− 1)f(x)], (3.10)

with

f(x) =


arcsin2

√
x x ≤ 1

−1

4

[
ln

(
1 +
√

1− x
1−
√

1− x

)
− iπ

]2

x > 1.
(3.11)

In addition, the decay of S to a pair of fermions (here only relevant for the top) is

given by

Γff̄ =
NC
f λ
′2
XffMS

16π

(
1−

4M2
f

M2
S

)2/3

. (3.12)

In order to arrive at an estimate for the diphoton production cross section, we as-

sume that the vector fermion masses and couplings to S are degenerate (MX , λSXX),

except for the the top partner (MT , λSTT ). In the limit of large vector fermion masses

MX &MS/2, we arrive at the approximation for the partial widths,

Γgg
MS

≈ 1.3× 10−4

(
λSXX · TeV

MX

)2

,

Γγγ
MS

≈ 3.4× 10−7

(
λSXXTeV
MX

)2

,

Γtt̄
MS

≈ 1.3× 10−3

(
λTXXTeV

MT

)2

. (3.13)
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As discussed in [216] in a model-independent fashion, the diphoton excess can be

explained for 10−6 . Γgg/MS . 2 × 10−3 (the upper limit is due to the limit from

dijet searches) and Γγγ/MS ≈ 10−6, as long as gg and γγ are the only decay modes

of S. In order to achieve this, the top partner T needs to have a significantly weaker

coupling or heavier mass than the rest of the vector fermions. Assuming the decay

width to tt̄ contributes negligibly to the total width, the diphoton cross section is given

by

σ(pp→ γγ) ≈ 1.7 fb ·
(
λSXX · TeV

MX

)2

, (3.14)

The experimentally suggested cross section σ(pp → γγ) ≈ 7 fb can be achieved with

MX/λSXX ≈ 0.5 TeV (and Γgg/MS ≈ 5 × 10−4 satisfying the dijet limit). In such a

scenario, the total width of S is of the order ΓS ≈ 0.5 GeV, i.e. much smaller than the

45 GeV suggested by ATLAS if interpreted as a single particle resonance. Γγγ/Γgg can

also be independently boosted by introducing a hierarchy with leptonic partners lighter

than the quark partners. While certainly marginal and requiring a specific structure

among the vector fermions, this demonstrates that the diphoton excess, apart from the

broad width seen by ATLAS, can be accommodated in this model.

3.3 Gauge coupling unification

In the previous section, we have discussed how the inclusion of new vector-like fermions

in LRSM can aptly explain the diphoton excess traced around 750 GeV at the LHC. In-

terestingly this framework can also be embedded in a non-SUSY grand unified theory

like SO(10) having left-right symmetry as its only intermediate symmetry breaking

step with the breaking chain given as follows

SO(10)
〈Σ〉−→G2213P

〈HR〉−→G213
〈HL〉−→G13. (3.15)

The SO(10) group breaks down to left-right symmetric group G2213P ≡ SU(2)L ×
SU(2)R × U(1)B−L × SU(3)c × P via a non-zero VEV of Σ ⊂ 210H . Here, P is

defined as the discrete left-right symmetry, a generalized parity symmetry or charge-

conjugation symmetry. The vital step is to break the left-right gauge symmetry and this

is attained with the help of the right-handed Higgs doublet HR. Finally, the SM gauge
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group is spontaneously broken by its left-handed counterpart HL. As described above

we add another scalar singlet S in order to explain the diphoton signal though it is not

contributing to the renormalization group (RG) evolution of the gauge couplings.

In addition to the particle content described in Tab. 3.1, we include a bi-triplet

η ≡ (3, 3, 0, 1) under G2213P to achieve successful gauge unification. This can be

confirmed by using the relevant RG equation for the gauge couplings gi,

µ
∂gi
∂µ

=
bi

16π2
g3
i , (3.16)

where the one-loop beta-coefficients bi are given by

bi = −11

3
C2(G) +

2

3

∑
Rf

T (Rf )
∏
j 6=i

dj(Rf )

+
1

3

∑
Rs

T (Rs)
∏
j 6=i

dj(Rs). (3.17)

Here, C2(G) is the quadratic Casimir operator for gauge bosons in their adjoint repre-

sentation,

C2(G) ≡

N if SU(N),

0 if U(1).

(3.18)

T (Rf ) and T (Rs) are the traces of the irreducible representation Rf,s for a given

fermion and scalar, respectively,

T (Rf,s) ≡


1/2 if Rf,s is fundamental,

N if Rf,s is adjoint,

0 if Rf,s is singlet.

(3.19)

and d(Rf,s) is the dimension of a given representation Rf,s under all SU(N) gauge

groups except the i-th gauge group under consideration. An additional factor of 1/2

should be multiplied in the case of a real Higgs representation. Using the above particle

content, the beta-coefficients at one loop are found to be b2L = −19/6, bY = 41/10,

b3C = −7 from the SM to the LR breaking scale and b2L = b2R = −13/6, bBL = 59/6,

b3C = −17/3 from the LR breaking scale to the GUT scale. The two loop contributions

give a very marginal deviation from one loop contributions. The resulting running of

the gauge couplings at one loop and two loop orders are shown in Fig. 3.1 with the
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Figure 3.1: Gauge coupling running in the considered model accommodating the diphoton

excess, demonstrating successful gauge unification at the scale MGUT = 1017.75 GeV with

an intermediate left-right symmetry breaking scale at 10 TeV. The dashed lines correspond to

one loop RGE of gauge couplings while the two loop effects are displayed in solid lines.

breaking scales

MGUT = 1017.75 GeV, MLR = 10 TeV. (3.20)

3.4 Implications for baryogenesis and dark matter

The vector-like fermions added to the spectrum of the LRSM framework can have

very profound implications for a baryogenesis mechanism such as leptogenesis, and

the dark matter sector. While the proposal of high scale leptogenesis via singlet heavy

Majorana neutrinos (or a heavy Higgs triplet) decay added to the SM is beyond the

reach of the present and near future collider experiments, the LRSM scenario provides

a window of opportunity for low TeV scale leptogenesis testable at the LHC. However,

the observation of a 2 TeV WR boson at the LHC, through confirmation of the 2.8σ

signal of two leptons and two jets reported by the CMS collaboration, would rule

out the possibility of high scale as well as TeV scale resonant leptogenesis with the

standard LRSM fields due to the unavoidable fast gauge mediated B − L violating

interactions [192–199].
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On the other hand, the new vector-like fermions added to the LRSM to accommo-

date the diphoton excess can open up a whole new world of possibilities. A particularly

interesting possibility is the realization of baryogenesis and dark matter annihilation

through a vector-like portal first explored in [139]. As an example, let us consider the

following additional terms in the Lagrangian,

L ⊃− (λXUXuRUL + h.c.)−m2
XX

†X − λX(X†X)2

− λHXH†HX†X, (3.21)

where X is an inert doublet (a singlet complex) dark matter scalar field in the LR(SM)

case. X is charged under some exotic global U(1)η symmetry, under which only the

vector-like quarks and dark matter fields transform non-trivially. Thus, the introduction

of vector-like quarks can connect the dark matter to the usual LR(SM) quarks, which

can be readily used to make a connection between the baryon asymmetry and dark

matter, as pointed out in [139]. In the rest of this section, we will sketch the simpler

case of the extended SM which can be expanded to the LRSM case by replacing the

singlets with appropriate doublet representations. However, in the case of the LRSM

some subtleties are present and we will comment on them towards the end of this

section. On the other hand, this idea can easily be generalized to accommodate a down-

type quark portal or charged lepton portal (corresponding to a leptogenesis scenario of

baryogenesis).

The basic idea behind the vector-like portal is to generate an asymmetry in the

vector-like sector through baryogenesis, which then subsequently gets transferred to

the SM baryons and the dark matter sector through the renormalizable couplings in

Eq. (3.21). In addition to the scalar field X one can introduce a scalar field Y with the

couplings

L ⊃− (λνY Y νRνR + h.c.)−m2
Y Y
†Y − λY (Y †Y )2

− λXYX†XY †Y, (3.22)

which allows the annihilation of a pair of X into Y fields. The latter can subsequently

decay into two singlet right handed neutrinos ensuring the asymmetric nature of the

dark matter X relic density for a large enough annihilation cross section. Now turning

to the question of how to generate the primordial asymmetry in the vector-like sector
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which defines the final dark matter asymmetry and baryon asymmetry, let us further

add two types of heavy diquarks with the couplings

L ⊃ λ∆UL∆uULUL + λ∆UR∆uURUR + λ∆d∆ddRdR

+ λχ∆u∆d∆dχ+ h.c., (3.23)

where ∆u : (6̄, 1,−4/3), ∆d : (6̄, 1, 2/3) and the field χ breaks the local U(1)χ sym-

metry under whichX andU have non-trivial charges denoted by qχ(U) and qχ(X). For

the SM fields this charge is simply B − L, which right away gives qχ(∆d) = −2/3.

The rest of the charges are determined in terms of the free charge qχ(U),

qχ(∆u) = −2qχ(U), qχ(χ) = 2qχ(U) + 4/3,

qχ(X) = 1/3− qχ(U). (3.24)

In order to forbid the dangerous proton decay induced by the operators O = X2, S2,

X2S2, X4, S4 [218], one needs to satisfy the condition

qχ(O) 6= n(2qχ(U) + 4/3), where n = 0,±1,±2, · · · . (3.25)

From Eq. (3.23) it follows that after χ acquires a VEV to break the U(1)χ symmetry,

∆u has the decay modes

∆u → ∆∗d∆
∗
d, ∆u → Ū Ū, (3.26)

and a CP asymmetry (between the above modes and their conjugate modes) can be

obtained by interference of the tree level diagrams with one loop self energy diagrams

with two generations of ∆u. Finally, the asymmetry generated in the vector-like quarks

gets transferred to the dark matter asymmetry and baryon asymmetry via the λXU term

in Eq. (3.21). This mechanism gives a ratio between the dark matter relic density and

the baryon asymmetry given by

ΩDM/mX

ΩB/Mp

=
79

28
, (3.27)

in this model for dark matter mass mX ∼ 2 GeV (where X is a gauge singlet complex

dark matter scalar field) 3. A typical prediction of this model is neutron-antineutron
3The relation between the dark matter relic density and the baryon asymmetry follows from the

baryon asymmetry given by Eq. (1.106) and the dark matter asymmetry ∆nX = ∆η. This gives
ΩDM/mX

ΩB/Mp
=

79

28
|∆χ/∆(B − L)|. Now from Eq. (3.26) we note that ∆χ/∆(B − L) = −1. This

leads to the relation given in Eq. (3.27).
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oscillations induced by the up-type and two down-type diquarks through the mixing of

vector-like up-type quarks with the usual up quarks. However, such oscillations will

be suppressed by the mixing.

One can similarly construct a leptogenesis model involving vector-like charged

leptons. In case of the LRSM a generalization of the above scheme is straightfor-

ward; however, the lepton number violating gauge scattering processes involving a

low scale WR can rapidly wash out any primordial asymmetry generated above the

mass scale of WR. In fact, some of these gauge processes can continue to significantly

reduce the rate of generation of lepton asymmetry below the mass scale of WR, thus

the vector-like quark portals seem to be more promising option for leptogenesis. Other

alternatives include mechanisms like neutron-antineutron oscillation or some alterna-

tive LRSM scheme such as the Alternative Left-Right Symmetric Model [219] where

the dangerous gauge scatterings can be avoided by means of special gauge quantum

number assignments of a heavy neutrino [201]. Also note that, in general, one can

utilize the singlet neutral vector-like lepton as a dark matter candidate by ensuring the

stability against decay into usual LRSM fermions. Finally, the real bi-triplet scalar

field η introduced to achieve successful gauge unification can also be a potential dark

matter candidate.

Attempts have been made in the literature to address the broadness of the resonance

using an invisible component of the scalar width. This in turn gives a large monojet

signal which have been constrained from Run-1 monojet searches at ATLAS [220] and

CMS [221], see for example Ref. [222]. However, the monojet search data seems to

disfavor the required rates to explain the broadness of the resonance. In our model, S

can couple to XX† and Y Y † etc. leading to decay of S into them, which produces

missing energy final state. This mode can be constrained from monojet searches as

long as MX,Y < MS/2. Even without the scalar S being directly coupled to X’s,

its decay can produce a pair of jets and X’s via the λXU coupling term, which can

again be constrained using dijet searches at ATLAS and CMS. In the discussion above

we assume that these constrains are respected if MX,Y < MS/2. While for the case

MX,Y > MS/2, the monojet and the dijet constraints are no longer applicable since in

this case S will decay via a loop of X(Y )’s.



3.5. Summary of the chapter 99

3.5 Summary of the chapter

We have discussed a unified framework to explain the recent diphoton excess re-

ported by ATLAS and CMS around 750 GeV. The addition of vector-like fermions

and a singlet scalar S to LRSM but without a scalar bidoublet explains the fermion

masses and mixing via a universal seesaw mechanism. The diphoton signal with

σ(pp → S → γγ) ≈ 4 − 12 fb can be explained in this model with TeV scale

vector fermions. The broad width suggested by the ATLAS excess cannot be under-

stood, though. We have discussed how this model can be embedded within an SO(10)

GUT framework by introducing a real bi-triplet scalar. This additional scalar, which

contains a potential DM candidate, allows the gauge couplings to unify at the scale

1017.7 GeV. We have also discussed further possibilities in this class of LRSM models

with vector-like fermions for mechanisms of baryogenesis and DM.





Chapter 4

Left-Right Symmetric low-energy

subgroups of E6 in light of LHC and

baryogenesis

As discussed earlier the CMS Collaboration at the LHC at CERN announced their

results for the right-handed gauge boson WR search at a center of mass energy of
√
s = 8TeV and 19.7fb−1 of integrated luminosity [166]. They have used the final

state eejj to probe pp → WR → eNR → eejj, with the cuts pT > 60 GeV, |η| <
2.5 (pT > 40 GeV, |η| < 2.5) for leading (subleading) electron. The invariant mass

meejj is calculated for all events satisfying mee > 200 GeV. In the bin 1.8 TeV <

meejj < 2.2 TeV roughly 14 events have been observed with 4 expected background

events, amounting to a 2.8σ local excess, which, however, can not be explained by WR

decay in Left-Right Symmetric Models (LRSM) with strict left-right symmetry (gauge

couplings gL = gR) [166]. The CMS search for di-leptoquark production, at a center

of mass energy of
√
s = 8TeV and 19.6fb−1 of integrated luminosity has reported

a 2.4σ and a 2.6σ local excess in eejj and e/pT jj channels [167] 1 respectively, and

has excluded the first generation scalar leptoquarks with masses less than 1005 (845)

GeV for β = 1(0.5), where β is the branching fraction of a leptoquark to a charged

lepton and a quark . In the eejj channel for a 650 GeV leptoquark signal using the

optimization cuts ST > 850 GeV,mee > 155 GeV and mmin
ej > 270 GeV (where ST

1The e/pT jj channel is often referred to as eνjj channel in the literature. Also note that the “ee” in

eejj refers to two first generation charged leptons, not necessarily of the same sign.

101
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is the scalar sum of the pT of two leptons and two jets), 36 events have been observed

compared with 20.49 ± 2.4 ± 2.45(syst.) expected events from the SM backgrounds

implying a 2.4σ local excess. While in the e/pT jj channel using the optimization cuts

ST > 1040 GeV,m/ET
> 145 GeV,mej > 555 GeV and mT,e/pT

(where ST is now the

scalar sum of the missing energy /ET and pT of the electron and two jets), 18 events

have been observed compared with 7.54 ± 1.20 ± 1.07(syst.) expected background

events amounting for a 2.6σ local excess [167].

Attempts have been made to explain the above CMS excesses in the context of

different models. The excesses have been explained in the context of WR decay by

embedding the conventional LRSM (gL 6= gR) in the SO(10) gauge group in Refs.

[187,188,223]. The eejj excess has been discussed in the context of WR and Z ′ gauge

boson production and decay in Ref. [224]. The excesses have also been interpreted as

due to pair production of vector-like leptons in Refs. [225]. In Refs. [226–228], the

excess of eejj events has been shown to occur in R-parity violating processes via the

resonant production of a slepton. In Refs. [229, 230], a different scenario is proposed

by connecting leptoquarks to dark matter which fits the data for the recent excess seen

by CMS. The feasibility of probing lepton number violation through the production of

same sign leptons pairs in a dilepton +2 jets channel was first explored in Ref. [231].

The conventional LRSM (even embedded in higher gauge groups) are inconsistent

with the canonical mechanism of leptogenesis in the predicted range of the mass of

WR (∼ 2 TeV) at CMS [192]. In these models, leptogenesis can generate the lepton

asymmetry in two possible ways: (i) decay of right-handed Majorana neutrinos which

do not conserve lepton number [90] and (ii) decay of very heavy Higgs triplet scalars

with couplings that break lepton number [23]. Since the right-handed neutrinos inter-

act with the SU(2)R gauge bosons, the WR interactions with the right-handed neutrino

N can wash out any existing primordial B − L asymmetry, and hence also baryon

and lepton asymmetry in the presence of anomalous (B + L) violating interactions

before the electroweak phase transition. Successful primordial leptogenesis involving

N decay for mWR
> mN then requires mWR

& 2× 105 GeV(mN/102 GeV)3/4 if lep-

togenesis occurs at T = mN and mWR
& 3 × 106 GeV(mN/102 GeV)2/3 if it occurs

at T > mWR
. Note that the mN > mWR

option is excluded in supersymmetric theories
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with gravitinos [192]. Thus, the observed 1.8 TeV < mWR
< 2.2 TeV range at CMS

implies that the decay of right-handed neutrinos cannot generate the required amount

of lepton and baryon asymmetry of the universe in the conventional LRSM. Such mod-

els would then require some other mechanism to generate the baryon asymmetry of the

universe. With regards to the interpretation of the excess events as due to leptoquarks,

it is difficult to accommodate any scenario that allows a light leptoquark in any simple

extension of the standard model.

In this chapter, we discuss some simple left-right symmetric extensions of the SM,

which can explain the excess CMS events and simultaneously explain the baryon asym-

metry of the universe via leptogenesis [198,201]. To this end we explore whether mod-

els based on heterotic superstring theory have all the necessary ingredients embedded

in their effective low-energy theories. The heterotic superstring theory with E8 × E ′8
gauge group after compactification on a Calabi-Yau manifold leads to the breaking of

E8 → SU(3)×E6 [232,233]. The flux breaking ofE6 results in different effective sub-

groups of rank-5 and rank-6 at low-energy, some of which include new right-handed

gauge bosons in their spectrum. In addition to this, these low-energy subgroups pro-

vide the existence of new exotic (s)particles. We will systematically study the possible

decay modes of right-handed gauge bosons in the three effective low-energy subgroups

of the superstring inspired E6 model, to see that it is not possible to explain the excess

of both eejj and e/pT jj events from the the right-handed gauge boson decay and ac-

commodate leptogenesis simultaneously in any of the effective low-energy subgroups

of E6. We then discuss a different scenario in which both the excess signals can be

produced from the decay of an exotic slepton in two of the effective low-energy sub-

groups of the superstring inspired E6 model. The added advantage of this scenario

is that unlike R-parity violating slepton decay in Refs. [226–228], the production as

well as decay of the exotic slepton in this scenario involves only R-parity conserving

interactions. Interestingly, one of the two effective low-energy subgroups (generally

known as the Alternative Left-right Symmetric Model (ALRSM)) also explains high-

scale leptogenesis. Therefore, we argue that the ALRSM is the most suitable choice

for explaining both the excess of events at CMS and the generation of the baryon

asymmetry via leptogenesis [201].
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4.1 Left-right symmetric low-energy subgroups of E6

Within the context of heterotic superstring theory in ten dimensions, it was shown in

Ref. [234–236] that there is gauge and gravitational anomaly cancellation if the under-

lying gauge group isE8×E ′8 or SO(32). TheE8×E ′8 leads to chiral fermions, whereas

SO(32) does not lead to the same. Therefore, E8×E ′8 is considered to be more attrac-

tive from the phenomenological point of view. By integrating out the massive modes,

the low-energy limit of the superstring theory (massless modes of the string) leads to

ten-dimensional supergravity with an E8 ×E ′8 gauge sector. To make connection with

the four-dimensional world, the extra six dimensions must be compactified on a par-

ticular kind of manifold. Though there exists several compactification scenarios, the

compactification on a Calabi-Yau manifold (with SU(3) holonomy) [233] results in the

breaking ofE8 → SU(3)×E6 and also producesN = 1 supersymmetry [232]. The re-

maining E ′8 couples to the usual matter representations of the E6 only by gravitational

interactions and provides the role of the hidden sector needed to break supersymmetry.

One of the maximal subgroups of E6 is given by SU(3)C × SU(3)L × SU(3)R.

The fundamental 27 representation of E6 under this subgroup decomposes as

27 = (3, 3, 1) + (3∗, 1, 3∗) + (1, 3∗, 3) (4.1)

where (u, d, h) : (3, 3, 1), (hc, dc, uc) : (3∗, 1, 3∗) and the leptons are assigned to

(1, 3∗, 3). Here h denotes an exotic −1

3
charge quark. Other than h and its charge con-

jugate, a right-handed neutrino N c and two lepton isodoublets (νE, E) and (Ec, N c
E)

are among the new particles. Although these exotic particles have not been observed so

far, they promise rich phenomenology and their detection may also become an indirect

indication for the superstring inspired models.

The particles of the first family are assigned as


u

d

h

+
(
uc dc hc

)
+


Ec ν νE

N c
E e E

ec N c n

 , (4.2)
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where SU(3)L operates vertically and SU(3)(R) operates horizontally 2. When the

SU(3)(L,R) further breaks to SU(2)(L,R) × U(1)(L,R), there are three choices corre-

sponding to T, U, V isospins of SU(3), which corresponds to the three different em-

bedding of the residual SU(2) on SU(3) and the different isospins T, U, V would be

the generators of SU(2). These three choices give three kinds of heavy WR’s (com-

pared to their left-handed counterparts) and the exotic fermions belong to the different

SU(2) representations.

4.1.1 Conventional Left-Right Symmetric Model like case

We first consider the usual left-right symmetric extension of the standard model and

include the exotic particles. In that case, for the standard model particles the sum of

the generators YL and YR can be identified with the generator (B −L), where B is the

baryon number and L is the lepton number. We shall extend this identification to the

exotic particles as well, because that will help us understand the B and L violation in

this scenario.

The right-handed up and down quarks, or their CP conjugate states (dc, uc)L belong

to the SU(2)R doublet as in the LRSM. The charge equation

Q = T3L +
1

2
YL + T3R +

1

2
YR

= T3L + T3R +
(B − L)

2
(4.3)

holds for all the SM particles and we want the new fermions that belong to the funda-

mental representation ofE6 to have a gauge invariant Yukawa interactions with the SM

particles. Thus this relation may be extended as a definition to make all Yukawa and

gauge interactions conserve B − L. So under the subgroup G = SU(3)c × SU(2)L ×

2For example


u

d

h

 is a SU(3)L triplet, whereas
(
uc dc hc

)
is a SU(3)(R) triplet.
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SU(2)R × U(1)B−L the fields transform as

(u, d)L : (3, 2, 1,
1

6
)

(dc, uc)L : (3̄, 1, 2,−1

6
)

(νe, e)L : (1, 2, 1,−1

2
)

(ec, N c)L : (1, 1, 2,
1

2
)

hL : (3, 1, 1,−1

3
)

hcL : (3̄, 1, 1,
1

3
)νE Ec

E N c
E


L

: (1, 2, 2, 0)

nL : (1, 1, 1, 0). (4.4)

The presence of SU(2)R tells us that the right-handed charged currents must be in-

corporated in weak decays. If the Dirac neutrino is formed by combining νe and N c,

then the mass of the W±
R is constrained from polarized µ+ decay [237]. Furthermore

there is a charged current mixing matrix for the known quarks in the right-handed sec-

tor. Assuming this to be similar to Kobayashi- Maskawa matrix one can constraint

the W±
R mass from the KL − KS mass difference [238–240]. In Ref. [241] it was

shown that the mixing matrix for the right-handed quark sector is calculable and that

the difference between left and right mixing angles turns out to be very small. Also the

rare decays and neutron electric dipole moment can give further constraints on the WR

mass [240, 242].

This case can produce the eejj signal in the decays of WR, and can explain the

observed events for gL 6= gR [187]. However, this scenario is not very interesting for

us as it cannot explain the canonical mechanism of leptogensis.

4.1.2 Alternative Left-Right Symmetric Model

Another choice for the SU(2)R doublet is (hc, uc) [219] with the charge equation Q =

T3L +
1

2
YL + T ′3R +

1

2
Y ′R, where

T ′3R =
1

2
T3R +

3

2
YR, Y

′
R =

1

2
T3R −

1

2
YR, (4.5)
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and we have T ′3R+Y ′R = T3R+YR. Thus it follows that for interactions involving only

the standard model particles and left-handed gauge bosons, one cannot distinguish

this model from the case discussed in previous subsection. In this scenario, the fields

transform under the subgroup G = SU(3)c × SU(2)L × SU(2)R′ × U(1)Y ′ as

(u, d)L : (3, 2, 1,
1

6
)

(hc, uc)L : (3̄, 1, 2,−1

6
)

(νE, E)L : (1, 2, 1,−1

2
)

(ec, n)L : (1, 1, 2,
1

2
)

hL : (3, 1, 1,−1

3
)

dcL : (3̄, 1, 1,
1

3
)νe Ec

e N c
E


L

: (1, 2, 2, 0)

N c
L : (1, 1, 1, 0), (4.6)

where Y ′ = YL + Y ′R. This model is often referred to as the Alternative Left-Right

Symmetric Model (ALRSM) in the literature [219]. Note that, in this case N c has a

trivial transformation under G and thus can allow high-scale leptogenesis. However,

the assignment of quantum numbers for N c is not unique and that can result in some

interesting consequences.

With the above assignments, the superpotential governing interactions of Standard

Model and exotic particles is given as

W = λ1 (uucN c
E − ducEc − uhce+ dhcνe) + λ2 (udcE − ddcνE)

+ λ3 (hucec − hhcn) + λ4hd
cN c

L + λ5 (eecνE + EEcn− Eecνe − νEN c
En)

+ λ6 (νeN
c
LN

c
E − eEcN c

L) . (4.7)

The superpotential given in Eq. (4.7) leads to the following assignments of R, B and

L for the exotic fermions which also guarantees proton stability. For leptoquark h we

have R = −1, B =
1

3
, L = 1; νE, E and n carry R = −1, B = L = 0. There are

two possible assignments for N c determining whether a massive νe is possible or not.

For the assignment R = −1 and B = L = 0 for N c (which demands λ4 = λ6 = 0
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in Eq. (4.7) for a R-parity conserving scenario), one has an exactly massless νe, but

from the perspective of leptogenesis the more interesting choice is the case where N c

is assigned R = +1, B = 0, L = −1, so that it gives a tiny mass to νe via the seesaw

mechanism. Thus we consider the latter scenario in the following discussions.

In this case, the right-handed charged current couples e to n, but with n being

presumably heavier (mn & O( TeV)), there is no constraint on the mass of W±
R′ from

polarized µ+ decay in contrast to the conventional LRSM like case. Also since W±
R′

does not couple to d and s quarks there is no constraint on the mass of W±
R′ from the

KL −KS mass difference either. Thus this model allows a much lighter W±
R than the

conventional LRSM like case. However this model can give rise to D0 − D̄0 mixing

through the WR′ coupling of the c and u quarks to h [243]. The relevant diagrams are

shown in Fig. 4.1. This mixing can constrain the SU(2)R′ breaking scale in this model.

It is interesting to note that in contrast to the conventional LRSM like case, where all

Figure 4.1: Box diagrams in the ALRSM contributing to D0 − D̄0 mixing.

the gauge bosons have B = 0 and L = 0, in this case W−
R′ has leptonic charge L = 1.

The coupling of the WR′ to the fermions is given by

L =
1√
2
gRW

µ
R′(h̄

cγµu
c
L + ĒcγµνL + ēcγµnL + N̄ c

EγµeL) + h.c. (4.8)

So WR′ is coupled to the leptoquark hcL and the n field, compared to the coupling with

the dcL and N c in the conventional LRSM.

Let us discuss the possible production channels of WR′ . The quantum numbers of

WR′ imply that the production ofWR′ from the usual ud̄ scattering in hadronic colliders

cannot take place. The process that can yield a large cross section forWR′ production is

the associated production ofWR′ and leptoquark via the process g+u→ h+W+
R′ [244],
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Figure 4.2: s- and t-channel Feynman diagrams for the process: g + u→ h+WR′ .

which proceeds through the diagrams shown in Fig. 4.2. The differential cross section

of this process is given by
dσ̂

dt
=

1

16πŝ2
|M̄R′ |2, (4.9)

with the spin and color averaged partonic amplitude given by [245]

|M̄R′ |2 =
4πGFM

2
WR′

3
√

2
αs

[
−
(
t′

ŝ
+
ŝ

t′

)(
2 +

M2
h

M2
WR′

)
− 2

M2
h

M2
WR′

+2

(
2M2

WR′
−M2

h −
M4

h

M2
WR′

)(
1

ŝ
+

1

t′

)
+

2

ŝt′

×
(
− M6

h

M2
WR′

+ 3M2
hM

2
WR′
− 2M4

WR′

)
+ 2

M2
h

t′2

(
2M2

WR′
−M2

h −
M4

h

M2
WR′

)]
,

(4.10)

where ŝ, t are the Mandelstam variables, t′ = t −M2
h , and Mh (MWR′

) is the mass of

h (WR′). The partonic cross section of the process can be obtained by integrating the

differential cross section over t′ between the limits

t′1,2 = −1

2

(
ŝ+M2

h −M2
WR′

)
± 1

2

[(
ŝ−M2

h −M2
WR′

)2

− 4M2
hM

2
WR′

]1/2

. (4.11)

The total hadronic cross section is obtained by convoluting the partonic cross section

with the parton distribution functions

σ ∼
∫ 1

0

dx1dx2[up(x1)gp(x2) + gp(x1)up(x2)]σ̂(x1x2s), (4.12)

where s is the squared hadronic center of mass energy, ŝ = x1x2s, and up, gp are the

parton distribution functions relative to the proton. A quantitative benchmark for the

same is given in Refs. [244] and [245]. To give a quantitative estimate, forMh ∼ 1 TeV
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and MWR′
∼ 2.1 TeV the cross section at the LHC for the process pp → W+

R′h is

about σ ∼ 0.2 pb at
√
s = 14 TeV and is about σ ∼ 0.02 pb at

√
s = 8 TeV, where

we have used the parton distribution functions given in Ref. [246] for the numerical

estimations. Note however that the production cross section of σ(W+
R′h) is always

substantially larger compared to σ(W−
R′h̄)(∼ 10−3 pb at

√
s = 14 TeV and∼ 5×10−4

pb at
√
s = 8 TeV, for Mh ∼ 1 TeV and W−

R′ ∼ 2.1 TeV). This is due to the fact that

u distribution function in a proton beam is larger than the ū distribution function.

The two-body decay modes of the WR′ can be obtained from Eq. (4.8). An inspec-

tion of all the further decays of the exotic particles coming from WR′ decay imply that

the WR′ decay can not give rise to the ee + 2j signal even in the presence of super-

symmetry. However, there is a possibility to produce the e/pT jj signal from the decay

modes of WR′ if n is considered as the Lightest Supersymmetric Particle (LSP). The

relevant decay modes of WR′ producing e/pT jj are given as:

(i) WR′ → hcūc → h̃
∗
n̄ūc → ucecn̄ūc

→ ẽ∗ūūc → ēγ̃ūūc

→ WR′u
cūc → ecn̄ucūc

(iv) WR′ → N c
E ē→ ν̄En̄ē→ ddcn̄ē . (4.13)

Thus, in this scenario, which has an attractive feature of allowing high-scale leptoge-

nesis, a signal like two electrons and two jets can not correspond to the decay of WR′

whereas there are many channels which can produce a signal like an electron, missing

energy and two jets via the decay ofWR′ as given above. In the next section we will see

that both eejj and e/pT jj signals can be explained in this case by considering R-parity

conserving resonant production and decay of an exotic slepton.

4.1.3 Neutral Left-Right Symmetric Model

A third way of choosing the SU(2)R doublet is (hc, dc) [247] and the charge equation

is given by

Q = T3L +
1

2
YL +

1

2
YN ,
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where the SU(2) corresponding to the mentioned doublet does not contribute to the

electric charge equation and we will denote it as SU(2)N . For this reason we will

often call this model as the “Neutral” Left-Right Symmetric Model (NLRSM) in later

chapters. When this SU(2)N is broken, the gauge bosons W±
N and ZN acquire masses.

Note that the ± in the superscript of WN refers to the SU(2)N charge. Under the

subgroup G = SU(3)c × SU(2)L × SU(2)N × U(1)Y the fields transform as

(u, d)L : (3, 2, 1,
1

6
)

(hc, dc)L : (3̄, 1, 2,
1

3
)

(Ec, N c
E)L : (1, 2, 1,

1

2
)

(N c, n)L : (1, 1, 2, 0)

hL : (3, 1, 1,−1

3
)

ucL : (3̄, 1, 1,−2

3
)νe νE

e E


L

: (1, 2, 2,−1

2
)

ecL : (1, 1, 1, 1). (4.14)

The superpotential governing interactions of SM and exotic particles is given as:

W = λ1 (νeN
c
LN

c
E + eEcN c

L + νEN
c
En+ EEcn) +

λ2 (dcN c
Lh+ hhcn) + λ3u

cech+ λ4 (uucN c
E + ucdEc) +

λ5 (νee
cE + eecνE) + λ6 (udcE + ddcνE + uhce+ dhcνe) (4.15)

Note that in this case as well, the superpotential ensures that h is a leptoquark (B =
1

3
, L = 1) while νE, E and n carry B = L = 0 as in Case 2. N c has the assignment

B = 0, L = −1. WN has negative R-parity, nonzero leptonic charge L = −1 and zero

baryonic charge.

WN and ZN can induce K0 − K̄0 mixing. Consider a scenario where there is

mixing between the six quarks (three generations) forming SU(2)N doubletsh̄1

d̄

 h̄2

s̄

 h̄3

b̄

 (4.16)

Then the tree level Flavor Changing Neutral Current (FCNC) processes as shown in
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Figure 4.3: Tree level flavor changing neutral-current processes due to mixing of the six

quarks, d, s, b and exotic quarks: hi (i = 1, 2, 3).

Figure 4.4: Box diagrams leading to d̄s− s̄d mixing if only exotic hi(i = 1, 2, 3) mix.

Fig. 4.3 will be present and one can get a bound for the WN from the KL −KS mass

difference [247]. Even if d̄ and s̄ do not mix with the exotic h̄i, there may still be a

tree level contribution to the kaon mixing. If we assign opposite T3N to d̄L and s̄L

and if they mix then the diagrams shown in Fig. 4.3 are still possible [247]. On the

other hand if only the exotic h̄i mix and the d̄L and s̄L are assigned the same T3N , then

one gets the box diagrams shown in Fig. 4.4 [247]. Similarly, considering SU(2)N

doublets in the leptonic sector, E
e

 M
µ

 T
τ

 , (4.17)

even in the absence of mixing between the ordinary and exotic fermions the process

µ → eγ can take place if the exotic fermions mix among themselves [247] as shown

in Fig. 4.5. The coupling of the WN to the fermions is given by

L =
1√
2
gRW

µ
N(h̄γµdR + ēγµEL + ν̄γµ(νE)L + N̄ cγµnL) + h.c. (4.18)

On similar grounds, as in the ALRSM case, the WN cannot be produced via the usual
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Figure 4.5: Loop diagrams involving exotic fermions and WN leading to µ→ eγ.

Figure 4.6: s- and t-channel Feynman diagrams for the process: g + d→ h+WN .

Drell-Yan mechanism or via the decay of the heavy ZN . The process that can yield a

large cross section for WN production [248] is g+ d→ h+WN which consists of the

diagrams shown in Fig. 4.6.

The invariant amplitude squared averaged over partonic spin and color is given

by [245, 248]

|M̄N |2 =
4πGFM

2
WN

3
√

2
αs

[
−
(
t′

s
+
s

t′

)(
2 +

M2
h

M2
WN

)
− 2

M2
h

M2
WN

+ 2

(
2M2

WN
−M2

h −
M4

h

M2
WN

)(
1

s
+

1

t′

)
+

2

st′

(
− M6

h

M2
WN

+ 3M2
hM

2
WN
− 2M4

WN

)]
, (4.19)

where t′ = t−M2
h , and Mh (MWN

) is the mass of h (WN ). The partonic cross section

of the process can be obtained by integrating over t′ between the limits

t′1,2 = −1

2

(
ŝ+M2

h −M2
WN

)
± 1

2

[(
ŝ−M2

h −M2
WN

)2 − 4M2
hM

2
WN

]1/2

. (4.20)

A comparison of Eq. (4.19) with Eq. (4.10) reveals that the production cross sections

for WN and WR′ are similar, particularly if Mh ∼ MW . A detailed account of the

above WN production cross section is given in Refs. [245, 248], both of which find
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the cross section to be substantially large. To give a quantitative order of magnitude

estimate, for Mh = 1 TeV and MWN
∼ 2.1 TeV the cross section at the LHC for the

process pp → W+
Nh is about σ ∼ 0.05 pb at

√
s = 14 TeV and σ ∼ 0.005 pb at

√
s = 8 TeV. In this case also the production cross sections σ(W+

N ) > σ(W−
N ), due to

the fact that d-quark distribution function in a proton beam is larger than the d̄-quark

distribution function.

Pair production of WN can take place via the process e+e− → W+
NW

−
N [248]. The

relevant diagrams are shown in Fig. 4.7. This process is particularly sensitive to the un-

derlying gauge structure and cancellations between the given amplitudes. Thus it can

serve as a probe for the non-abelian SU(2)N gauge theory. Under the approximation

that MZN ∼MWN
, the differential cross section for this process is given by [248]

dσ

dz
=
G2
FM

4
WN

8πs
β

(
F1 +

1

8
F2

s2

(s−M2
ZN

)2 +M2
ZN

Γ2
ZN

− 1

2
F3

s(s−M2
ZN

)

(s−M2
ZN

)2 +M2
ZN

Γ2
ZN

)
,

(4.21)

where β ≡ (1− 4M2
WN

/s)1/2 and the Fi’s are given by

F1 ≡ r2[2y +
1

2
(1− z2)β2{(y/x)2 +

1

4
y2}],

F2 ≡ β2[16y + (1− z2)(y2 − 4y + 12)],

F3 ≡ r[16(1 +X−1) + γyβ2 +
1

2
β2(1− z2)(y2 − 2y − 4y/x)], (4.22)

with

y ≡ s/M2
ZN
, x ≡ t/M2

ZN
, r ≡ t

t−M2
ZN

, (4.23)

and t = M2
ZN
− 1

2
s(1 − βz). In Ref. [248] the total cross section for the process

e+e− → W+
NW

−
N is estimated as a function of MWN

and ME for
√
s = 1 TeV. To

have a quantitative order of magnitude estimate, for
√
s = 1 TeV, ME ∼ 1.0 TeV and

MWN
∼ 350 GeV the total cross section for the process e+e− → W+

NW
−
N is about 1

pb. For MWN
. 270 GeV, the production cross section increases substantially with

increasing ME , while for MWN
& 370 GeV the production cross section decreases

with increasing ME . An inspection of all the further decays of the exotic particles

coming from the two-body decay modes ofWN listed above tells us that a ee+2j signal

cannot be obtained from the decay of WN even in the presence of supersymmetry.
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Figure 4.7: s- and t-channel Feynman diagrams for the process: e+e− →W+
NW

−
N .

However, there is a possibility to produce the e/pT jj signal from the decay modes of

WN if n is considered as Lightest Supersymmetric Particle (LSP). The relevant decay

modes of WN producing e/pT jj are given as

(i) WN → hcd̄c → h̃
∗
n̄d̄c → ucecn̄d̄c

→ ẽ∗ūd̄c → ēγ̃ūd̄c

(ii) WN → eĒL → eẼcn→ eūcd̄n (4.24)

Thus, similar to the ALRSM case, a signal like two electrons and two jets can not

correspond to the decay of WN whereas there are some channels which can produce

a signal like an electron, missing energy and two jets via the decay of WN as given

above. However, in this case also both eejj and e/pT jj signals can be interpreted in

this case also by considering R-parity conserving resonant production and decay of an

exotic slepton.

4.2 Exotic sparticle(s) production leading to an eejj(e/pT jj)

signal

In this Section we show that two of the effective low-energy subgroups (discussed in

sections 4.1.2 and 4.1.3) of the E6 group can produce both eejj and e/pT jj signals

from the decay of scalar superpartner(s) of the exotic particle(s). Both events can

be produced naturally in the above schemes by considering (i) resonant production

of the exotic slepton Ẽ (ii) pair production of scalar leptoquarks h̃. Interestingly, as
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Figure 4.8: R-parity conserving Feynman diagrams for a single exotic particle Ẽ produc-

tion leading to both eejj and e/pT jj signals.

compared to the resonant production of sleptons as discussed in Ref. [228], the exotic

slepton Ẽ can be resonantly produced in pp collisions without violating R-parity. The

exotic slepton then subsequently decays to a charged lepton and neutrino, followed by

R-parity conserving interactions of the neutrino producing an excess of events in both

eejj and e/pT jj channels. The R-parity conserving processes leading to both eejj and

e/pT jj signals are given in Fig. 4.8(a) and the one giving only eejj signal is given in

Fig. 4.8(b). The cross section of the eejj process as given in Fig. 4.8(a) and Fig.

4.8(b) can be expressed as:

σ (pp→ eejj) = σ(pp→ ẼL)×BR(ẼL → eejj) (4.25)

whereas the cross section of the e/pT jj processes as given in Fig. 4.8(b) can be ex-

pressed as

σ
(
pp→ e/pT jj

)
= σ(pp→ ẼL)×BR(ẼL → e/pT jj).

(4.26)

In Case 2, the resonant production of the slepton as well as decay modes of the same

are given by the following terms in the superpotential

W2 = −λ1 (uhce− dhcνe) + λ2ud
cE − λ5Ee

cνe, (4.27)
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while in Case 3, the relevant interaction terms are given by

W3 = λ′5 (νee
cE + eecνE) + λ′6 (udcE + uhce+ dhcνe) .

The parton cross section of a single slepton production in Case 2 is given by [249]

σ̂ =
π

12ŝ
|λ2|2 δ(1−

m2
Ẽ

ŝ
) (4.28)

where ŝ is the partonic centre of mass energy, and mẼ is the mass of the resonant

slepton. Including effects from parton distribution functions, the total cross section to

a good approximation is given by [249]

σ (pp→ eejj) ∝ |λ2|2
m3
Ẽ

× β1 (4.29)

and

σ
(
pp→ e/pT jj

)
∝ |λ2|2

m3
Ẽ

× β2 (4.30)

where β1 is the branching fraction for the decay of the exotic slepton to eejj and β2

is the branching fraction to e/pT jj. Similarly, in Case 3, the cross sections in the eejj

and e/pT jj channels depend on
|λ6|2
m3
Ẽ

× β1 and
|λ6|2
m3
Ẽ

× β2 respectively. By choosing

β1,2 as well as couplings λ2(λ′6) as free parameters, the cross section can be calculated

as a function of the exotic slepton mass. Stringent bounds can also be obtained on the

value of the mass of the exotic slepton by comparing the theoretically calculated cross

section with the data collected by CMS at a centre of mass energy
√
s = 8 TeV. Thus,

we propose that the alternative schemes ofE6 might explain the excess eejj and e/pT jj

signals at CMS naturally via resonant exotic slepton decay.

4.3 Explaining the diphoton excess in Alternative Left-

Right Symmetric Model

The CMS and ATLAS collaborations have recently announced the search results based

on the first 3 fb−1 of collected data from Run 2 of the LHC at
√
s = 13 TeV [174,

175]. The ATLAS collaboration has reported a 3.9 σ local (2.3 σ global) excess in

the diphoton channel at the diphoton invariant mass of around 750 GeV with 3.2fb−1

integrated luminosity. This excess corresponds to about 14 events appearing in at least
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two energy bins, suggesting a large width ∼ 45 GeV [175]. The CMS collaboration

has partially endorsed this result with an integrated luminosity of 2.6fb−1. They have

reported about 10 excess events in the γγ channel peaked at 760 GeV amounting to a

2.6σ local (< 1.2σ global) excess [174].

A new resonance coupling with the Standard Model (SM) t quark or W± can give

rise to loop diagrams with γγ final state. However, such diagrams are highly sup-

pressed at the large γγ invariant masses and the dominant decay channels are tt̄ or

W+W−. Thus, the observation of the γγ resonance at 750 GeV (much larger than the

electroweak symmetry breaking scale) presumably hints towards new physics around

that mass scale. Several new physics interpretations of the diphoton signal have been

proposed in the literature explaining the excess events.

In light of the fact that the two collaborations have suggested signal events consis-

tent with each other at a 3σ statistical significance level, hinting towards a new physics

scenario, it is important to explore the possible model framework that can naturally

accommodate the diphoton signal. In this section, we argue that the E6 motivated Al-

ternative Left-Right Symmetric Model (ALRSM) provides a very attractive framework

to address the diphoton excess [250].

Interestingly, the gluon-gluon fusion can give the observed production rate of the

750 GeV resonance, ñ in our model, through a loop of scalar leptoquarks (h̃(c)). Sub-

sequently, ñ decays into gg and γγ final states via loops of h̃(c) and Ẽ(c). Note that,

considering only scalar leptoquarks in the decay loop of ñ yields a diphoton branching

ratio suppressed by a factor of 10−3 − 10−4, and it is the contribution from Ẽ(c) loop

which enhances the diphoton branching ratio significantly to give the observed cross

section of the diphoton signal. The fermionic components of h, hc and E, Ec can also

enter the loops and contribute to the production cross section and γγ branching frac-

tion. This will improve the parameter space freedom of the trilinear scalar couplings

and scalar component masses, however, a significant contribution from the fermionic

states require quite large Yukawa couplings inconsistent with perturbativity (for exam-

ple see Ref. [251]). In the present case, we assume the Yukawa couplings to be small

such that the σ(pp→ γγ) contribution coming from the fermionic component is small

compared to the contribution coming from the scalar components running in the loop.
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This helps us evade the dangerous perturbativity constraints on Yukawa couplings and

reduces the effective number of free parameters, giving us a better handle on the scalar

parameter space. The relavant terms in the superpotential are given by
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Figure 4.9: pp→ ñ production cross section in gluon fusion at
√
s = 13 TeV as function

of scalar leptoquark mass and λh̃3 . The numbers in the boxes are the production cross sections

corresponding to the contours.

W1 = −λ3hh
cn+ λ5EE

cn, (4.31)

where we have dropped the generation indices for simplicity. The production cross

section can be conveniently parametrized in terms of the corresponding production

cross section of the SM Higgs H with its mass replaced by the ñ mass MH = Mñ

[252]. This eliminates the factors due to higher order QCD corrections to give

σ(pp→ ñ)

σ(pp→ H)
=

(
λh̃ñ3 cos θh̃ sin θh̃v

8Mh̃

)2 ∣∣∣∣ A0(xh̃)

A1/2(xt)

∣∣∣∣2 , (4.32)

where the dimensionful coupling corresponding to the λ3 trilinear scalar term in Eq.

(4.31) is parametrized as λs3 = λh̃ñ3 Mñ, θ is the left-right mixing angle of the scalar
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leptoquark sector corresponding to h̃− h̃c, v is the vacuum expectation value 〈H〉 = v,

xh̃ = m2
ñ/4M

2
h̃

and xt = m2
ñ/4M

2
t where Mt is the top mass. The loop functions are

given by

A0(x) =
3(f(x)− x)

x2
,

A1/2(x) =
3

2x2
[x+ (x− 1)f(x)] , (4.33)

with f(x) given by

f(x) =


arcsin2(

√
x) x ≤ 1

−1

4

[
ln

(
1 +
√

1− x
1−
√

1− x

)
− iπ

]2

x ≥ 1.
(4.34)

σ(pp → H) at
√
s = 13 TeV can be obtained by boosting the

√
s = 8 TeV cross

section σ = 0.157pb (for MH = 750 GeV) by a factor 4.7 corresponding to increased

gluon luminosity [253]. The pp → ñ production cross section in gluon fusion as

function of scalar leptoquark mass and λh̃3 = λh̃ñ3 (Mñ/Mh̃) is shown in Fig. 4.9.

Note that, we take the maximum value of λh̃3 as 14 corresponding to the rough upper

limit from perturbativity [254, 255] and θh̃ = π/4 corresponding to maximal mixing

between left and right handed scalar leptoquarks. Now, for 2Mh̃(Ẽ) > Mñ, ñ can not

decay to two on shell h̃(Ẽ), giving appreciable branching ratios for γγ and gg final

states. The partial widths for the γγ final state are given by

ΓXγγ =
α2M3

ñ

256π3

∣∣∣λX̃ñy cos θX sin θXMñ

∣∣∣2
M4

X

|A0(xX)|2 , (4.35)

where X(y) can be h̃(3) and Ẽ(5), A0 corresponds to the loop function defined in Eq.

(4.33) and xX = m2
ñ/4M

2
X . The corresponding decay width for the gg final state can

be obtained by

Γgg = Γh̃γγ
2Kggα

2
s

9Q4
h̃
α2

, (4.36)

where Kgg ∼ 2 arises from higher order QCD corrections, αs(Mñ) ≈ 0.092, Qh̃ =

−1/3. Considering h̃ as the only field running in the decay loop yields a branching

fraction ∼ 10−3 − 10−4 for the γγ final state. Thus, the contribution coming from

Ẽ running in the final decay loop plays an essential role in controlling the branch-

ing ratio to the γγ final state. The branching fraction as a function of slepton mass
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Figure 4.10: The branching fraction as a function of slepton mass MẼ and scalar lepto-

quark mass Mh̃ with λh̃3 = λẼ5 = 14. The numbers in the boxes are the branching fractions

corresponding to the contours.

MẼ and scalar leptoquark mass Mh̃ is shown in Fig. 4.10. In Fig. 4.11, the produc-

tion cross section times branching ratio σ(pp → ñ) × BR(ñ → γγ) is presented for

λh̃3 = λẼ3 = 14 corresponding to the rough upper limits allowed by perturbativity for

the lowest masses of scalar leptoquark (h̃) and slepton (Ẽ) respectively (Mh̃
min ∼ 2Mñ

and MẼ
min ∼ Mñ/2)3 [254, 255], θh̃ = θẼ = π/4 corresponding to maximal mixing

between the left and right handed scalar leptoquarks and sleptons. The pink band cor-

responds to σ(pp → ñ) × BR(ñ → γγ) = 2 − 8 fb, corresponding to 95% CL upper

limit on the allowed cross section at 13 TeV, consistent with cross section exclusion

at 95% CL by the absence of a signal in the CMS run 1 data [216]. We find that

the slepton mass MẼ
<∼ 400 GeV is favored by the fit, while scalar leptoquark mass

Mh̃
<∼ 2500 GeV is preferred by the diphoton excess. Note that for different genera-

tions of ñ with a mass difference O(10) GeV one can address the wider peak hinted

by ATLAS, given that the present statistics can not resolve these different masses.

3Note that, here we have used the parametrizations λh̃3 = λh̃ñ3
(
Mñ/Mh̃

)
and λẼ5 = λẼñ5 (Mñ/MẼ) .
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Figure 4.11: The production cross section times branching ratio σ(pp → ñ) × BR(ñ →
γγ) as a function of scalar leptoquark mass Mh̃ (for three different values of slepton mass

MẼ) with λh̃3 = λẼ3 = 14, θh̃ = θẼ = π/4. The pink band corresponds to the observed value

of σ(pp → ñ) × BR(ñ → γγ) = 2 − 8 fb, corresponding to 95% CL upper limit on the

allowed cross section at 13 TeV.

4.4 Leptogenesis in supersymmetric low energy E6-

subgroups

In the conventional LRSM scenario for successful high-scale leptogenesis, constraints

on the WR mass mentioned in the introduction follow from the out-of-equilibrium

condition of the scattering processes involving the SU(2)R gauge interactions [192].

In the case MN > MWR
the condition that the process

e−R +W+
R → NR → e+

R +W−
R (4.37)

goes out of equilibrium gives

MN
>∼ 1016 GeV (4.38)

with mWR
/mN & 0.1. For the case MWR

> MN leptogenesis can occur either at

T ' MN or at T > MWR
below the B − L breaking scale. For T ' MN , the out-

of-equilibrium condition of the scattering processes which maintain the equilibrium
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number density for NR leads to

MWR
& 2× 105 GeV(MN/102 GeV)3/4. (4.39)

For leptogenesis at T > MWR
the condition that the scattering process

W±
R +W±

R → e±R + e±R (4.40)

through NR exchange goes out of equilibrium gives

MWR
& 3× 106 GeV(MN/102 GeV)2/3. (4.41)

Consequently, observing aWR signal in the range 1.8 TeV < MWR
< 2.2 TeV implies

that it is not possible to generate the required baryon asymmetry of the universe from

high-scale leptogenesis for a hierarchical neutrino mass spectrum (MN3R
� MN2R

�
MN1R

= mN ) in the usual LRSM scenario (even if it is embedded in a higher gauge

group).

The E6 group allows the possibility of explaining leptogenesis in two of its effec-

tive low-energy subgroups [256]. One of them is G1 = SU(3)C ×SU(2)L×U(1)Y ×
U(1)N [257], which we will discuss in detail in the next chapter, and the other is

G2 = SU(3)C × SU(2)L × SU(2)R′ × U(1)Y ′ , which is the case discussed in sec-

tion 4.1.2. With the assignment given in Eqs. (4.4), (4.6) and (4.14), amongst the five

neutral fermions, only νe and N c carry nonzero B − L in all subgroups. Therefore,

leptogenesis can be addressed via the decay of the Majorana neutrino N c in all three

cases. Now to generate the B − L asymmetry from the heavy neutrinos, one needs to

satisfy the conditions: (i) violation of B−L from the Majorana mass of N (ii) CP vio-

lation from complex couplings and (iii) the out-of-equilibrium condition for the decay

of the physical heavy Majorana neutrino N given by

ΓN < H(T = mN) =

√
4π3g∗

45

T 2

MPl

, (4.42)

where ΓN is the decay width, H(T ) is the Hubble expansion rate, g∗ is the number

of relativistic degrees of freedom at temperature T and MPl is the Planck mass. This

translates into the condition that the mass of N must be many orders of magnitude

greater than the TeV scale and consequently N c cannot transform nontrivially un-

der the low-energy subgroup G. From the assignments of Eq. (4.4) and Eq. (4.14),
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it follows that N c transforms as a doublet under both SU(2)R and SU(2)N . This

implies that if SU(2)R gets broken at the TeV scale, a successful leptogenesis sce-

nario can not be obtained in Case 1 (similar to the conventional left-right model) and

Case 3. In Case 2, since N c transforms trivially under the low-energy subgroup G,

the out-of-equilibrium decay of heavy neutrinos can give rise to high-scale leptoge-

nesis 4. In this case, the Majorana neutrino N c
k decays to B − L = −1 final states

νeiÑ
c

Ej
, ν̃eiN

c
Ej
, eiẼ

c

j, ẽi, E
c
j and dih̃j, d̃cih̃j and to their conjugate states, via the inter-

action terms involving λ4 and λ6 in Eq. (4.7). One-loop diagrams, such as the two

shown in Fig. 4.12 for a given final state, can interfere with the tree level Nk decays to

provide the required CP violation for particular values of couplings λijk4 and λijk6 . An

Figure 4.12: Loop diagrams for Nk decay.

order of magnitude estimate of the upper bound on the couplings λijk4 and λijk6 can be

obtained from the out-of-equilibrium condition given by Eq. (4.42). Considering the

total decay width of Nk given by

ΓNk =
1

4π

∑
i,j

(|λijk4 |2 + 2|λijk6 |2)mNk (4.43)

and taking g∗ ∼ 100 at T ∼ mNk , the condition given by Eq. (4.42) gives

∑
i,j

(|λijk4 |2 + 2|λijk6 |2) <∼ 2× 10−17 GeV−1mNk . (4.44)

So for mNk ∼ 1015 GeV, λijk4 , λijk6
<∼ 10−1. In fact λijk4,6 ∼ 10−3 can give the observed

baryon-to-entropy ratio nB/s ∼ 10−10 for maximal CP violation [256]. Therefore,

4Note that Ref. [114] considers a scenario in which the lepton asymmetry is generated via Higgs

triplet decays while the wash out processes involving gauge interactions are in effect. In this scheme,

the leptogenesis can work in the strong wash out regime. However in our case where lepton asymmetry

gets generated at a high scale, the wash out processes involving gauge interactions (effective at a lower

energy scale) must go out of equilibrium so that the lepton asymmetry does not get wiped out.
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the ALRSM case has the attractive feature that it can explain both the excess eejj and

e/pT jj signals, and also high-scale leptogenesis.

4.5 Summary of the chapter

We have discussed the effective low-energy theories of the superstring inspired E6

group that is broken to its maximal subgroup by flux breaking at a very high scale. Our

aim was to look for extensions of the standard model that can explain the excess eejj

and e/pT jj events that have been observed by CMS at the LHC at the center of mass

energy
√
s = 8 TeV, and simultaneously explain the baryon asymmetry of the universe

via leptogenesis.

The decay of the right-handed gauge boson is able to produce eejj events in one

of the effective low-energy subgroups given by G = SU(3)c × SU(2)L × SU(2)R ×
U(1)B−L. The right-handed gauge boson decay in the other two effective low-energy

subgroups of E6: G = SU(3)c × SU(2)L × SU(2)R′ × U(1)Y ′ (the case discussed

in section 4.1.2) and G = SU(3)c × SU(2)L × SU(2)N × U(1)Y (the case discussed

in section 4.1.3), can produce the e/pT jj signal if the exotic particle n is considered to

be the LSP. However, neither of these subgroups is able to produce both excess signals

simultaneously from the decay of right-handed gauge bosons. On the other hand, both

signals can be produced simultaneously in these two effective low-energy subgroups

of E6 via the R-parity conserving resonant production of an exotic slepton, followed

by its decay via R-parity conserving interactions.

We have also discussed the possibility of explaining the diphoton signal in ALRSM.

We found that gluon-gluon fusion can give the observed production rate of the 750 GeV

resonance, ñ, through a loop of scalar leptoquarks (h̃(c)) with a mass below a few TeV

range. ñ can subsequently decay into gg and γγ final states via loops of h̃(c) and

Ẽ(c). Considering only scalar leptoquarks in the decay loop of ñ yields a suppressed

diphoton branching ratio; however, the contribution from the Ẽ(c) loop can enhance

the diphoton branching ratio significantly to explain the observed cross section of the

diphoton signal.

Since the effective low-energy subgroup of E6 discussed in section 4.1.1 allows
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breaking of U(1)B−L at a scale lower than the SU(2)R breaking scale, it is not con-

sistent with leptogenesis at a high scale. The other two subgroups allow breaking

of SU(2)R at a low scale which is independent of the B − L breaking scale. How-

ever, since in the subgroup discussed in 4.1.3, the right-handed neutrino transforms

nontrivially under the low energy group, it can not give rise to high scale leptoge-

nesis. In ALRSM, the the right-handed neutrino transforms trivially under the low

energy group, allowing leptogenesis at a high scale. Therefore, we conclude that the

G = SU(3)c×SU(2)L×SU(2)R′×U(1)Y ′ subgroup, also referred to as the Alterna-

tive Left-Right Symmetric Model, can explain both the excess eejj and e/pT jj signals

and also satisfy the constraints for successful leptogenesis.



Chapter 5

Explaining the B-decay anomalies in

the left-right symmetric low energy

subgroups of E6

In the intensity frontier of modern particle physics, precision measurements associated

with rare decays can provide powerful probes for new physics (NP) beyond the SM.

To this end, one must mention the recent measurements of rare B decays induced by

flavor changing neutral current (FCNC), which have shown some interesting anomalies

hinting towards lepton non-universal NP as well as deviations in the charged current

induced processes. In 2012 the BaBar collaboration reported [177] the measurements

of the ratio of branching fractions

RD(∗) =
Br(B̄ → D(∗)τ ν̄)

Br(B̄ → D(∗)lν̄)
, (5.1)

where l = e, µ, RBaBar
D = 0.440± 0.058± 0.042 and RBaBar

D∗ = 0.332± 0.024± 0.018

showing 2.0σ and 2.7σ enhancements over the SM predictions RSM
D = 0.300 ± 0.010

andRSM
D∗ = 0.252±0.005 respectively. Corroborating this result, in 2015, the Belle col-

laboration reportedRBelle
D = 0.375±0.064±0.026 andRBelle

D∗ = 0.293±0.038±0.015

[179]. More recently, the LHCb and Belle collaborations have reported RLHCb
D∗ =

0.336±0.027(stat.)±0.030(syst.) andRBelle16
D∗ = 0.302±0.030(stat.)±0.011(syst.)

amounting to ∼ 2.1σ and ∼ 1.6σ, respectively, enhancements over the SM predic-

tions [180, 181]. These results, when combined together, show significant enhance-

ments over the SM predictions, hinting towards an NP contribution. Interestingly, the

127
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LHCb collaboration [182] has also reported another tantalizing deviation from the SM

expectation of the ratio of branching fractions of charged B̄ → K̄ll decays

RK =
Br(B̄ → K̄µ+µ−)

Br(B̄ → K̄e+e−)
. (5.2)

The measured value, RLHCb
K = 0.745 ±0.090

0.074 ±0.036, in the dilepton invariant mass

squared bin 1 GeV2 ≤ q2 ≤ 6 GeV2, amounts to a 2.6σ deviation from the SM predic-

tion RSM
K = 1.0003± 0.0001 [184].

The measurement of the anomalous muon magnetic moment also points to the

possible existence of NP beyond the SM. The current measurement of the anomalous

muon magnetic moment by the E821 experiment at BNL has been reported to show a

significant deviation from the SM prediction ∆aµ = aexp
µ − aSM

µ = (2.8± 0.9)× 10−9

corresponding to a 3σ level deviation [185].

5.1 ExplainingB → D(∗)τν excesses in Alternative Left-

Right Symmetric Model

A number of NP scenarios explaining the semileptonic b→ c transition have been pro-

posed in the literature to explain these excesses [258–283]. NP scenarios explaining

the b→ c decay together with other direct or indirect collider searches for NP are par-

ticularly intriguing. To this end, we once again recall the results for the right-handed

gauge boson WR search and the di-leptoquark production search by the CMS Collabo-

ration at the LHC. Interestingly, in some of these NP scenarios attempts were made to

explain the discrepancies in the decays of B meson in an unified framework [228] or

separately [277]. In chapter 4, we have already discussed how the excess signals at the

LHC can be explained in the E6 motivated Alternative Left-Right Symmetric Model

(ALRSM) [198, 199, 219], which can also accommodate high scale leptogenesis.

In this section we study the flavor structure of ALRSM in detail to explore if this

framework can explain the discrepancy of the RD(∗) data with the SM expectations

[284]. To this end, a careful analysis of the constraints coming from the rare decays and

the mixing of mesons can play a crucial role in determining the viability of ALRSM as

a NP scenario. Therefore, we also discuss the leptonic decaysD+
s → τ+ν̄,B+ → τ+ν̄,
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D+ → τ+ν̄ andD0−D̄0 mixing, which can constrain the semileptonic b→ c transition

in ALRSM.

5.1.1 The effective Hamiltonian for B → D(∗)τν decay

In presence of NP contributions, the SM effective Hamiltonian for the quark level

transition b → clν̄l can be augmented with a general set of effective operators in the

form [266]

Heff =
4GF√

2
Vcb

∑
l=e,µ,τ

[(1+C l
VL

)Ol
VL

+C l
VR
Ol
VR

+C l
SL
Ol
SL

+C l
SR
Ol
SR

+C l
TL
Ol
TL

], (5.3)

where GF corresponds to the Fermi constant, Vcb corresponds to the relevant CKM

matrix element and C l
i (with i = VL/R, SL/R, TL) corresponds to the Wilson coeffi-

cients associated with the effective vector, scalar and tensor NP interaction operators

respectively. These new effective operators, generated by NP contributions at some

energy scale higher than the electroweak scale, are defined as

Ol
VL

= (c̄Lγ
µbL)(l̄LγµνlL),

Ol
VR

= (c̄Rγ
µbR)(l̄LγµνlL),

Ol
SL

= (c̄RbL)(l̄RνlL),

Ol
SR

= (c̄LbR)(l̄RνlL),

Ol
TL

= (c̄Rσ
µνbL)(l̄RσµννlL), (5.4)

where σµν = (i/2)[γµ, γν ]. The SM effective Hamiltonian can be recovered by setting

C l
i = 0. Note that we treat the neutrinos to be strictly left-handed and therefore, we

neglect the tiny contributions coming from the right-handed neutrinos inHeff .

The numerical analysis of the transition B → D(∗)τν, depends on the hadronic

form factors which parametrize the vector, scalar and tensor current matrix elements.

The B → D(∗)τν matrix elements corresponding to the effective operators depend on

the momentum transfer between B andD(∗)(qµ = pµB−kµ) and a relevant parametriza-

tion can be found in Refs. [266, 285]. However, we follow the parametrization of the

form factors given in Refs. [261, 271, 286], which are more suitable for including the

results of the heavy quark effective theory (HQET). For a more detailed account of the

details of the form factors we refer the reader to the original work [284].
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5.1.2 Analysis of the operators mediating B → D(∗)τν in ALRSM

In chapter 4, we have already discussed ALRSM in detail. Here we repeat the super-

potential governing the interactions of the superfields in ALRSM for easy reference:

W = λ1 (uucN c
E − ducEc − uhce+ dhcνe) + λ2 (udcE − ddcνE)

+ λ3 (hucec − hhcn) + λ4hd
cN c

L + λ5 (eecνE + EEcn− Eecνe − νEN c
En)

+ λ6 (νeN
c
LN

c
E − eEcN c

L) . (5.5)

We recall the following assignments of R-parity, baryon number (B) and lepton num-

ber (L) for the exotic fermions ensuring proton stability. The leptoquark h has the

assignments R = −1, B =
1

3
, L = 1. The leptons νE, E, and n have the assignments

R = −1, B = L = 0. For N c we have two possible assignments. If N c is assigned

R = −1 and B = L = 0 (demanding λ4 = λ6 = 0 in Eq. (5.5)), then νe is exactly

massless. Alternatively, if N c is assigned R = +1, B = 0, L = −1, then νe can

acquire a tiny mass via the seesaw mechanism.

In ALRSM there are two possible diagrams shown in Fig. 5.1, which can induce

new operators contributing to the decay B̄ → D(∗)τ ν̄. The effective Lagrangian corre-

sponding to these diagrams can be written as

Leff = −
3∑

j,k=1

V2k

[
λ5

33jλ
2∗
3kj

m2
Ẽj

c̄LbR τ̄RνL +
λ1

33jλ
1∗
3kj

m2
h̃j∗

c̄L(τ c)R (ν̄c)RbL

]
, (5.6)

where the superscripts correspond to the superpotential indices and the subscripts cor-

respond to the generation indices. The mass of slepton Ẽj (scalar leptoquark h̃j∗) is

denoted by mẼ(mh̃) and Vij is the ij-th element of the CKM matrix. The second term

in the right hand side of Eq. (5.6) can be Fiertz transformed to obtain

c̄L(τ c)R (ν̄c)RbL =
1

2
c̄Lγ

µbL τ̄LγµνL. (5.7)

The Wilson coefficients, defined in Eq. (5.4), are given by

Cτ
SL

=
1

2
√

2GFVcb

3∑
j,k=1

V2k

λ5
33jλ

2∗
3kj

m2
Ẽj

,

Cτ
VL

=
1

2
√

2GFVcb

3∑
j,k=1

V2k

λ1
33jλ

1∗
3kj

2m2
h̃j∗

, (5.8)
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where we assume that the neutrinos of tau flavor give the dominant contribution.

In what follows, we further assume that, in addition to the SM contribution only

one of the NP operators in Eq. (5.4) contributes dominantly. This simplifies the deter-

mination of the limits on the dominant Wilson coefficient from the experimental data

on RD(∗) .

Figure 5.1: Feynman diagrams for the decays B̄ → D(∗)τ ν̄ induced by the exchange of

scalar leptoquark (h̃∗) and slepton (Ẽ).

First, let us consider the case where Cτ
SL

gives the dominant contribution. This case

is similar to 2HDM of type-II or type-III with minimal flavor violation, and can not

explain both RD and RD∗ data simultaneously [267, 276]. This can be seen from Fig.

5.2. However, when Cτ
VL

gives the dominant contribution, we find an allowed region

which can explain both RD and RD∗ data as can be seen from Fig. 5.3, which shows

that
∣∣Cτ

VL

∣∣ > 0.08 can explain the current experimental data. Note that the Wilson

coefficients are computed at the electroweak scale by matching the NP theory with the

effective theory, followed by the running of the Wilson coefficients down to the scale

O(mb), governed by the RGEs. The Wilson coefficient Cτ
SL

has a non-trivial running,

while Cτ
VL

does not run under the RGEs. Since we are interested in the case where

Cτ
VL

contribution is dominant, RG running can be neglected. Furthermore, since the

theoretical uncertainties are sufficiently small compared to the experimental accuracy,

we will only consider the central values of the theoretical predictions in our analysis.

5.1.3 Constraints from B, D decays and D0 −D0 oscillations

Constraints from B → τν

The decayB+ → τ+ν can occur in the SM via s-channel annihilation to aW boson. In

ALRSM, the exchange of the scalar leptoquark h̃j∗ can induce the additional diagrams
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Figure 5.2: A plot showing the dependence of the observables RD(∗) on CτSL : red (blue)

curve corresponds to RD (RD∗) corresponding to CτSL , and the horizontal red (blue) band

corresponds to the experimentally allowed 1σ range. No common region exists forCτSL which

can simultaneously explain both RD and RD∗ data.

shown in Fig. 5.4. When the scalar leptoquark mass is much heavier compared to

the mass scale of the B meson, we can integrate out the heavy leptoquark degrees of

freedom to generate the effective four-fermion interaction ∼ q̄L(τ c)R (ν̄c)RbL. The

relevant effective Hamiltonian is given by

HNP
eff (bq̄ → τ ν̄) =

4GF√
2
Vqb C

qb
VL

(q̄Lγ
µbL)(τ̄LγµνL), (5.9)

where Vqb is the relevant CKM matrix element. The Wilson coefficient Cub
VL

can be

expressed in terms of the couplings λ′s as

Cub
VL

=
1

2
√

2GFVub

3∑
j,k=1

V1k

λ1
33jλ

1∗
3kj

2m2
h̃j∗

. (5.10)

For simplicity, we will neglect the subleading O(λ) terms and retain only the leading

CKM element V11 in further analysis. The decay B → τν is the only experimentally

measured purely leptonic mode of charged B± and the current experimental value for

the branching ratio of B → τν is (1.14 ± 0.27) × 10−4 [11]. The SM decay rate is

modified in presence of NP effects as
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Figure 5.3: A plot showing the dependence of the observables RD(∗) on CτVL : red (blue)

curve corresponds to RD (RD∗) corresponding to CτVL , and the horizontal red (blue) band

corresponds to the experimentally allowed 1σ range. CτVL can simultaneously explain both

RD and RD∗ data.

Figure 5.4: Feynman diagram for the decay B → τν induced by the exchange of the

scalar leptoquark h̃j∗.

dΓ

dq2
(B → τν) =

G2
F |Vub|2
8π

mBf
2
Bm

2
τ ×

(
1− m2

τ

m2
B

)2

|1 + Cub
VL
|2, (5.11)

where mB is the mass of B±. The decay constant fB parametrizes the matrix element

of the corresponding current as

〈0|b̄LγµqL|Bq(pB)〉 = pµBfB, (5.12)
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where pB is the four-momentum of the B± meson.

For the CKM matrix elements, the lifetimes, particle masses and decay constants

fB, fDs , fD+ we use the current PDG values [11]. For simplicity, we assume the

couplings to be real in the rest of this chapter. The relevant constraints on the product

of the couplings λ33jλ31j can be numerically expressed as

λ33jλ31j ≤ 0.04
( mh̃j∗

1000 GeV

)2

. (5.13)

Constraints from D+
s → τν and D+ → τν

The measured branching ratios of the purely leptonic decays D+
s → τν and D+ → τν

can give constraints on the couplings (λ32j)
2 and λ32jλ31j , respectively, in ALRSM.

The Feynman diagrams inducing the decays D+
s → τν and D+ → τν in ALRSM

are shown in Fig. 5.5. Integrating out the heavy degrees of freedom we obtain the

following non-standard effective Hamiltonian

HNP
eff (cq̄ → τ ν̄) =

4GF√
2
Vcq C

cq
VL

(q̄Lγ
µcL)(ν̄LγµτL) (5.14)

where q = s, d for D+
s and D+, respectively. The Wilson coefficient Ccq

VL
parameteriz-

ing the NP effects in ALRSM is given by

Ccq
VL

=
1

2
√

2GFVcq

3∑
j,k=1

Vkq
λ1

32jλ
1∗
3kj

2m2
h̃j∗

. (5.15)

We keep only the leading term Vcs for D+
s decay and Vud for D+ decay, respectively

Figure 5.5: Feynman diagram for the decay D+
s → τν induced by scalar leptoquarks.

The diagram for the decay D+ → τν can be obtained by replacing the s quark by a d quark.

and neglect the next leading order Cabibbo suppressed O(λ) terms. In ALRSM the
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scalar leptoquark induced contribution modifies the SM decay rate as [287, 288]

dΓ

dq2
(D+

q → τν) =
G2
F |Vcq|2
8π

mDqf
2
Dqm

2
τ ×

(
1− m2

τ

m2
Dq

)2

|1 + Ccq
VL
|2, (5.16)

where mDq is the mass of charm mesons D+
s and D+ for q = s, d, respectively; Vcq is

the corresponding CKM element; and fDq is the decay constant.

Now, assuming that only one combination of the product of scalar leptoquark cou-

plings is nonzero at a time, we obtain upper bounds on (λ1
32j)

2 and λ1
32jλ

1∗
31j , given

by

λ2
32j ≤ 0.85

( mh̃j∗

1000 GeV

)2

,

λ32jλ31j ≤ 3.12
( mh̃j∗

1000 GeV

)2

. (5.17)

Constraints from D0 − D̄0 mixing

The D0 − D̄0 mixing is described by a ∆C = 2 effective Hamiltonian which in-

duces off-diagonal terms in the mass matrix for neutral D meson pair and is often

parametrized in terms of the experimental observables

xD ≡
∆MD

ΓD
and yD ≡

∆ΓD
2ΓD

. (5.18)

Here ∆MD and ∆ΓD corresponds to the mass and width splittings between the mass

eigenstates of the D0 − D̄0 systems respectively and ΓD is the average width. The

observables xD and yD can be expressed in terms of the mixing matrix as

xD =
1

2MDΓD
Re

[
2〈D̄0|H |∆C|=2|D0〉+ 〈D̄0|i

∫
d4x T{H|∆C|=1

w (x)H|∆C|=1
w (0)}|D0〉

]
,

yD =
1

2MDΓD
Im〈D̄0|i

∫
d4x T{H|∆C|=1

w (x)H|∆C|=1
w (0)}|D0〉, (5.19)

where T denotes the time ordered product andH|∆C|=1
w (x) is the Hamiltonian describ-

ing the |∆C| = 1 transitions. The current measured values of xD and yD reported by

the HFAG Collaboration are [289]

xD = 0.49+0.14
−0.15 × 10−2,

yD = (0.61± 0.08)× 10−2, (5.20)

For a review of D0− D̄0 mixing in the context of several NP models see, for example,
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Figure 5.6: Feynman diagrams inducing D0 − D̄0 mixing in ALRSM.

Ref. [290]. The Feynman diagrams contributing toD0−D̄0 mixing in the ALRSM are

shown in Fig. 5.6. The constraints obtained fromD0−D̄0 mixing are tighter than those

obtained from the measured branching ratio (BR) of the decay process D+ → τν.

These diagrams are quite similar to the diagrams in the case of R-parity violating

SUSY models [290, 291]. The effective Hamiltonian is given by

Heff =
1

128π2
(λ32jλ31j)

2

(
1

m2
τ̃

+
1

m2
h̃j∗

)
(c̄Lγ

µuL)(c̄LγµuL). (5.21)

Taking mh̃j∗ ' mτ̃ , we obtain the constraints on the couplings, given by [290, 291]

λ32jλ31j ≤ 0.17

√
xexpt
D

( mh̃j∗

1000 GeV

)
. (5.22)

5.1.4 λ33j-λ32j parameter space explaining both RD∗ and RD data

In Fig. 5.7, we plot the parameter space of the couplings λ33j and λ32j (for mh̃j∗ =

1000 GeV) that can explain both RD and RD∗ data. We use the decay D+
s → τ+ν̄,

to constrain the upper limit of the coupling λ32j , the D0 − D̄0 mixing to constrain

the upper limit of the product of couplings λ32jλ31j , and the decay B+ → τ+ν̄ to

constrain the upper limit of λ33jλ31j . Note that, the latter two constraints have λ31j

as a common free parameter. The blue shaded rectangles in Fig. 5.7 correspond to

the allowed regions of the λ33j-λ32j parameter space from the above constraints for

different values of λ31j marked on top of the corresponding allowed upper boundary

shown in dashed lines. The deep blue band corresponds to the allowed parameter space

of λ33j-λ32j explaining the R(D) data and the orange band corresponds to the allowed

parameter space of λ33j-λ32j explaining both RD and RD∗ data simultaneously.
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Figure 5.7: The parameter space of λ33j-λ32j explaining the experimental data on

R(D(∗)) for mh̃j∗ = 1000 GeV. The deep blue band corresponds to the allowed parameter

space from RD data, and the orange band shows the allowed parameter space explaining both

RD∗ and RD data simultaneously. The light blue shaded rectangles correspond to λ33j-λ32j

parameter space for different values of λ31j (marked on top of the allowed upper boundary

shown in dashed lines) allowed by the current measurement of the decay rates of B → τν,

Ds → τν, D+ → τν, and D − D̄ mixing.

Note that the list of constraints used in this parameter space analysis is far from

exhaustive and many other leptonic and semileptonic decay modes can also give inde-

pendent constrains. For example, the decay process τ+ → π+ν can give a constraint

on λ31j , which we find to be consistent with the values used for the parameter space

analysis here. Another example would be the semileptonic decay t→ bτν, which can

give a constraint on λ33j which is again consistent with the values used in the above

parameter space analysis. Interestingly, the effective NP operators in ALRSM, which

explain the RD∗ and RD data, can also induce processes like b → sνν̄ [292, 293],

which can be probed at future experiments.

5.2 Explaining RD(∗), RK and (g − 2)µ anomalies in the

Neutral Left-Right Symmetric Model

In this section, we discuss possible explanation of RD(∗) , RK and (g − 2)µ anomalies

within the framework of one of the low energy subgroups of E6 discussed in section
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4.1.3 [294]. In this subgroup the residual SU(2)R does not contribute to the elec-

tric charge [247] and hence we will call this model the “Neutral” Left-Right Sym-

metric Model (NLRSM). In NLRSM it is possible to enhance both B̄ → Dτν̄ and

B̄ → D(∗)τ ν̄ via the exchange of scalar leptoquarks in a similar manner as ALRSM.

The RK anomaly can also be explained in NLRSM through one loop diagrams in-

duced by scalar leptoquarks. Furthermore, NLRSM has the feature of explaining the

anomalous muon magnetic moment without utilizing a nonzero right handed coupling

of leptoquarks.

We have already discussed NLRSM in detail in section 4.1.3. Here we rewrite the

superpotential for easy reference 1

W = λ1 (νeN
c
LN

c
E + eEcN c

L + νEN
c
En+ EEcn)

+ λ2 (dcN c
Lh+ hhcn) + λ3ucech+ λ4 (uucN c

E + ucdEc)

+ λ5 (νee
cE + eecνE) + λ6 (udcE + ddcνE + uhce+ dhcνe) . (5.23)

We recall that the leptoquark h has the baryon and lepton number assignmentsB = 1/3

and L = 1, while the exotic fields νE, E and n have the baryon and lepton number

assignments B = L = 0 and N c has B = 0, L = −1. We also recall that the

gauge couplings of WN and ZN to the fermions can also induce FCNC processes like

B0− B̄0, K0− K̄0 mixings and lepton flavor violating (LFV) decays such as h→ τµ,

µ → eγ. In what follows we assume that the dominant FCNC and LFV contributions

come from scalar leptoquark induced processes. Note that, the Alternative Left-Right

Symmetric Model [219] and variants of U(1)N model [257] have leptoquark couplings

somewhat similar to this model, and the following analysis can be adopted for those

cases in a straightforward manner.

5.2.1 Explaining RD(∗) anomalies in NLRSM

Similar to the ALRSM case, in NLRSM also the scalar leptoquark (h̃∗) and slepton

(Ẽ) can mediate the semileptonic decays B̄ → D(∗)τ ν̄ at the tree level. The effective

1Note that we have made the superpotential coupling indices as superscripts for convenience.
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Lagrangian in NLRSM is given by

Leff =
3∑

i,k=1

V2i

[
λ5

33kλ
6∗
i3k

m2
Ẽk

c̄LbR τ̄RνL +
λ6

33kλ
6∗
i3k

m2
h̃k∗

c̄L(τ c)R (ν̄c)RbL

]
, (5.24)

where the generation indices are explicitly written as subscripts. Here mh̃ and mẼ are

the masses of scalar leptoquark h̃k∗ and slepton Ẽk, respectively, and Vij is the ij-th

element of the CKM matrix. The Wilson coefficients are given by

Cτ
SL

= − 1

2
√

2GFVcb

3∑
i,k=1

V2i
λ5

33kλ
6∗
i3k

m2
Ẽk

,

Cτ
VL

= − 1

2
√

2GFVcb

3∑
i,k=1

V2i
λ6

33kλ
6∗
i3k

2m2
h̃k∗

. (5.25)

Closely following the ALRSM case discussed in the previous section, the leptonic

decay modes B → τν, D+
s → τν, D+ → τν and D0 − D̄0 mixing can be used to

derive constraints on the couplings. Assuming the couplings to be real, we can use the

decay process B → τν to obtain constraint on the product of couplings λ6
33kλ

6∗
13k

−0.04
( mh̃k∗

1000 GeV

)2

≤ λ6
33kλ

6
13k ≤ 0.03

( mh̃k∗

1000 GeV

)2

. (5.26)

From the decay D+
s → τν we obtain the constraint

(λ6
23k)

2 ≤ 1.9
( mh̃k∗

1000 GeV

)2

. (5.27)

The D0 − D̄0 mixing gives the constraint on the product of couplings λ6
23kλ

6
13k

−0.012
( mh̃k∗

1000 GeV

)
≤ λ6

23kλ
6
13k ≤ 0.012

( mh̃k∗

1000 GeV

)
. (5.28)

Fig. 5.8 shows the parameter space of the couplings λ6
33k and λ6

23k (for mh̃k∗ =

750 GeV) compatible with both RD and RD∗ data. The shaded (light gray) rectangles

with dashed boundaries correspond to the allowed λ6
33k-λ

6
23k parameter space from the

decays B → τν, D+
s → τν and D0 − D̄0 mixing for different values of λ6

13k. The

(deep) blue bands shows the (1σ)2σ allowed band compatible with the RD data and

the (deep) pink bands shows the allowed band compatible with both RD and RD∗ data

simultaneously.
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Figure 5.8: λ6
33k−λ6

23k parameter space compatible withRD(∗) data and constraints from

B → τν, D+
s → τν and D0 − D̄0 mixing.

5.2.2 ExplainingRK anomaly and constraints fromB0
s−B

0
s mixing

The lepton non-universality in the ratio RK has been discussed in Refs. [295, 296]

in a model independent way. A good fit to the experimental data is obtained when

[295, 296]

−1.5 . Cµ
LL . −0.7 ,

−1.9 . Cµ
LL − Cµ

LR . 0. (5.29)

In Ref. [297] it was first pointed out that one-loop box diagrams, induced by scalar

leptoquarks can explain the RK data. In NLRSM, the transition b → s`` can occur at

the one-loop level via the exchange of scalar and fermionic leptoquarks 2 as shown in

Fig. 5.9. The γ- and Z-penguin diagrams give a vanishing contribution.

In the limit m2
h̃,h
� m2

W,t, the contribution to Cµ
LL from box diagrams induced by

2 Note that the charginos and neutralinos can also induce new contributions. However, they give a

subdominant contribution compared to the leptoquarks.
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b

µ h̃

u ν

s

µ

W

b

s µ

µ

h̃

h̃

uν

b sν

γ/Z µ−

µ+

h̃

Figure 5.9: Representative diagrams for b→ s`` transition.

the scalar and fermionic leptoquark is given by

Cµ
LL =

λ6
32kλ

6∗
32k

8παe

(
mt

mh̃j

)2

−
λ6

3jkλ
6∗
2jlλ

6
i2kλ

6∗
i2l

32
√

2GF VtbV ∗tsπαem
2
h̃

−
λ6

3jkλ
6∗
2jlλ

6
i2kλ

6∗
i2l

32
√

2GF VtbV ∗tsπαem
2
h

g

(
m2
ũi

m2
h

, 1,
m2
ν̃j

m2
h

)
, (5.30)

where the loop function g(x, y, z) is defined as

g(x, y, z) =
x2 log x

(x− 1)(x− y)(x− z)
+ (cycl. perm.).

We note that Cµ
LL depends on the product of couplings λ6

3jkλ
6∗
2jk, and λ6∗

i2kλ
6
i2l. The

latter can be constrained from the measurement of the decay rate for Z → µµ̄. For a

TeV scale leptoquark, the couplings can be as large as ∼ O(1) [297]. The product of

couplings λ6
3jkλ

6∗
2jk also appears in Bs − B̄s mixing amplitude. Thus the experimen-

tal measurement of Bs − B̄s mixing amplitude can be used to obtain constraints on

λ6
3jkλ

6∗
2jk. The constraints on λ6

3jkλ
6∗
2jk from Bs − B̄s mixing (using the latest UTfit

Collaboration values) in NLRSM turns out to be consistent with the value required to

explain the RK data [294]. In NLRSM, the leptoquark induced new contribution to

C7γ also turns out to be too small to have any interesting effects.

5.2.3 Explaining anomalous muon magnetic moment

In the SM the muon anomalous magnetic moment suffers from a chiral suppression

due to a small muon mass, aµ ∼ m2
µ/m

2
W . In NLRSM, leptoquark can induce a

new contribution to the anomalous magnetic moment of the muon. However, such a

contribution is not sufficient to explain the experimental deviation. A nonzero right

handed coupling of the leptoquark can be utilized to enhance the leptoquark contribu-

tion significantly [297]. In NLRSM, one can explain the experimental data through a
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dominant contribution from λ5 terms in Eq. (5.23), without invoking a nonzero right

handed coupling of the leptoquark. The new contribution to the muon anomalous mag-

netic moment coming from the λ5
ijk terms in Eq. (5.23) is given by

δaµ(λ5) =
m2
µ

16π2

[
|λi2k|2F (ek, ν̃Ei)− |λi2k|2F (ẽk, νEi)

+|λij2|2F (ej, ν̃Ei)− |λij2|2F (ẽj, νEi)

+|λij2|2F (Ej, ν̃ei)− |λij2|2F (Ẽj, νei)
]
, (5.31)

where F (a, b) is given by

F (a, b) =

∫ 1

0

dx
x2 − x3

m2
µx

2 + (m2
a −m2

µ)x+m2
b(1− x)

. (5.32)

The current experimental data can be explained with less than order unity values of the

couplings for a hierarchy between charged and neutral sleptons, for example taking

mẼ,ẽ ∼ 700 GeV and mν̃E ,ν̃e ∼ 250 GeV.

5.3 Summary of the chapter

In conclusion, we have discussed the low energy subgroups of E6 in the context of

current flavor anomalies. The current experimental data for both RD and RD∗ can

be simultaneously explained in ALRSM and NLRSM, while satisfying the constraints

from the leptonic decays D+
s → τ+ν̄, B+ → τ+ν̄, D+ → τ+ν̄ and D0 − D̄0 mixing.

We have also discussed how the B-decay anomalies in RD(∗) and RK data can be

addressed together with the anomalous muon magnetic moment in NLRSM.



Chapter 6

Addressing the LHC excesses,

baryogenesis and neutrino masses in

E6 motivated U(1)N model

One of the simplest and well motivated extensions of the Standard Model (SM) gauge

group SU(3)c × SU(2)L × U(1)Y is the U(1)N extension of the supersymmetric SM

motivated by the superstring theory inspired E6 model. This model, realizing the im-

plementation of supersymmetry and the extension of the SM gauge group to a larger

symmetry group, offers an attractive possibility of TeV-scale physics beyond the SM,

testable at the LHC. On the other hand, small neutrino masses explaining the solar and

atmospheric neutrino oscillations data and a mechanism for generating the observed

baryon asymmetry of the universe can be naturally accommodated in this model.

The presence of new exotic fields in addition to the SM fields and new interactions

involving the new gauge boson Z ′ provides a framework to explore the associated

rich phenomenology which can be tested at the LHC. To this end, we must mention

the CMS excesses in the searches for the right-handed gauge boson WR at a center

of mass energy of
√
s = 8 TeV and 19.7fb−1 of integrated luminosity [166] and di-

leptoquark production at a center of mass energy of
√
s = 8 TeV and 19.6fb−1 of

integrated luminosity [167].

In this chapter, we discuss the E6 motivated U(1)N extension of the supersym-

metric SM gauge group to explain the excess CMS events, neutrino masses, and the

baryon asymmetry of the universe via baryogenesis (leptogenesis) [257]. To this end,

143
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we impose discrete symmetries to the above gauge group which ensures proton stabil-

ity, forbids the tree level flavor changing neutral current (FCNC) processes and dictates

the form of the neutrino mass matrix in the variants of the U(1)N model. We find that

all the variants can explain the excess CMS events via the exotic slepton decay, while

for a standard choice of the discrete symmetry some of them have the feature of al-

lowing high scale baryogenesis (via leptogenesis) via the decay of a heavy Majorana

baryon (lepton) and some are not consistent with such mechanisms. We have pointed

out the possibility of the three body decay induced soft baryogenesis mechanism which

can induce baryon number violating neutron-antineutron (n − n̄) oscillations [46] in

one such variant. On the other hand, we have also explored a new discrete symmetry

for these variants which has the feature of ensuring proton stability and forbidding tree

level FCNC processes while allowing for the possibilities of high scale leptogenesis

through the decay of a heavy Majorana lepton. We also comment on the more recent

ATLAS and CMS diboson and dijet excesses in the context of U(1)N model and other

alternatives that can address these excesses. In light of the hints from short-baseline

neutrino experiments [298–306] for the existence of one or more light sterile neutri-

nos which can interact only via mixing with the active neutrinos, we have explored

the neutrino mass matrix of the U(1)N model variants which naturally contain three

active and two sterile neutrinos [307, 308]. These neutrinos acquire masses through

their mixing with extra neutral fermions giving rise to interesting textures for neutrino

masses governed by the field assignments and the imposed discrete symmetries.

6.1 U(1)N extension of supersymmetric Standard Model

In the heterotic superstring theory with E8 × E ′8 gauge group the compactification on

a Calabi-Yau manifold leads to the breaking of E8 to SU(3) × E6 [232, 233]. The

flux breaking of E6 can result in different low-energy effective subgroups of rank-5

and rank-6. One such possibility is realized in the U(1)N model. The rank-6 group

E6 can be broken down to low-energy gauge groups of rank-5 or rank-6 with one or

two additional U(1) in addition to the SM gauge group. For example E6 contains the

subgroup SO(10) × U(1)ψ while SO(10) contains the subgroup SU(5) × U(1)χ. In
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fact some mechanisms can break the E6 group directly into the rank-6 gauge scheme

E6 → SU(3)C × SU(2)L × U(1)Y × U(1)ψ × U(1)χ. (6.1)

These rank - 6 schemes can further be reduced to rank - 5 gauge group with only one

additional U(1) which is a linear combination of U(1)ψ and U(1)χ

Qα = Qψ cosα +Qχ sinα, (6.2)

where

Qψ =

√
3

2
(YL − YR), Qχ =

√
1

10
(5T3R − 3Y ). (6.3)

For a particular choice of tanα =

√
1

15
the right-handed counterpart of the neutrino

superfield (N c) can transform trivially under the gauge group and the corresponding

U(1) gauge extension to the SM is denoted as U(1)N . The trivial transformation of N c

can allow a large Majorana mass ofN c in the U(1)N model thus providing an attractive

possibility of baryogenesis (via leptogenesis).

Let us consider one of the maximal subgroups of E6 given by SU(3)C×SU(3)L×
SU(3)R. The fundamental 27 representation of E6 under this subgroup is given by

27 = (3, 3, 1) + (3∗, 1, 3∗) + (1, 3∗, 3) (6.4)

The matter superfields of the first family are assigned as:
u

d

h

+
(
uc dc hc

)
+


Ec ν νE

N c
E e E

ec N c n

 , (6.5)

where SU(3)L operates vertically and SU(3)R operates horizontally. Now if the SU(3)L

gets broken to SU(2)L×U(1)YL and the SU(3)R gets broken to U(1)T3R×U(1)YR via

the flux mechanism then the resulting gauge symmetry is given by SU(3)C×SU(2)L×
U(1)Y × U(1)N , where the U(1)N charge assignment is given by

QN =

√
1

40
(6YL + T3R − 9YR), (6.6)

and the electric charge is given by

Q = T3L + Y, Y = YL + T3R + YR. (6.7)
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SU(3)c SU(2)L YL T3R YR U(1)Y U(1)N

Q 3 2
1

6
0 0

1

6

1√
40

uc 3∗ 1 0 −1

2
−1

6
−2

3

1√
40

dc 3∗ 1 0
1

2
−1

6

1

3

2√
40

L 1 2 −1

6
0 −1

3
−1

2

2√
40

ec 1 1
1

3

1

2

1

6
1

1√
40

h 3 1 −1

3
0 0 −1

3
− 2√

40

hc 3∗ 1 0 0
1

3

1

3
− 3√

40

X 1 2 −1

6
−1

2

1

6
−1

2
− 3√

40

Xc 1 2 −1

6

1

2

1

6

1

2
− 2√

40

n 1 1
1

3
0 −1

3
0

5√
40

N c 1 1
1

3
−1

2

1

6
0 0

Table 6.1: Transformations of the various superfields of the 27 representation under

SU(3)C × SU(2)L × U(1)Y × U(1)N .

The transformations of the various superfields of the fundamental 27 representation of

E6 under SU(3)C ×SU(2)L×U(1)Y ×U(1)N and the corresponding assignments of

YL, T3R and YR are listed in Table 6.1, where Q = (u, d), L = (νe, e), X = (νE, E)

and Xc = (Ec, N c
E).

6.2 Discrete symmetries and variants of U(1)N model

The presence of the extra particles in this model can have interesting phenomenologi-

cal consequences. However, they can also cause serious problems regarding fast proton

decay, tree level flavor changing neutral current (FCNC) and neutrino masses. Consid-

ering the decomposition of 27×27×27 there are eleven possible superpotential terms.
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The most general superpotential can be written as

W = W0 +W1 +W2,

W0 = λ1Qu
cXc + λ2Qd

cX + λ3Le
cX +

λ4Shh
c + λ5SXX

c + λ6LN
cXc + λ7d

cN ch,

W1 = λ8QQh+ λ9u
cdchc,

W2 = λ10QLh
c + λ11u

cech. (6.8)

The first five terms of W0 give masses to the usual SM particles and the new heavy

particles h, hc, X and Xc. The last term of W0 i.e. LN cXc can generate a non zero

Dirac neutrino mass and in some scenarios it is desirable to have the coupling λ6 very

small or vanishing, so that the three neutrinos pick up small masses. Now the remain-

ing five terms corresponding to W1 and W2 cannot all be there together as that would

induce rapid proton decay. Imposition of a discrete symmetry can forbid such terms

and give a sufficiently long lived proton [309]. We will impose a ZB
2 × ZH

2 discrete

symmetry, where the first ZB
2 = (−1)3B prevents rapid proton decay and the second

discrete symmetry ZH distinguishes between the Higgs and matter supermultiplets and

suppress the tree level FCNC processes.

Under ZB
2 = (−1)3B we have

Q, uc, dc : −1; L, ec, X,Xc, S : +1, (6.9)

now depending on the assignments of h, hc and N c one can have different variants of

the model. Such different possibilities are listed in Table 6.2.

In the models where h, hc are even under ZB
2 the superfields h(B = −2/3) and

hc(B = 2/3) are diquarks while for the rest h(B = 1/3, L = 1) and hc(B =

−1/3, L = −1) are leptoquarks. N c with the assignment ZB
2 = −1 are baryons

and the assignment ZB
2 = +1 are leptons. In addition to the trilinear terms listed in

Table 6.2 there can be bilinear terms such as LXc and N cN c. The former can give rise

to nonzero neutrino mass and the latter can give heavy Majorana baryon (lepton) N c

mass. Model 1 is similar to model 5 of Ref. [310] and model A of Ref. [311]. Model

2 is same as model B of Ref. [311]. Model 8 is quite different from the ones that have

been discussed in connection with leptogenesis in the literature (e.g. [256]). Here the
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Model h, hc N c Allowed trilinear terms

1 +1 -1 W0 (λ6 = 0), W1

2 +1 -1 for N c
1,2, +1 for N c

3 W0 (λ6 = 0 for N c
1,2, λ7 = 0 for N c

3), W1

3 -1 +1 W0, W2

4 -1 +1 for N c
1,2, -1 for N c

3 W0 (λ6 = λ7 = 0 for N c
3), W2

5 +1 +1 for N c
1,2, -1 for N c

3 W0 (λ6 = 0 for N c
3 , λ7 = 0 for N c

1,2), W1

6 +1 +1 W0 (λ7 = 0), W1

7 -1 -1 W0 (λ6 = λ7 = 0), W2

8 -1 -1 for N c
1,2, +1 for N c

3 W0 (λ6 = λ7 = 0 for N c
1,2), W2

Table 6.2: Possible transformations of h, hc and N c under ZB2 and the allowed superpo-

tential terms.

matter superfields X,Xc carry non zero B − L quantum numbers and the tree level

FCNC processes are forbidden.

6.2.1 Model 1

In this model we take the second discrete symmetry ZH
2 to be ZL

2 = (−1)L following

Ref. [311] and it is imposed as follows

L, ec, X1,2, X
c
1,2, S1,2 : −1

Q, uc, dc, N c, h, hc, S3, X3, X
c
3 : +1. (6.10)
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The neutral Higgs superfields S3, X3 and Xc
3 have zero lepton numbers and can pick

up vacuum expectation values (VEVs) while the presence of the bilinear terms LXc
1,2

imply that Xc
1,2 have L = −1 and X1,2 have L = 1. In this model N c is a baryon with

B = 1 and it acquires a Majorana mass from the bilinear term mN cN c. The complete

superpotential of model 1 is given by

W = λij1 Qju
c
iX

c
3 + λij2 Qjd

c
iX3 + λ3Lje

c
iX3 + λij4 S3hih

c
j

+ λ3ab
5 S3XaX

c
b + λa3b

5 SaX3X
c
b + λab35 SaXbX

c
3

+ λ333
5 S3X3X

c
3 + λijk7 dcihjN

c
k + µiaLiX

c
a

+ mij
NN

c
iN

c
j +W1, (6.11)

where i, j, k are flavor indices which run over all 3 flavors and a, b = 1, 2 1. The

form of the superpotential clearly shows that the up-type quarks couple to Xc
3 only

while the down-type quarks and the charged leptons couple to X3 only, resulting in the

suppression of the FCNC processes at the tree level.

6.2.2 Model 2

Here the second discrete symmetry ZL
2 is imposed as follows

L, ec, X1,2, X
c
1,2, S1,2, N

c
3 : −1

Q, uc, dc, N c
1,2, h, h

c, S3, X3, X
c
3 : +1. (6.12)

In this model N c
1,2 are baryons with B = 1 but N c

3 is a lepton and can give mass to one

of the neutrinos via the term LN c
3X

c
3. The complete superpotential of model 2 is given

by

W = λij1 Qju
c
iX

c
3 + λij2 Qjd

c
iX3 + λ3Lje

c
iX3 + λij4 S3hih

c
j

+ λ3ab
5 S3XaX

c
b + λa3b

5 SaX3X
c
b + λab35 SaXbX

c
3

+ λ333
5 S3X3X

c
3 + λi6LiN

c
3X

c
3 + λija7 dcihjN

c
a + µiaLiX

c
a

+ mab
NN

c
aN

c
b +m33

NN
c
3N

c
3 +W1. (6.13)

1We will use this notation hereafter in this chapter. The indices i, j, k run over 1,2,3, while the

indices a, b run over 1,2.
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6.2.3 Model 3

The second discrete symmetry ZH
2 = ZL

2 = (−1)L is imposed as follows

L, ec, X1,2, X
c
1,2, S1,2, N

c, h, hc : −1

Q, uc, dc, S3, X3, X
c
3 : +1. (6.14)

In this model all the N cs are leptons. The complete superpotential of model 4 is given

by

W = λij1 Qju
c
iX

c
3 + λij2 Qjd

c
iX3 + λ3Lje

c
iX3 + λij4 S3hih

c
j

+ λ3ab
5 S3XaX

c
b + λa3b

5 SaX3X
c
b + λab35 SaXbX

c
3

+ λ333
5 S3X3X

c
3 + λij36 LiN

c
jX

c
3 + λijk7 dcihjN

c
k

+ µiaLiX
c
a +mij

NN
c
iN

c
j +W2. (6.15)

6.2.4 Model 4

Here the second discrete symmetry ZH
2 is again chosen to be (−1)L and it is imposed

as follows

L, ec, X1,2, X
c
1,2, S1,2, N

c
1,2, h, h

c : −1

Q, uc, dc, N c
3 , S3, X3, X

c
3 : +1. (6.16)

N c
1,2 are leptons whileN c

3 is a baryon. The complete superpotential of model 2 is given

by

W = λij1 Qju
c
iX

c
3 + λij2 Qjd

c
iX3 + λ3Lje

c
iX3 + λij4 S3hih

c
j

+ λ3ab
5 S3XaX

c
b + λa3b

5 SaX3X
c
b + λab35 SaXbX

c
3

+ λ333
5 S3X3X

c
3 + λia3

6 LiN
c
aX

c
3 + λija7 dcihjN

c
a

+ µiaLiX
c
a +mab

NN
c
aN

c
b +m33

NN
c
3N

c
3 +W2. (6.17)
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6.2.5 Model 5 and 6

In model 5 if we choose the second discrete symmetry ZH
2 to be ZL

2 = (−1)L and it is

imposed as follows

L, ec, X1,2, X
c
1,2, S1,2, N

c
1,2 : −1

Q, uc, dc, N c
3 , h, h

c, S3, X3, X
c
3 : +1, (6.18)

which forbids the terms λ6LiN
c
aX

c
b (λ7 is already vanishing for N c

1,2 from the impo-

sition of the first discrete symmetry ZB
2 ) and thus the possibility of high scale baryo-

genesis (via leptogenesis) through the decay of Majorana N c gets ruled out. However

there can be soft baryogenesis through three body decays which can induce n − n̄

oscillations. We will elaborate on this in Section 6.5. With the above choice of the

second discrete symmetry given in Eq. (6.18) the complete superpotential for model 5

is given by

W = λij1 Qju
c
iX

c
3 + λij2 Qjd

c
iX3 + λ3Lje

c
iX3 + λij4 S3hih

c
j

+ λ3ab
5 S3XaX

c
b + λa3b

5 SaX3X
c
b + λab35 SaXbX

c
3

+ λ333
5 S3X3X

c
3 + λia6 LiN

c
aX

c
3 + λij37 dcihjN

c
3 + µiaLiX

c
a

+ mab
NN

c
aN

c
b +m33

NN
c
3N

c
3 +W1. (6.19)

We find that in this model it is possible to allow high scale leptogenesis through

the decay of Majorana N c by a clever choice of the second discrete symmetry such

that it can distinguish between the matter and Higgs superfields and also suppress the

unwanted FCNC processes at the tree level. One such choice can be ZE
2 which is

associated with most of the exotic states. We define the transformation properties of

the various superfields under ZH
2 = ZE

2 as follows

X1,2, X
c
1,2, S1,2, N

c : −1

L, ec, Q, uc, dc, h, hc, S3, X3, X
c
3 : +1, (6.20)

Thus for this choice also X3, X
c
3 and S3 are the Higgs superfields that acquire VEVs.

Since up-type quarks couple toXc
3 only and down-type quarks and charged SM leptons

couple to only X3 the FCNC processes at the tree level are suppressed. The complete
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superpotential of model 5 with the assignments in Eq. (6.20) reduces to

W ′ = λij1 Qju
c
iX

c
3 + λij2 Qjd

c
iX3 + λ3Lje

c
iX3 + λij4 S3hih

c
j

+ λ3ab
5 S3XaX

c
b + λa3b

5 SaX3X
c
b + λab35 SaXbX

c
3

+ λ333
5 S3X3X

c
3 + λiab6 LiN

c
aX

c
b

+ mab
NN

c
aN

c
b +m33

NN
c
3N

c
3 +W1. (6.21)

In model 6 also, the similar assignments for the superfields as given in Eq. (6.20)

holds good and the complete superpotential is similar to Eq. (6.21) except the λ6 term

which now reads λija6 LiN
c
jX

c
a.

6.2.6 Model 7 and 8

Taking the second discrete symmetry to be ZH
2 = (−1)L the superfields have the

assigments

L, ec, X1,2, X
c
1,2, S1,2, h, h

c : −1

Q, uc, dc, N c, S3, X3, X
c
3 : +1. (6.22)

In this model all the N cs are baryons. The complete superpotential of model 7 is given

by

W = λij1 Qju
c
iX

c
3 + λij2 Qjd

c
iX3 + λ3Lje

c
iX3 + λij4 S3hih

c
j

+ λ3ab
5 S3XaX

c
b + λa3b

5 SaX3X
c
b + λab35 SaXbX

c
3

+ λ333
5 S3X3X

c
3 + µiaLiX

c
a +mij

NN
c
iN

c
j +W2. (6.23)

Note that the λ6 and λ7 terms which are essential for baryogenesis through N c decay

(as discussed in Section 6.5) are forbidden by the ZB
2 symmetry irrespective of what

ZH
2 one chooses. For model 8 also one can write down the superfield transformations

and the superpotential. In this case the mass term for N c is given by mab
NN

c
aN

c
b +

m33
NN

c
3N

c
3 and the terms λi33

6 LiN
c
3X

c
3, λij37 dcihjN

c
3 are present in addition to the terms

given in Eq. (6.23).
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6.3 Explaining the CMS eejj (and e/pT jj) excess(es)

An inspection of Table 6.2 and the corresponding allowed superpotential terms reveals

that all the models listed there contain the terms λ2Qid
c
jX3 and λ3Lie

c
jX3 in the su-

perpotential (Ñ c
E and ν̃E acquires VEVs and SU(2)× U(1)Y gets broken to U(1)EM)

and can give rise to an eejj signal from the exotic slepton Ẽ decay. Ẽ can be reso-

nantly produced in pp collisions, and then subsequently it decays to a charged lepton

and neutrino, followed by interactions of the neutrino producing an eejj signal. The

process leading to eejj signal is given in Fig. 6.1.

Figure 6.1: Feynman diagram for a single exotic particle Ẽ production leading to eejj

signal.

The models where h and hc are leptoquarks (Models 3, 4, 7 and 8 in Table 6.2) can

produce both eejj and e/pT jj signals from the decay of scalar superpartner(s) of the

exotic particle(s). Both events can be produced in the above scenarios via (i) resonant

production of the exotic slepton Ẽ (ii) and pair production of scalar leptoquarks h̃. The

processes involving exotic slepton decay leading to both eejj and e/pT jj signals are

given in Fig. 6.2. The superpotential terms involved in these processes are λ10QLh
c

and λ11u
cech in addition the two terms responsible for the first signal. The partonic

Figure 6.2: Feynman diagram for exotic slepton Ẽ production leading to both eejj and

e/pT jj signal
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cross section of slepton production is given by [249]

σ̂ =
π

12ŝ
|λ2|2 δ(1−

m2
Ẽ

ŝ
), (6.24)

where ŝ is the partonic center of mass energy, and mẼ is the mass of the resonant

slepton. The total cross section is approximated to be [249]

σ (pp→ eejj) ∝ |λ2|2
m3
Ẽ

× β1 (6.25)

and

σ
(
pp→ e/pT jj

)
∝ |λ2|2

m3
Ẽ

× β2, (6.26)

where β1 is the branching fraction for the decay of Ẽ to eejj and β2 is the branching

fraction for the decay to e/pT jj. Choosing β1,2 and the coupling λ2 the cross section

for the processes can be calculated as a function of the exotic slepton mass. Bounds

for the value of the mass of the exotic slepton can be obtained by matching the theoret-

ically calculated excess events with the ones observed at the LHC at a center of mass

energy
√
s = 8 TeV. Thus, the U(1)N models can explain the excess eejj (and e/pT jj)

signal(s) at the LHC via resonant exotic slepton decay.

6.4 ATLAS and CMS diboson and dijet excesses

More recently, the ATLAS and CMS collaborations have also reported a number of

diboson and dijet excesses over the SM expectations near the invariant mass region

1.8−2.0 TeV. The search for diboson production has been reported by the ATLAS col-

laboration to show a 3.4σ excess at∼ 2 TeV in boosted jets ofWZ channel amounting

to a global 2.5σ excess over the SM expectation [168]. The method of jet substructure

has been used to discriminate the hadronic decays ofW and Z bosons from QCD dijets

and due to overlaps in the jet masses of the gauge bosons many events can also be in-

terpreted as ZZ or WW resonances, yielding 2.9σ and 2.6σ excesses in two channels

respectively. On the other hand, the CMS collaboration has reported a 1.4σ excess at

∼ 1.9 TeV in their search for diboson production without discriminating between the

W - and Z-tagged jets [169] and a 1.5σ excess at ∼ 1.8 TeV in the search for diboson

production with a leptonically tagged Z [170]. In the search for dijet resonances the
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ATLAS and CMS collaborations have reported excesses at 1.8 TeV with 2.2σ and 1σ

significance levels respectively [171, 172]. The CMS has also reported a 2.1σ excess

in the energy bin 1.8 to 1.9 TeV in the resonant HW production channel [173].

Several phenomenological explanations have been proposed addressing these ex-

cesses [190, 312–333]. In the framework of simple extensions of the SM, a heavy W ′

with mass ∼ 2 TeV produced via qq̄ annihilation can explain the excess in the WZ

channel via its mixing with the SM W for a mixing angle greater than 10−2. A heavy

Z ′ can mix with the SM Z and then decay into W+W− to explain the excess in the

W+W− channel. Assuming that the SM Z1 boson mixes with Z2 via a mixing angle

φz to give the mass eigenstates Z and Z ′Z1

Z2

 =

cosφz − sinφz

sinφz cosφz

Z
Z ′

 , (6.27)

the relevant vertex for the Z ′ can be written as

VZ′WW : g cos θw sinφz
[
(pZ′ − pW+)βgµα

+(pW+ − pW−)µgαβ + (pW− − pZ′)αgµβ
]

×εµ(pZ′)εα(pW+)εβ(pW−), (6.28)

where cosφz ' 1 is assumed. The partial decay width of Z ′ into W+W− is given

by [313]

ΓZ′W+W− = sin2 φz

(
g2 cos2 θw

192π

M5
Z′

M4
W

)(
1− M2

W

M2
Z′

)3/2

(
1 + 20

M2
W

M2
Z′

+ 12
M4

W

M4
Z′

)
. (6.29)

For Z ′, the 7 - 8 events around the 2 TeV peak give the benchmark σ(Z ′)× B(Z ′ →
W+W−) ' 5 − 6 fb. However, the semileptonic channel of the W+W− decay puts

an upper limit on σ(Z ′) × B(Z ′ → W+W−) ' 3 fb at 95% confidence level [170].

Ignoring this slight inconsistency one can obtain a range of values for g′ and sinφz

which can explain the excess. It turns out that to explain the excess one must have

sinφz & 10−3 [313]. However from electroweak precision data sinφz corresponding

to ZN in our model is constrained as sinφz ≤ 7 × 10−4 [334]. Thus, all the excess

events cannot be addressed via the ZN decay. For a leptophobic Z ′ the mixing angle
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can be relaxed to 8× 10−3, which is close to the required value to explain the diboson

anomaly [313].

It is also interesting to note that the ATLAS diboson excess can also be explained

with a 2 TeV sgoldstino scalar assuming that the SUSY breaking scale is in the few

TeV range as pointed out in Ref. [333]. Our model being a supersymmetric one can

also entertain such a possibility. Lastly, since the U(1)N model is a low energy sub-

group of the superstring motivated E6 group, it is also possible to rely on additional

anomalous U(1) fields coming from a stringy construct. For example in the context of

D-brane compactifications it was shown in Ref. [332] that under the assumption of a

low string scale, the dibosn and dijet excesses can be addressed by an anomalous U(1)

field with very small couplings to the leptons.

6.5 Baryogenesis (via leptogenesis) in U(1)N models

Some of the variants of low-energy U(1)N subgroup of E6 model allow for the possi-

bility of explaining baryogenesis (via leptogenesis) from the decay of the heavy Majo-

rana particle N c. In order to generate the baryon asymmetry of the universe from N c

decay the conditions that must be satisfied are (i) violation of B − L from Majorana

mass of N c, (ii) complex couplings must give rise to sufficient CP violation and (iii)

the out-of-equilibrium condition given by

ΓN < H(T = mN) =

√
4π3g∗

45

T 2

MPl

, (6.30)

must be satisfied, where ΓN is the decay width of Majorana N c, H(T ) is the Hubble

rate, g∗ is the effective number of relativistic degrees of freedom at temperature T and

MPl is the Planck mass. This implies that N c cannot transform nontrivially under the

low-energy subgroup G = SU(3)C × SU(2)L × U(1)Y × U(1)N , which is readily

satisfied in some variants of U(1)N model (see Table 6.1). Thus the out-of-equilibrium

decay of heavy N c can give rise to high-scale baryogenesis (leptogenesis).

Models 1 and 2 have distinctive features of allowing direct baryogenesis via decay

of heavy Majorana baryon N c [311]. In both schemes, N c
k(a) decays to B − L =

B = −1 final states dci h̃j, d̃
c
ihj and to their conjugate states with B − L = B = 1,

via the interaction term λijk7 (λija7 ) in Eq. (6.11 (6.13)). In both cases, CP violation
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comes from the complex Yukawa coupling λijk7 (λija7 ) given in eqs. (6.11) and (6.13).

The asymmetry is generated from interference between tree level decays and one-loop

vertex and self-energy diagrams. The one-loop vertex and self-energy diagrams are

shown in Fig. 6.3.

Figure 6.3: One-loop diagrams for Nk decay which interferes with the tree level decay to

provide CP violation.

The asymmetry is given by

εk =
1

24π

∑
i,j,l,m,n Im

[
λijk7 λinl∗7 λmjl∗7 λmnk7

]
∑

i,j λ
ijk∗
7 λijk7

×
[
FV
(
M2

Nl

M2
Nk

)
+ 3FS

(
M2

Nl

M2
Nk

)]
, (6.31)

where

FV =
2
√
x

x− 1
,FS =

√
x ln

(
1 +

1

x

)
. (6.32)

FV corresponds to the one-loop function for the vertex diagram and FS corresponds

to the one-loop function for the self-energy diagram. The baryon to entropy ratio

generated by decays of Nk is given by nB/s ∼ ε nγ/s ∼ (ε/g∗)(45/π4), where nγ

is number density of photons per comoving volume and g∗ corresponds to the number

of relativistic degrees of freedom. By considering λ7
ijk ∼ 10−3 in model 1, one can

generate nB/s ∼ 10−10 for maximal CP violation. Similarly, one needs λija7 ∼ 10−3

to satisfy required bound on nB/s in model 2.

In models 3 and 4,N c
1,2 (N c) are Majorana leptons and hence aB−L asymmetry is

created via the decay of heavy N c which then gets converted to the baryon asymmetry

of the Universe in the presence of the B + L violating anomalous processes before

the electroweak phase transition. In these two cases, N c
k(a) decays to the final states

dci h̃j, d̃
c
ihj with B − L = −1 and to their conjugate states with B − L = 1, via

the interaction term λija7 (λijk7 ) in Eq. (6.17 (6.15)). The one-loop diagrams that can
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interfere with the tree level Na(Nk) decays to provide the required CP violation are

again the diagrams given in Fig. 6.3. However in these scenarios a B − L asymmetry

is created from the decay of Majorana N c in contrast to the B asymmetry created

in models 1 and 2. Again utilizing the general expression for calculating asymmetry

parameter as given in (6.31), one needs λija7 (λijk7 ) ∼ 10−3 in order to satisfy nB/s ∼
10−10 bound in both models 3 and 4.

For models 5 and 6, we have discussed two possible choices for the second discrete

symmetries in section 6.2. In model 5, N c
1,2 are leptons and N c

3 is a baryon while in

model 6 all the N c’s are leptons. For the first choice of second discrete symmetry

ZH
2 = ZL

2 the form of the superpotential (Eq. 6.19 for model 5) clearly shows that one

cannot generate the baryon asymmetry of the Universe from high scale leptogenesis

via the decay of heavy Majorana N c in these models. However, the term λij37 dcihjN
c
3

can give rise to baryogenesis at TeV scale or below if one consider soft supersymmetry

(SUSY) breaking terms in model 5. The relevant soft SUSY terms in the Lagrangian

is given by

L ∼ m2
h̃i
h̃
†
i h̃i +m2

Q̃l
Q̃
†
l Q̃l + Ailmh̃iQ̃lQ̃m + ... , (6.33)

where i corresponds to the different generations of leptoquarks and Ql(m) = (ul, dl),

l,m = 1, 2, 3, corresponds to three generations of superpartners of the Standard Model

quarks. The Feynman diagrams for the tree level process and the one-loop process

interfering with it to provide the CP violation are shown in Fig. 6.4. The asymmetry

Figure 6.4: The tree level and one-loop diagrams forN3 decay giving rise to baryogenesis

in model 5.
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parameter in this case is given by [335]

ε = AN3

∑
i,j,k

[
Im
[
λij3∗7 λik3

7 Aj33∗Ak33
]( |λj11

8 |2
m2
h̃j

− |λ
k11
8 |2
m2
h̃k

)

+ Im
[
λij3∗7 λik3

7 λj11
8 λk11∗

8

]( |Aj33|2
m2
h̃1

−
∣∣Ak33

∣∣2
m2
h̃1

)

+ Im
[
Aj33Ak33∗λj11

8 λk11∗
8

]( |λij37 |2
m2
h̃j

− |λ
ik3
7 |2
m2
h̃k

)]
(6.34)

where AN3 =
1

ΓN3

1

(2π)3

1

12

π

4π2

M5
N3

m2
h̃j
m2
h̃k

and ΓN3 is the total decay width of N3. Thus,

by considering the soft SUSY breaking terms (given in Eq. (6.33)) of TeV scale, one

can generate required amount of baryon asymmetry for particular values of Yukawa

couplings.

This can also induce neutron-antinutron (n-n̄) oscillation violating baryon number

by two units (∆B = 2) [46]. The effective six-quark interaction inducing n-n̄ oscilla-

tion is shown in Fig. 6.5. In fact, models 1 and 2 can also induce n-n̄ oscillation in a

Figure 6.5: n-n̄ oscillation induced by effective six-quark interaction.

similar fashion. However in model 6 all the N cs are leptons and hence in this model a

scheme for baryogenesis similar to above is not possible.

Now if we choose the second discrete symmetry to be ZH
2 = ZE

2 in models 5

and 6 (see Eq. (6.20)) then it is possible to allow high scale leptogenesis via the

decay of heavy Majorana N c. In these two models N c
a(j) decays to the final states
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νeiÑ
c

Eb
, ν̃eiN

c
Eb
, eiẼ

c

b, ẽiE
c
b withB−L = −1 and to their conjugate states withB−L =

1, via the interaction term λiab7 (λijb7 ) in Eq. (6.21). Here we take advantage of the fact

that ZE
2 symmetry forbids bilinear term like LXc and consequently Xc need not to

carry any lepton number, it can simply have the assignment B = L = 0. The one-loop

diagrams for Na(Nj) decays that can interfere with the tree level decay diagrams to

provide the required CP violation are given in Fig. 6.6.

Figure 6.6: One-loop diagrams for Na decay which interferes with the tree level decay to

provide CP violation.

For models 7 and 8 the imposition of the ZB
2 symmetry implies vanishing λ6 and

λ7 for two or more generations of N c. Thus in these models, no matter what kind

of ZH
2 we choose, sufficient CP violation cannot be produced and consequently the

possibility of baryogenesis (leptogenesis) from the decay of heavy Majorana N c is

ruled out. Thus one needs to resort to some other mechanism to generate the baryon

asymmetry of the universe.

6.6 Neutrino masses

In all the variants of U(1)N model that we have considered in Section 6.2, the scalar

component of S3 acquires a VEV to break the U(1)N . The fermionic component of S3

pairs up with the gauge fermion to form a massive Dirac particle. However the fields

S1,2 still remains massless and can give rise to an interesting neutrino mass matrix

structure.

In model 1, the field N c
1,2,3 are baryons and hence they do not entertain the possi-

bility of canonical seesaw mechanism of generating mass for neutrinos. However, the

bilinear terms µiaLiXc
a can give rise to four nonzero masses for νe,µ,τ and S1,2 as noted

in Ref. [311]. The 9 × 9 mass matrix for the neutral fermionic fields of this model
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νe,µ,τ , S1,2, νE1,2 and N c
E1,2

is given by

M1 =


0 0 0 µia

0 0 λab35 v2 λa3b
5 v1

0 λba3
5 v2 0 Maδab

(µT )ai λb3a5 v1 Maδab 0

 , (6.35)

where v1 and v2 are the VEVs acquired by ν̃E3 and Ñ c
E3

respectively, and M1,2 cor-

responds to the mass eigenvalues of the neutral fields X1,2 and Xc
1,2. We will further

assume that the field νE1,2 pairs up with the charge conjugate states to obtain a heavy

Dirac mass. Thus in Eq. 6.35, four of the nine fields are very heavy with masses

M1,M1,M2 and M2 to a good approximation. This becomes apparent once we diago-

nalizeM1 in Ma by a rotation about the 3-4 axis to getM′1 given by
0 0 µia/

√
2 µia/

√
2

0 0 (λab35 v2 + λa3b
5 v1)/

√
2 (−λab35 v2 + λa3b

5 v1)/
√

2

(µT )ai/
√

2 (λba3
5 v2 + λb3a5 v1)/

√
2 Maδab 0

(µT )ai/
√

2 (−λba3
5 v2 + λb3a5 v1)/

√
2 0 −Maδab

 .

(6.36)

Then we readily obtain the 5× 5 reduced mass matrix for the three neutrinos and S1,2

given by

M1
ν =

 0 µicλcb35 v2M
−1
c

λac35 µcjv2M
−1
c (λac35 λc3b5 + λa3c

5 λcb35 )v1v2M
−1
c

 , (6.37)

where the repeated dummy indices are summed over. Note that one neutrino re-

mains massless in this model, two of the active neutrinos acquire small masses and

the remaining eigenvalues correspond to sterile neutrino states. From Eq. 6.37 it

follows that the bilinear terms µLXc and the sterile neutrinos are essential for the

nonzero active neutrino masses in this model. The fields N c
1,2,3, which are responsi-

ble for creating the baryon asymmetry of the Universe do not enter the neutrino mass

matrix anywhere and hence the neutrino masses in this model do not have any di-

rect connection with the baryon asymmetry. To have the active neutrino masses of

the order 10−4 eV one can choose the sterile neutrino mass of the order 1 eV and

the off-diagonal entries in Eq. (6.37) to be of the order 10−2 eV. In this model
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the oscillations between the three active neutrinos and two sterile neutrinos is natu-

ral, and this allows the possibility of accommodating the LSND results [298]. The

mixing between S1,2 and the heavy neutral leptons νE, N c
E can give rise to the de-

cays E1,2 → W−S1,2, Ec
1,2 → W+S1,2, νE1,2 → ZS1,2 and N c

1,2 → ZS1,2; which

will compete with the decays arising from the Yukawa couplings E1,2 → H−S1,2,

Ec
1,2 → H+S1,2, νE1,2 → H0S1,2 and N c

1,2 → H0S1,2, where H+(H0) are physical

admixture of Ẽ3(ν̃E3) and Ẽc
3(Ñ c

E3
).

In model 2, N c
3 is a lepton and hence the term λi33

6 LiN
c
3X

c
3 in the superpotential

given in Eq. (6.13) can give rise to a seesaw mass for one active neutrino, while the

other two active neutrinos can acquire masses from Eq. (6.37) as before. Thus in this

model all three neutrinos can be massive instead of two in model 1. Note that this

model can allow the neutrino mass texture where one of the active neutrinos can have

mass much larger compared to the other two, which can naturally give atmospheric

neutrino oscillations with a ∆m2 orders of magnitude higher than ∆m2 for solar neu-

trino oscillations.

In the case of model 3 all three N c fields are leptons and the 12 × 12 mass matrix

for the neutral fermions spanning νe,µ,τ , S1,2, N c
1,2,3, νE1,2 and N c

E1,2
is given by

M3 =



0 0 λij36 v2 0 µia

0 0 0 λab35 v2 λa3b
5 v1

λji36 v2 0 MNiδij 0 0

0 λba3
5 v2 0 0 Maδab

(µT )ai λb3a5 v1 0 Maδab 0


. (6.38)

This gives the reduced 5×5 matrix for three active and two sterile neutrinos as follows

M3
ν =

λik3
6 λkj36 v2

2M
−1
Nk

µicλcb35 v2M
−1
c

λac35 µcjv2M
−1
c (λac35 λc3b5 + λa3c

5 λcb35 )v1v2M
−1
c

 . (6.39)

This clearly shows that in this model active neutrinos can acquire seesaw masses even

in the absence of the bilinear term µLXc and the sterile neutrinos. As we have dis-

cussed in section 6.5, the out-of-equilibrium decay ofN c creates the lepton asymmetry

in this model, thus,MN can be constrained from the requirement of successful leptoge-

nesis. However one still has some room left to play with λ5, µ and Ma, which can give

rise to interesting neutrino mass textures. In model 4, the fields N c
1,2 are leptons while
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N c
3 is a baryon and hence the 11× 11 mass matrix spanning νe,µ,τ , S1,2, N c

1,2, νE1,2 and

N c
E1,2

will reduce to a 5× 5 matrix similar to Eq. (6.39), except the (1, 1) entry which

is now given by λic36 λcj36 v2
2M

−1
Nc

. Thus it follows that two of the active neutrinos can

acquire masses even without the bilinear term µLXc and the sterile neutrinos.

For models 5 and 6 we have discussed two possible choices for the second discrete

symmetry ZH
2 in section 6.2. In the former model N c

1,2 are leptons and N c
3 is a baryon

while in the latter model all N c
1,2,3 are leptons. In model 5, for the first choice i.e.

ZB
2 = ZL

2 the 11× 11 mass matrix for the neutral fermions spanning νe,µ,τ , S1,2, N c
1,2,

νE1,2 is given by

M5 =



0 0 λid3
6 v2 0 µia

0 0 0 λab35 v2 λa3b
5 v1

λdi36 v2 0 MNdδdg 0 0

0 λba3
5 v2 0 0 Maδab

(µT )ai λb3a5 v1 0 Maδab 0


, (6.40)

which can be reduced to 5× 5 matrix for 3 active and 2 sterile neutrinos

M3
ν =

 λic36 λcj36 v2
2M

−1
Nc

µicλcb35 v2M
−1
c

λac35 (µT )cjv2M
−1
c (λac35 λc3b5 + λa3c

5 λcb35 )v1v2M
−1
c

 , (6.41)

which is similar to the form in model 4 and hence similar conclusions follow. Model 6

gives a reduced mass matrix similar to model 3 given in Eq. (6.39).

For the second choice in model 5, i.e. ZB
2 = ZE

2 the 11 × 11 mass matrix for the

neutral fermions is given by

M5 =



0 0 0 0 0

0 0 0 λab35 v2 λa3b
5 v1

0 0 MNdδdg 0 0

0 λba3
5 v2 0 0 Maδab

0 λb3a5 v1 0 Maδab 0


, (6.42)

which clearly shows that the active neutrinos are massless in this case while the sterile

neutrinos acquire masses (λac35 λc3b5 + λa3c
5 λcb35 )v1v2M

−1
c . The masslessness of the ac-

tive neutrinos is a consequence of the exotic discrete ZE
2 symmetry which forbids the

mixing among the exotic and nonexotic neutral fermion fields defined in Eq. (6.20).

The situation is similar for ZB
2 = ZE

2 in model 6 also.



164
Chapter 6. Addressing the LHC excesses, baryogenesis and neutrino masses

in E6 motivated U(1)N model

The analysis of mass matrix for models 7 and 8 are exactly similar to that for model

1 and 2 respectively with similar conclusions.

6.7 Summary of the chapter

We have discussed the variants of effective low-energy U(1)N model motivated by the

superstring inspired E6 group in the presence of discrete symmetries ensuring proton

stability and forbidding tree level flavor changing neutral current processes. Our aim

was to explore the eight possible variants to explain the excess eejj and e/pT jj events

that have been observed by CMS at the LHC and to simultaneously explain the baryon

asymmetry of the universe via baryogenesis (leptogenesis). We have also studied the

neutrino mass matrices governed by the field assignments and the discrete symmetries

in these variants.

To summarize the results, all the variants can produce an eejj excess signal via

exotic slepton decay, while, the models where h and hc are leptoquarks (models 3,

4, 7 and 8) both eejj and e/pT jj signals can be produced simultaneously, while the

constraints coming from the electroweak precision data on the mixing angle between

ZN and the SM Z makes it difficult to address the recent diboson and dijet excesses

reported by ATLAS and CMS in the framework of U(1)N model. For the choice ZH
2 =

ZL
2 = (−1)L as a second discrete symmetry, two of the variants (model 1 and 2) offers

the possibility of direct baryogenesis at high scale via the decay of heavy Majorana

baryon, while two other (models 3 and 4) can accommodate high-scale leptogenesis

via the heavy neutrino decay. For the above choice of the second discrete symmetry

none of the other variants are consistent with high-scale baryogenesis (leptogenesis),

however, model 5 allows for the possibility of baryogenesis at the TeV scale or below

by considering soft supersymmetry breaking terms and this mechanism can induce

baryon number violating n−n̄ oscillations. On the other hand we have also pointed out

a new choice for the second discrete symmetry which has the feature of ensuring proton

stability and forbidding tree level FCNC processes, while allowing for the possibility

of high scale leptogenesis for models 5 and 6. Studying the neutrino mass matrices

for the U(1)N model variants we also found that these variants can naturally give three
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active and two sterile neutrinos and accommodate the LSND results. These neutrinos

acquire masses through their mixing with extra neutral fermions and can give rise

to interesting neutrino mass textures where the results for the atmospheric and solar

neutrino oscillations can be naturally explained.





Chapter 7

Correlating the baryon asymmetry of

the universe with the dark matter

abundance

In cosmology some of the important puzzles are related to the origin of baryon asym-

metry of the universe and the nature of dark matter. The comparable values of dark

matter density and baryon density [125] ΩDMh
2
0 ∼ 5 ΩBh

2
0, points to the possibil-

ity that they might have a common origin. However, the standard paradigm adopts

completely different mechanisms to explain observable baryon asymmetry of the uni-

verse and dark matter abundance. The baryon asymmetry is generated from an initially

baryon-antibaryon symmetric universe by considering baryon number (B), C and CP

violating processes that went out of equilibrium in the early universe, while the dark

matter density is often produced by considering weakly interacting massive particles

(WIMPs) (with mass around O(100) GeV) with the relic density being determined by

the freeze out condition. The fact that they have a comparable abundance is often

referred to as the “cosmic coincidence” puzzle. Recently, the CDMS collaboration

has reported an excess in the dark matter events [336] which sets an upper limit of

O(10−41) cm2 on the value of spin-independent (SI) dark matter-nucleon cross section

for dark matter mass around 10 GeV at 3.1σ significance level. The excess reported by

the CoGeNT collaboration [337] also hints at a light dark matter mass, almost in the

same region of parameter space. The data taken by the XENON100 experiment [338]

also gives a very stringent constraint on SI dark matter-nucleon cross section which

167
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points towards a dark matter mass around O( GeV). The light dark matter is often

also motivated due to the possibility of explaining 3.5 KeV X-ray line by radiative

decay of O( GeV) neutral dark matter particle [339]. However, for an O( GeV) mass

the thermal WIMPs give an over-abundance of dark matter particles for an annihi-

lation cross-section less than 10−26 cm2, and thus the alternative schemes where an

O( GeV) mass dark matter can be accommodated have gained significant attention. To

this end, the cogenesis scenarios are particularly interesting because they have an at-

tractive feature of explaining the observed baryon asymmetry of the universe together

with an asymmetric dark matter component which can naturally satisfy the criterion

for O( GeV) mass dark matter. Furthermore, the apparent coincidence of the baryon

and dark matter densities can also be addressed in such a framework using the un-

derlying connection between the baryogenesis scenarios and dark matter production.

There exist several different mechanisms in the literature [126–141], which address

simultaneous generation of baryon (or lepton) asymmetry and the asymmetric dark

matter abundance. The cogenesis of both without violating B or B−L is discussed in

Refs. [126, 131, 137, 140, 141].

7.1 Cogenesis of baryon asymmetry and dark matter

from moduli decay

In the N = 1 supergravity limit of string theory, the moduli appear while compacti-

fication of the extra dimensions takes place [233]. Let us consider a scenario where

the moduli come to dominate the energy density of the universe and then they decay

into radiation reheating the universe at a late time. Their decay can have significant

implications for the cosmological history of the universe [340]. The entropy released

due to the late decay of the lightest modulus dilutes the existing baryon asymmetry

of the universe as well as the relic dark matter abundance produced at high scale.

However, the correct amount of dark matter can be produced non-thermally from the

decay of the modulus into the lightest supersymmetric particle. Non-thermal realiza-

tions of dark matter is discussed in Refs. [341–344] in the context of the Minimal

Supersymmetric Standard Model (MSSM) and string-motivated models. Given that
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the decay of the heavy modulus leads to a very low reheating temperature, it renders

electroweak baryogenesis and leptogenesis ineffective. However, it is possible to ac-

commodate direct baryogenesis and the correct dark matter abundance by considering

late-decaying moduli in the presence of additional color triplet superfields along with

the MSSM superfields [345–347], or by means of some other mechanism [348, 349].

The coincidence problem has also been addressed by considering Affleck-Dine (AD)

baryogenesis in the presence of the moduli in Refs. [350, 351].

The presence of the gravitationally coupled moduli fields can have significant im-

pact on the standard cosmology. During inflation i.e. when the Hubble expansion rate

Hinf � mΦ, the modulus (Φ) gets significantly displaced from the minimum of its

potential [89]. Thus, if one takes into consideration the presence of modulus and high

scale inflation, it is a rather generic consequence to expect the modulus to be displaced

from the low-energy minimum by an amount |∆Φ| = |〈Φ〉inf − 〈Φ〉0| ≈ MP . Since

the energy density of these oscillations dilutes in the same way as non-relativistic mat-

ter, they will come to dominate the expansion of the universe. This will continue until

the modulus decays at a time t ∼ Γ−1
Φ , transferring the remaining oscillation energy

into radiation, hence reheating the universe at a late time. The reheating temperature

after the modulus decay is given by [340],

TR =
1

g∗1/4

√
ΓΦMP , (7.1)

where g∗ is the total number of relativistic degrees of freedom and ΓΦ ∼ m3
Φ/M

2
P is

the decay width of the modulus. The number density of any particle X produced from

the decay of the modulus is given by

YX = YΦBrX =
3TR
4MΦ

BrX (7.2)

It has been a challenging task to obtain a realistic low energy spectrum in the

string compactifications. The foremost step while constructing a realistic model in

the string compactifications is the issue of moduli stabilization. A realistic model

should be able to realize the de-Sitter minima and also avoid the Cosmological Mod-

uli Problem (CMP) [352]. The Large Volume Scenario (LVS) has been considered

as an ideal framework to build a consistent MSSM-(like) chiral model in which the
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soft terms are calculated explicitly. In such a scenario the soft supersymmetry break-

ing scale msoft ∼ O( TeV) constrains the value of the Calabi-Yau manifold volume

V ∼ O(1)× 107 in string length units. The choice of V ∼ 107 also provides 60 e-folds

of inflation, generating the right amount of density perturbations in this model [353].

For the lightest modulus massmφ ∼MP/V3/2 ∼ O(1)×107 GeV and taking V ∼ 107

and g∗ ∼ O(100), the reheating temperature is TR ∼ 10 GeV.

In this section, we discuss a model for moduli induced cogenesis which simultane-

ously generates the baryon asymmetry of the universe and an asymmetric dark matter

(ADM) component with a dark matter mass around 5 GeV [141]. In this model, the

particle content includes two additional iso-singlet color triplet superfields χ and χ̄

with hypercharges −4/3 and 4/3 respectively and two singlet superfields N and N̄
in addition to the Minimal Supersymmetric Standard Model (MSSM) superfields1. In

this model, the mass of color triplet superfields being larger than the mass of singlet

superfields, the modulus decays dominantly into a pair of color triplet superfields (χ

and χ̄). The terms analogous to the Giudice-Masiero term [354] in the Kähler poten-

tial dictate the decay width of the modulus into the colored and singlet superfields. In

N = 1 supergravity, the effective supersymmetric mass terms as well as the soft SUSY

breaking terms depend on the coupling strength of the hidden sector field (modulus) to

the visible sector fields [355]. Interestingly, the effective masses of the additional col-

ored (singlet) superfields are also governed by the same Giudice-Masiero like term(s)

considered in the Kähler potential. Therefore, the coefficient of the interaction term re-

sponsible for the decay of the modulus into a pair of colored(singlet) superfields i.e. the

coefficient of the new Giudice-Masiero like term(s) (zχ(N )) can be constrained based

on the given masses of the superfields. For a Calabi-Yau manifold volume V ∼ 107,

to obtain M̂χ ∼ O( TeV) and M̂N ∼ O( TeV) one needs zχ ∼ 1 and zN ∼ 0.005,

respectively. Thus one obtains
ΓΦ→NN̄

ΓΦ→χχ̄
=
z2
N
z2
χ

∼ 10−5, which ensures that the modu-

lus will dominantly decay into a pair of color triplet superfield (χ, χ̄) as compared to

a pair of singlet superfields (N , N̄ ) [141]. Now the scalar component of color triplet

superfields further decay into quarks and additional singlet fermions (N and N̄ ) and

1Though the particle content is quite similar to the model considered in Ref. [347], the cogenesis

mechanism producing the observed baryon asymmetry and the dark matter abundance discussed in this

work is completely different.
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the baryon number of the color triplet superfield (±2/3) gets distributed between a

quark and an additional singlet fermion. By imposing a discrete Z2 symmetry, under

which the colored field χ and singlet fermionN are kept odd, while all SM and MSSM

fields are even, we ensure that the singlet fermion will not further decay into the Stan-

dard Model (SM) particles and therefore can be considered as a dark matter candidate
2. The decay process χ̃ → N ū is baryon number conserving at tree level as well as

at one-loop level, however, it is CP asymmetric at one-loop level due to the presence

of soft SUSY breaking terms. Consequently, an asymmetry is generated in both the

visible and the dark matter sector. The symmetric component of dark matter gets anni-

hilated for a dark matter mass O( GeV), and the required order of baryon asymmetry

and dark matter relic abundance can be successfully generated in this mechanism for

certain values of Yukawa couplings.

The details of the phenomenological model based on Large Volume Scenario (LVS)

dictating the modulus decay is beyond the scope of this thesis and we refer the readers

to the original work [141] for an account of the same. Here we will only give the

superpotential for an easy reference. Including the additional color triplet superfields

(χ, χ̄) and singlet superfields (N , N̄ ), the matter superpotential is given by 3

Wmatter = µ(Φ)HuHd +
1

6
Yijk (Φ)CiCjCk

+Mχ(Φ)χχ̄+MN (Φ)NN̄ + κi(Φ)N χ̄uci + · · · . (7.3)

where Ci, i = 1, 2, 3 correspond to the three generations of MSSM superfields. In

what follows, we will focus on the cogenesis mechanism itself.

7.1.1 Cogenesis mechanism

In this section, we discuss the cogenesis mechanism in which both the baryon asym-

metry as well as the dark matter abundance are produced via the baryon number con-

2Note that the scalar and fermionic components of the superfield N (and similarly for N̄ ) have R-

parity assignments −1 and 1, respectively. This means that the fermionic components of N and N̄ are

not protected by R-parity alone (for example it can decay into quarks through a coupling like χdidj).

Consequently, to make the fermionic components stable dark matter candidates we had to invoke an

additional Z2 symmetry on N as well as the colored field χ.
3 Note that the couplings like χdidj in the superpotential are forbidden due to the Z2 symmetry.
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serving decay of a color triplet superfield χ. We consider the mass of the scalar and

fermionic component of (N , N̄ ) to be of the order of GeV, while the masses of the

scalar and fermionic components of (χ, χ̄) to be of the order of TeV. It follows from

the results for the decay of the modulus into different species (discussed in [141]) that

the modulus can dominantly decay into pairs of Higgses, axions associated with the

imaginary part of the volume modulus, or color triplets. We are interested in a scenario

where the baryon asymmetry can be produced at a low temperature through the decay

of χ and in the process, one ends up with an asymmetric component of dark matter

with a mass O( GeV) giving the correct relic density 4.

Baryon asymmetry and asymmetric dark matter

In this subsection, we describe a mechanism of baryogenesis where the fundamen-

tal interactions conserve baryon number, and baryogenesis happens by generating a

certain amount of asymmetry in both the visible and the dark sector. We show that

the decay products of the lightest eigenstate of the color triplet χ̃−(˜̄χ−) can simulta-

neously explain the observed baryon asymmetry and give rise to an asymmetric dark

matter component, if N is light (mass O( GeV)). The ratio of the asymmetric dark

matter to the baryon density fractions is given by

ΩADM

ΩB

=
YADM

YB

mADM

mB

, (7.4)

where YADM and YB are the asymmetric dark matter and the baryon abundances, re-

spectively. The cosmic coincidence ΩADM/ΩB ∼ 5 is satisfied if YADM ∼ YB ∼ 10−10

for a dark matter mass MN around 5 GeV. We have already mentioned that the modu-

lus decays dominantly into pair of χ and χ̄ superfields. A cartoon showing the decay of

the modulus into color triplet superfields which further decay into a singlet and a quark

is given in Figure 7.1. Using the interaction term given in equation (7.3), it follows that

the lightest mass eigenstate of χ(χ̄) decays into quarks and fermionic component of the

singlet superfield N (N̄ ). The χ and χ̄ have baryon number assignments B = +2/3

and B = −2/3 respectively, while N and N̄ have baryon numbers B = +1 and

4Though the Higgs can further decay into the SM particles, it is not very relevant for explaining

baryogenesis and the dark matter abundance in our scenario. Similar conclusions follow for closed

(open) string axions.



7.1. Cogenesis of baryon asymmetry and dark matter from moduli decay 173

Φ

χ χ̄

N ū N̄ ūc

Figure 7.1: A cartoon showing decay of the modulus into color triplet and singlet super-

fields.

B = −1 respectively. Therefore, the interaction of χ with N and ū conserves baryon

number. The scalar and fermionic components of χ and χ̄ have R-parity assignments

+1 and -1 respectively, while the scalar and fermionic components of N and N̄ have

R-parity assignments -1 and +1 respectively. It follows that the decay process also con-

serves R-parity. Further, we impose a discrete Z2 symmetry under which additional

color and singlet fields are kept odd, while all SM and MSSM fields are even. The

symmetry ensures that the fermionic component of N (N̄ ) will further not decay into

the SM particles. Consequently, the fermionic component of N superfield produced

during the decay of χ̃− can be considered as a stable asymmetric dark matter parti-

cle. Thus, it follows that the decay of a scalar component of χ generates an equal and

opposite amount of baryon asymmetry in the visible sector and the dark sector i.e.

YB + YDM = 0⇒ YDM = −YB. (7.5)

Figure 7.2: Feynman diagrams contributing to the baryon asymmetry and the dark matter

asymmetry via a baryon number conserved interaction vertex.

Let us first calculate the baryon asymmetry generated in the visible sector. We
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begin by considering a single generation of singlet superfield N . The CP violation

arises due to the soft SUSY breaking terms. The degeneracy between the two states

belonging to the supermultiplet of the same generation can be removed by including the

SUSY breaking effects and the CP violation occurs due to the interference between the

two states of a single generation [356,357], as compared to conventional baryogenesis

mechanism where at least two generations are required for CP violation. The SUSY

breaking Lagrangian involving χ and χ̄ superfields is given by

Lsoft = m2
ijχ̃i

†χ̃j +m2
ij

˜̄χ†i ˜̄χj +BχijM̂χijχ̃i ˜̄χj

+Aijkκijkχ̃iÑjũ∗k + h.c. , (7.6)

where indices i, j, k correspond to the different generations of the particles. The evo-

lution of the system governing χ− χ† mixing is given by [356, 357]

〈χ̃|H|χ̃†〉 = Mχ(12) −
i

2
Γχ(12). (7.7)

This induces a mass difference ∆mχ̃ and a decay width difference ∆Γχ between two

mass states given by

|χ̃±〉 = p|χ̃〉 ± q|χ̃†〉, R = |q/p|. (7.8)

The tree level and the one-loop diagrams responsible for generating CP violation are

shown in Figure 7.2. The interaction Lagrangian in the mass basis (χ̃+, χ̃−) is given

by

−Lint =
κ√
2
χ̃+N ū+

κ√
2
χ̃−N ū+ h.c. . (7.9)

After the modulus decay produces an equal densities of χ̃ and χ̃† (say at t = 0), the

time evolution of the states are given by

χ̃(t) = f+(t)χ̃(0) +
q

p
f−(t)χ̃†(0),

χ̃†(t) =
q

p
f−(t)χ̃(0) + f+(t)χ̃†(0), (7.10)

where

f+(t) = e−imχ̃te−Γχ̃t/2cos(∆mχ̃t/2),

f−(t) = e−imχ̃te−Γχ̃t/2sin(∆mχ̃t/2). (7.11)
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Here, Γχ̃ corresponds to total decay width of χ̃. The excess of N , ū over the CP

conjugate states N c, ūc is given by

εχ =

∫∞
0
dt (A−B)∫∞

0
dt (A+B)

, (7.12)

where

A = Γ (χ̃(t)→ N ū) + Γ(χ̃(t)† → N ū),

B = Γ
(
χ̃(t)→ N̄ ūc

)
+ Γ(χ̃(t)† → N̄ ūc). (7.13)

The decay width for the decay modes of χ̃(t) and χ̃(t)† is given by5

Γ(χ̃(t)→ N ū) = Γ(χ̃(t)† → N̄ ūci) = X1|MuN |2f+(t),

Γ(χ̃(t)† → N ū) = X1|MuN |2R−2f−(t),

Γ(χ̃(t)→ N̄ ūc) = X1|MuN |2R+2f−(t), (7.14)

where X1 is the normalization factor and MuN is the amplitude of the decay mode

considered. Incorporating these expressions into equation (7.12), the asymmetry pa-

rameter is given by [356, 357]

εχ =
1

2

(∣∣∣∣qp
∣∣∣∣2 − ∣∣∣∣pq

∣∣∣∣2
) ∫∞

0
dt |f−|2∫∞

0
dt
(
|f+|2 + |f−|2

) , (7.15)

with ∣∣∣∣qp
∣∣∣∣2 − ∣∣∣∣qp

∣∣∣∣2 ∼ Im
Γχ(12)

Mχ(12)

=
Γχ ImA

BχMχ

, (7.16)

and ∫∞
0
dt |f−|2∫∞

0
dt
(
|f+|2 + |f−|2

) =
(∆Mχ)2

2(Γ2
χ + (∆Mχ)2)

. (7.17)

The decay width for χ− decaying into N ū is given by Γχ =
κκ†

4π
M̂χ. The asymmetry

is given by

εB =
Γχ

Γ2
χ +B2

χ

Bχ ImA

2M̂χ

. (7.18)

Now, BχM̂χ = M̂χ ∼ O( TeV), and κ . 1, implying Γχ < Bχ. In the small κ limit,

the above equation reduces to

εB =
κ ImA

8π

M̂χ

BχM̂χ

, (7.19)

5Since we are working with a single generation, the direct CP violation [358] can be neglected.

Therefore, the amplitude of the decay process (χ̃(t)→ Nuc) and its CP conjugate state are the same.
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where A = κ A. The baryon asymmetry generated from the modulus decay is given

by

YB =
nB − nB̄

nγ
= Yχ̃εB. (7.20)

Since the Yukawa couplings do not depend on the compactification volume in this

model, we choose κ ∼ 10−2. For A ∼ O( TeV), we get εB = 10−3.

The value of Yχ̃ is given by

Yχ̃ = YΦBrχ =
3TR
4MΦ

Brχ, (7.21)

where TR is the reheating temperature after the modulus decay and MΦ is the mass of

the modulus field Φ. For Brχ = 1, TR ∼ 10 GeV andMΦ ∼ 5×107 GeV, we get Yχ̃ ∼
10−7. Finally, from equation (7.20) the baryon asymmetry is given by YB ∼ 10−3−7 =

10−10, which is the observed baryon asymmetry of the universe. From equation (7.5),

the asymmetry in the dark matter sector is given by YDM ≡ YN ∼ 10−10.

7.1.2 Annihilation of the symmetric dark matter component

In additional to an asymmetric DM component, a symmetric non-zero DM density can

also be produced either directly via the modulus decay (with a very small branching

ratio) or via χ decay. The fractional asymmetry [359, 360] in case of asymmetric DM

is defined by

r =
n(N )

n(N̄ )
(7.22)

where r = 0 and r = 1 correspond to complete asymmetric and symmetric DM abun-

dance respectively. In order to ensure that the symmetric component is not out-of-

equilibrium initially and starts to get depleted, the annihilation cross section of the

symmetric component should be higher than the freeze out cross section correspond-

ing to the number density of DM produced after modulus decay. On the other hand,

the asymmetry generation mechanism presented in the previous section dynamically

produces an asymmetry between particles and antiparticles in both visible and the dark

sectors during decay of χ. In order to ensure make overall dark matter abundance

asymmetric, one also needs to ensure that the symmetric component of dark matter

produced during decay of χ gets depleted efficiently. Solving the Boltzmann equation
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yields the late time dark matter asymmetry [359, 360] given by

r∞ = exp

[
−2

(
σ0

σWIMP

)(
1− r∞
1 + r∞

)]
→ exp

[
−2

σ0

σWIMP

]
(7.23)

where σ0 corresponding to DM annihilation is related to thermally-averaged cross-

section by

〈σ0v〉 = σ0

(
T

MN

)n
, (7.24)

with n = 0 and 1 for s-wave and p-wave annihilation respectively. Thus, Eq. (7.23)

right away tells that r∞ depends exponentially on the annihilation cross section and

complete annihilation of the symmetric part of DM in ADM models requires an anni-

hilation cross-section

σ0 ≥ few × σWIMP. (7.25)

In our model, the annihilation of N and N c can be mediated through the elec-

troweak neutralZ boson. The thermally averaged annihilation cross section forNN c →
Z → ff̄ is given by

〈σ |v|〉annihilation = σ0 ∼
1

4π

g′2g2M2
N

M4
Z

, (7.26)

where g′ corresponds to the gauge coupling of neutral Z boson to the pair of singlet su-

perfields (N , N̄ ), g corresponds to the gauge coupling ofZ boson to a pair of fermions,

MZ is the mass of Z boson and the annihilation is presumed to be s-wave.

Now, the freeze-out cross-section can be roughly estimated by the rule of thumb

given by

Γ = n〈σ |v|〉 = H, (7.27)

similar to the case of WIMP dark matter. However, in this case the reference tempera-

ture is the reheating temperature after the decay of the modulus. The Hubble expansion

rate is given by H = 1.67
√
g∗
T 2
R

MP

. The density of the symmetric component of N is

given by n = BrN
3TR
4mΦ

× s, where s is the entropy density. Using s =
2π2

45
g∗T

3
R , the

freeze-out cross-section is given by

〈σ |v|〉freeze out =
50

π2
√
g∗

mΦ

BrN T 2
RMP

. (7.28)

Using TR = g−1/4
∗

√
ΓΦMP , ΓΦ ∼

1

24π

m3
Φ

M2
P

, mΦ = O(1)×107 GeV and BrN ∼ 10−5,

we get

〈σ |v|〉freeze out ∼ 10−9 GeV−2 ∼ 10−26cm3s−1, (7.29)
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On the other hand, the thermally averaged cross-section for thermal WIMP with

mass ≤ few GeV is 〈σ |v|〉WIMP ∼ (4.5 − 5) × 10−26cm3s−1. In Eq. (7.26), taking

g ∼ 0.74, g′ ∼ 0.8 and MN = 5 GeV, we find

〈σ |v|〉annihilation = σ0 ∼ 〈σ0v〉 ∼ 10−8 GeV−2 ∼ 10−25cm3s−1. (7.30)

Thus it follows that 〈σ |v|〉annihilation > σ |v|〉freeze−out and consequently the symmetric

component of the abundance of singlet fermion N is not out-of-equilibrium and starts

to get depleted. On the other hand, 〈σ0v〉 > 〈σ |v|〉WIMP ensures that the symmet-

ric component of the initial dark matter abundance, produced during modulus decay

and asymmetry generation from decay of χ, gets annihilated rapidly and does not con-

tribute to final the dark matter relic abundance in our scenario. Thus, we conclude that

all the symmetric DM density gets annihilated away and the required DM abundance

is produced due to an overall asymmetric DM density only.

7.2 Summary of the chapter

We have discussed a cogenesis mechanism unifying the generation of both baryon

asymmetry of the universe and dark matter abundance in a model, where both baryon

asymmetry and non-thermal dark matter abundance can be generated simultaneously

from the decay of a pair of color triplets produced after reheating. We discussed a

case where the modulus dominantly decays into a pair of color triplets, and the lightest

eigenstate of the scalar component of the color triplet further decays into a singlet

fermion and an up type quark. Imposition of a discrete Z2 symmetry ensures that the

singlet fermion does not further decay into the SM particles and therefore it can be

considered as a stable dark matter candidate. The CP asymmetry is generated via the

interference of tree level and one loop diagrams for the decay of the color triplets in

the presence of soft SUSY breaking terms. We have also discussed the possibility of

obtaining the observed baryon asymmetry of the universe and the asymmetric dark

matter abundance by considering dark matter mass around 5 GeV, and the cosmic

coincidence is natural in this scenario.



Chapter 8

Neutrino dark energy and

leptogenesis with TeV scale triplets

Evidence from the astrophysical observations suggests that out of the total mass-energy

budget of the universe, the baryonic and dark matter together account for only about

30% while the remaining 70%, referred to as dark energy, is attributable to the entity

that causes the accelerated expansion of the universe which remains a challenge to

explain. While the existence of a scalar field provides an explanation, the striking

proximity of the effective scales of neutrino masses and the dark energy points to a

connection between them, realized in the neutrino dark energy (νDE) models. To this

end, several approaches have been proposed in the literature [142–165]. In some of the

scenarios, a direct connection through the formation of a neutrino condensate at a late

epoch of the early universe using the effective self-interaction has been studied [142–

148]. Another class of models utilizes the variation of neutrino masses to dynamically

obtain the dark energy [149–165]. In this section, we will focus on this latter approach

[165].

The atmospheric, solar, and reactor neutrino oscillation experiments have con-

firmed the existence of nonzero masses of neutrinos. An attractive explanation of

neutrino masses employs the seesaw mechanism [16–22], giving rise to naturally small

masses for neutrinos. In addition, the baryon asymmetry of the universe can be gener-

ated through leptogenesis [90] in the framework of the seesaw scenario. In the original

νDE models, the Standard Model (SM) is extended to accommodate singlet right-

handed neutrinos (Ni, i = 1, 2, 3) giving Majorana masses to light neutrinos. The Ma-

179
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jorana mass of the right-handed neutrinos are made to vary with a scalar field, called

the acceleron (which drives the universe to a late time accelerating phase), connecting

the light neutrino masses with the scale of dark energy [150]. However, for a suffi-

ciently flat potential one requires the Majorana masses of the right-handed neutrinos

to be in the eV range, in contradiction to the expected scenario of a very heavy MNi

triggering the canonical seesaw mechanism. One requires a flat potential for the ac-

celeron to have ω ∼ −1 in the equation of state p(t) = ωρ(t), where p and ρ are the

pressure and energy density, respectively. As discussed later the acceleron field can be

associated with a varying light neutrino mass and hereafter we will describe the scalar

potential in terms of the varying light neutrino mass rather than the acceleron. From the

cutoff insensitive correction to the scalar potential δV0 ∼ m̄4 log(m̄/µ)/32π2, where

µ is the renormalization scale, we note that µ needs to be of the order of m̄ today

for a small correction. Using this, one can get a rough estimation for the mass of the

variable mass particle. If we want a variable mass particle to give dark energy with an

equation of state parameter ω ∼ −1 then we require [150] |δV ′0(m̄)m̄/V | < 1, which

gives m̄4 <∼ (10−2 eV)4. Here we use V ∼ ρDE ' 0.7ρc ∼ 10−11 eV4, where ρc is

the critical density. Note that a value of the neutrino mass can also be obtained by

equating the acceleron potential energy density today, which depends on the neutrino

mass, to the dark energy density. However, given the mild dependence of the potential

on the neutrino mass, we prefer the above estimation to that. Now for a particle with

a variable mass m̄, at the one-loop level the quadratically divergent contribution to

the potential is given by δV ∼ m̄2Λ2/16π2, where Λ is the cutoff scale of the theory,

which can be identified with the heavy neutrino mass scale in type-I seesaw. One might

assume that this short distance physics is such that this contribution is small, however,

this is conventionally thought to be unnatural. Now to obtain a bound on Λ we use the

condition δV ∼ m̄2Λ2/16π2 < V , which requires a sub-eV Λ for m̄ ∼ 10−2 eV. Note

that we have done a very rough estimation above and typically this bound is relaxed

to Λ ∼ eV [150] and this is naturally realized in the models that we discuss later. In

Ref. [158], it was pointed out that the above problem can be avoided if the SM is ex-

tended to include triplet Higgs scalars. However, in such a scheme the coefficient of

the trilinear scalar coupling with mass dimension varies with the acceleron field and
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this predicts the mass scale of the triplet Higgs scalars to be close to the electroweak

symmetry breaking scale (of order 100 GeV), which has not been observed at the LHC

so far.

In this chapter, we discuss two ways to get around the above constraint, while

simultaneously explaining the observed baryon asymmetry of the universe. One way

is to add some additional scalar field to push the additional scalar field masses to TeV

scale, readily testable at the current run of LHC. Another way is to add fermion triplets

instead of scalar triplets and utilize the type III seesaw scheme.

First we discuss a realization of mass varying neutrinos in an extension of the usual

triplet Higgs model which includes a second Higgs doublet (η) in addition to the SM

Higgs doublet (Φ) and Higgs triplet (ξ), but no right-handed neutrinos [23, 361]. In

this scenario both additional Higgs fields are of the TeV scale and the smallness of

neutrino mass comes from the lepton number breaking scalar sector. This model has

highly predictive collider signatures and thus it can be right away put to test in the

current run of LHC. Next we discuss a model of νDE utilizing an extension of the SM

with fermion triplet (Σ+,Σ0,Σ−)R, where the neutrino mass is dynamical and related

to the acceleron field. This model can naturally give the correct energy scale associ-

ated with the neutrino mass and it provides a rich TeV scale phenomenology, testable

at the LHC. We also point out possible leptogenesis mechanisms for simultaneously

generating the observed baryon asymmetry of the universe in both models.

8.1 Neutrino masses and the dark energy connection

By extending the SM to include a heavy Higgs triplet (ξ++, ξ+, ξ0) with trilinear

couplings to both the lepton doublet Li = (νi, li) and the Higgs doublet Φ = (φ+, φ0),

one can realize the unique dimension-five effective operator [12]

Leff =
fij
Λ
LiLjΦΦ, (8.1)

obtained by integrating out the heavy degrees of freedom (with mass much larger than

the ordinary SM particles) associated to a characteristic heavy mass scale Λ. Thus the

neutrinos, massless in the minimal SM, acquire small Majorana masses. The relevant
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interaction terms are given by

Lint = fij

[
νiνjξ

0 +
1√
2

(νili + ljνj)ξ
+ + liljξ

++

]
+ h.c. , (8.2)

and the general Higgs potential is given by

V = m2Φ†Φ +M2ξ†ξ +
1

2
λ1(Φ†Φ)2 +

1

2
λ2(ξ†ξ)2 + λ3(Φ†Φ)(ξ†ξ)

+ µ(ξ̄0φ0φ0 +
√

2ξ−φ+φ0 + ξ−−φ+φ+) + h.c. . (8.3)

The above interaction terms give [23]

(Mν)ij =
2fijµ〈φ0〉2

m2
ξ0

. (8.4)

Thus it follows that if µ is a function of the acceleron field A i.e. µ = µ(A), then the

mass varying neutrinos can be realized for mξ of the order of the electroweak scale.

However, if the νDE is indeed realized through the Higgs triplet, then at least ξ++

should have been observable at the LHC. Thus it is worth exploring if such a Higgs

triplet can be schemed to have a mass of TeV scale in light of the current run of LHC.

8.1.1 Model A

In the presence of the additional Higgs doublet η in the above scheme, the neutrino

masses come from the Higgs triplet ξ (with lepton number assignment L = −2) and

its interaction with η (carrying lepton number L = −1) [361]. The most general lepton

number conserving scalar potential is given by

V = m2
1Φ†Φ +m2

2η
†η +m2

3Tr[∆†∆]

+
1

2
λ1(Φ†Φ)2 +

1

2
λ2(η†η)2 +

1

2
λ3(Tr[∆†∆])2

+
1

2
λ4(Tr[∆†∆†])(Tr[∆∆]) + λ5(Φ†Φ)(η†η)

+ λ6(Φ†Φ)(Tr[∆†∆]) + λ7(η†η)(Tr[∆†∆])

+ λ8(Φ†η)(η†Φ) + λ9(Φ†∆†∆Φ) + λ10(η†∆†∆η)

+ µ(η†∆η̃) + h.c. , (8.5)

where

∆ =

ξ+/
√

2 ξ++

ξ0 −ξ+/
√

2

 , (8.6)
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η̃ = (η̄0,−η−) and µ has the dimension of mass. The lepton number is softly broken

by the terms

Vsoft = µ2
1Φ†η + µ2

(
Φ†∆η̃

)
+ µ3

(
Φ†∆Φ̃

)
+ h.c. , (8.7)

where Φ̃ = (φ̄0,−φ−). Next we define vacuum expectation values (VEVs) of the

scalar fields to be 〈φ0〉 = v1, 〈η0〉 = v2 and 〈ξ0〉 = v3. Now minimization of the

potential with respect to the various Higgs fields give the consistency conditions and

the relations between the different VEVs, which can be solved assuming m2
1 < 0, but

m2
2 > 0 and m2

3 > 0 to obtain

v2
1 ' −m2

1/λ1,

v2 ' −µ2
1v1/[m

2
2 + (λ5 + λ8)v2

1],

v3 ' −
(
µv2

2 + µ2v1v2 + µ3v
2
1

)
/(m2

3 + λ6v
2
1). (8.8)

Thus taking m2, m3 and µ to be M ∼ TeV we have

v2 ∼ µ2
1v1/M

2, v3 ∼ v2
2/M. (8.9)

Consequently, u� v2 � v1 and

v3 ∼ µ2
1v

2
1/M

5. (8.10)

For v1 ∼ 102 GeV and µ1 ∼ 1 GeV we have v2 ∼ 0.1 MeV and v3 ∼ 10−2 eV, which

gives the correct order of magnitude for neutrino mass (mν)ij = 2fijv3. Thus we have

a natural realization of the required small neutrino masses with TeV scale additional

Higgs fields, which does not need any large extra space dimensions constraining mξ

below the cutoff energy scale. Moreover, this model is much more flexible compared

to the scenario with only Higgs triplet in the sense that there is no strict constraint on

mξ to be of the order of electroweak scale. Now the realization of νDE model through

mass varying neutrinos is straightforward. The idea is to make µ1 a function of the

acceleron field A, i.e. µ1 = µ1(A). We will come back to the realization of νDE once

we give the account of the other model below.

8.1.2 Model B

The extension of the fermion (lepton) sector of the SM can be realized in two ways.

The basic idea is that the new lepton multiplet gains a large mass and then it mixes
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with the ordinary lepton doublet triggering the seesaw mechanism. The new lepton

multiplet can only be a singlet or a triplet of SU(2)L. The idea of the triplet lepton

representation to utilize the seesaw structure in neutrino mass matrix was first proposed

in Ref. [27], referred to as type III seesaw, which have been generalized in the context

of unified theories in Ref. [52]. The simplest way to utilize type III seesaw is to add

the SU(2)L triplet with zero hypercharge,

Σ =

Σ0/
√

2 Σ+

Σ− −Σ0/
√

2

 , (8.11)

to the SM, with the interaction terms

Lint = − 1

2
Tr
[
Σ̄MΣΣc + Σ̄cM∗ΣΣ

]
− Φ̃†Σ̄

√
2YΣL

− L̄
√

2Y †ΣΣΦ̃. (8.12)

The terms related to the neutrino mass matrix can be identified readily to obtain the

mass matrix as

Lν,mass =
(
ν Σ0

) 0 YΣv/2
√

2

Y T
Σ v/2

√
2 MΣ/2

 ν

Σ0

 . (8.13)

This gives the non-zero neutrino masses

Mν = −v
2

2
Y T

Σ M
−1
Σ YΣ. (8.14)

Now the neutrino masses can be connected to the dark energy by simply taking MΣ =

MΣ(A); however, such a scenario is constrained from the flatness of the potential as

discussed earlier. This scheme can be generalized right away by accommodating the

right-handed neutrinos N c
i , i = 1, 2, 3 in the scenario. The most general neutrino mass

matrix in such a scenario can be written as

Lν,mass =
(
ν N c Σ0

)
0 MN F1u

MT
N 0 F2Ω

F T
1 u F T

2 Ω MΣ



ν

N c

Σ0

 , (8.15)

where the off-diagonal terms in the third column and row correspond to the mass terms

F1ijνiΣ
0u and F2ijN

c
i Σ

0Ω with u and Ω being the VEVs of the corresponding Higgs

fields. The realization of the nonrenormalizable term, giving rise to type III seesaw,
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Figure 8.1: Diagram realizing the effective nonrenormalizable operator generating right

handed neutrino mass MR = (F2Ω)M−1
Σ (F T2 Ω).

by integrating out heavy fields, is shown in Fig. 8.1. The neutrino mass in the above

scenario has two kinds of contributions, given by

Mν = −MN(F2ΩM−1
Σ F T

2 Ω)−1MT
N − (MN +MT

N)
u

Ω
, (8.16)

where the first term corresponds to a “double seesaw” contribution and the second term

corresponds to the type III seesaw contribution. The relative contributions of the two

kinds of terms to Mν is model dependent. We will consider the case MN ∼ 1 eV. Now

taking u ∼ v ∼ 102 GeV, Ω ∼ 104 GeV and considering the phenomenologically

interesting caseMΣ ∼ 103 GeV with verifiable implications at the current run of LHC,

it follows that for F2 & 10−6 the dominant contribution toMν in Eq. (8.16) comes from

the second term associated with the type III seesaw contribution and for the above set

of values we obtain Mν ∼ 10−2 eV as desired. The mass varying neutrinos can be

realized by taking MN = MN(A).

8.1.3 Realization of neutrino dark energy

Having given the details of the two models realizing mass varying neutrinos with de-

sired small masses, we are now ready to discuss the realization of νDE where the neu-

trino mass (assumed to be a function of the canonically normalized acceleron field A)

Mν(A) is a dynamical quantity and ∂Mν/∂A 6= 0 [150]. We will describe the scalar

potential associated with the acceleron in terms of the varying neutrino mass. In the

nonrelativistic limit, the energy density consists of the thermal neutrino (and antineu-

trino) background (Mνnν) and the scalar potential V0(Mν). The effective potential can

be written as

V (Mν) = Mνnν + V0(Mν). (8.17)
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The neutrino background (driving Mν to small values) gets diluted as the universe ex-

pands and the source term decreases as a result, while we assume that V0 is minimized

for a large Mν . Thus the two terms act in the opposite directions with a minimum at

some intermediate Mν with a non-zero V0. The minimum of the effective potential is

given by

V ′(Mν) = nν + V ′0(Mν) = 0. (8.18)

We consider a scenario where the field sits at the minimum of the potential and it varies

with time as nν gets diluted. Now at any instant of time assuming the simple equation

of state

p(t) = ωρ(t), (8.19)

and taking ρ(t) ' V (t), we use the equation

ρ̇+ 3H(1 + ω)ρ = 0, (8.20)

to obtain

ω + 1 ' − ∂ log V

3∂ log a
= − a

3V

(
Mν

∂nν
∂a

+ nν
∂Mν

∂a
+ V ′0(Mν)

∂Mν

∂a

)
=
Mνnν
V
≡ Ων

Ων + ΩA

= −MνV
′

0(Mν)

V
, (8.21)

where we have used Eq. (8.18) and Ων = Mνnν/ρc is the neutrino energy density

and ΩA = ρA/ρc corresponds to the contribution of V0(Mν) to the energy density,

with ρc is the critical density and a is the cosmic scale factor. Since the observed

value of ω ' −1, Eqn. (8.21) implies that the energy density in the thermal neutrino

background must be much less compared to the total dark energy density. This in

turn suggests that the potential V0(Mν) should be a flat potential. For the case where

dω/dnν is small, the relation

Mν ∝ nων (8.22)

holds. The above considerations are independent from any specific model of neutrino

mass [150] and we will use them to draw out the phenomenological consequences

specific to the two models of interest.
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As we have discussed above in model A, µ1 = µ1(A) makes the effective mass of

the neutrinos to vary. While in model B, MN = MN(A) does the same. Now for the

self interactions of the acceleron field A we take as an example flat effective potential

of the form

V0 = λ4 log(1 + |M̄/M(A)|), (8.23)

where M̄ is a constant. In model A, M(A) = µ1(A) and in model B, M(A) =

MN(A). Hence Eqn. (8.17) takes the form

V (x) = a1x+ a2 log
(

1 +
a3

x

)
, (8.24)

where x = Mν ∝ |µ(A)| and a1, a2, a3, and x are all positive. Now assuming a3/x�
1 it follows that xmin ∝ a2/a1 implying

Mν ∝ n−1
ν , (8.25)

which gives the desired ω ' −1. Thus, the two models under consideration can

naturally explain the νDE for TeV scale ξ, η masses in model A and TeV scale mass

of the new fermion triplet Σ in model B. The TeV scale mass of these particles makes

these models particularly interesting in the context of collider phenomenology at the

LHC. We will come back to the implications and signatures of these two models for

colliders such as the LHC, once we address the issue of leptogenesis in these two

models.

8.2 Leptogenesis

In model A, the SM is extended to include scalar triplets and an additional Higgs

doublet η, providing an attractive possibility of realizing a successful leptogenesis sce-

nario. We start with the conventional formalism of scalar triplet leptogenesis in a

hierarchical case. SU(2)L × U(1)Y is the valid gauge group at an energy scale far

above the electroweak symmetry breaking. Thus it follows that if we analyze one of

the three components of the triplet scalar field then the results will hold for the other



188 Chapter 8. Neutrino dark energy and leptogenesis with TeV scale triplets

two. From Eqs. (8.2), (8.5) and (8.7) we can read off the decay modes of ξ++ as

ξ++
a →


l+i l

+
j (L = −2),

φ+φ+ (L = −2),

η+η+ (L = −0).

, (8.26)

where a = 1, 2, 3 is the generation index. The coexistence of the above decay modes

implies nonconservation of lepton number, however, the lepton asymmetry generated

by ξ++ gets compensated by the decays of ξ−−, unless CP is also violated and the

decays take place out-of-equilibrium. We follow the mass matrix formalism [23, 104],

where the tree level mass matrix for the triplets are assumed to be real and diagonal.

Hence CP is conserved at tree level; however, CP conservation occurs at one-loop

level due to interference between the tree and one-loop diagrams shown in Fig. 8.2.

Note that at least two ξ’s are required for CP nonconservation to occur. Following the

Figure 8.2: The tree level (left) and one-loop (right) decay diagrams for ξ++ → l+l+. A

lepton asymmetry is generated by the CP violation occurring due to the interference between

them.

mass-matrix formalism of Ref. [104], the diagonal tree-level mass matrix of ξa in Eq.

(8.5) is modified in the presence of interactions to

1

2
ξ†
(
M2

+

)
ab
ξb +

1

2
(ξ∗a)

† (M2
−
)
ab
ξ∗b , (8.27)

where

M2
± =

M2
1 − iΓ11M1 −iΓ±12

−iΓ±21M1 M2
2 − iΓ22M2

 , (8.28)

with Γ+
ab = Γab and Γ−ab = Γ∗ab. From the absorptive part of the one-loop diagram for

ξa → ξb we have

ΓabMb =
1

8π

(
µaµ

∗
b + µ3aµ3

∗
b +MaMb

∑
k,l

f ∗aklfbkl

)
. (8.29)
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Now for Γa ≡ Γaa �Ma, the eigenvalues of M2
± are given by

λ1,2 =
1

2
(M2

1 +M2
2 ±
√
S), (8.30)

where S = (M2
1 −M2

2 )2− 4|Γ12M2|2 and M1 > M2. The physical states are given by

ψ+
1,2 = a+

1,2ξ1 + b+
1,2ξ2 , ψ−1,2 = a−1,2ξ

∗
1 + b−1,2ξ

∗
2 , (8.31)

where a±1 = b±2 = 1/
√

1 + |C±i |2, b±1 = C±1 /
√

1 + |C±i |2, a±2 = C±2 /
√

1 + |C±i |2

with

C+
1 = −C−2 =

−2iΓ∗12M2

M2
1 −M2

2 +
√
S
,

C−1 = −C+
2 =

−2iΓ12M2

M2
1 −M2

2 +
√
S
. (8.32)

The states ψ±1,2 evolve with time and decay into a lepton pair and antilepton pair 1.

Assuming (M2
1 − M2

2 )2 � 4|Γ12M2|2, the lepton asymmetries generated are given

by [23]

εi =
1

8π2(M2
1 −M2

2 )2

∑
k,l

{Im [µ1µ
∗
2f1klf

∗
2kl]

+ Im [(µ3)1(µ3)∗2f1klf
∗
2kl]}

[
Mi

Γi

]
. (8.33)

For the case M1 > M2, when the temperature of the universe cools down below M1,

ψ1 decays away to create a lepton asymmetry. However, this asymmetry is washed

out by lepton number nonconserving interactions of ψ2 and the subsequent decay of

ψ2 at a temperature below M2 sustains. The lepton asymmetry then gets converted to

baryon asymmetry in the presence of the anomalous B + L violating processes before

the electroweak phase transition. The approximate final baryon asymmetry generated

is given by
nB
s
∼ ε2

3g∗K(lnK)0.6
, (8.34)

where K ≡ Γ2(M2/T = 1)/H(M2/T = 1) is a parameter measuring the devia-

tion from thermal equilibrium at T = M2, with the Hubble rate defined by H =

1.66g∗
1/2(T 2/MPl), where g∗ corresponds to the number of relativistic degrees of free-

dom.
1Note that ξa and ξ∗a are CP conjugate states, while ψ±

i are not.
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Other than the decays and the inverse decays of triplet scalars, one needs to in-

corporate the gauge scatterings ψψ̄ ↔ FF̄, φφ̄, GḠ (F corresponds to SM fermions

and G corresponds to gauge bosons) and ∆L = 2 scattering processes ll ↔ φ∗φ∗ and

lφ↔ l̄φ∗ into the Boltzmann equation analysis of the asymmetry. Including the above

washout processes, it turns out thatMξ & 1011 GeV is required in order to generate the

correct asymmetry [114]. However, for a quasi-degenerate spectrum of scalar triplets

the resonance effect can enhance the CP-asymmetry by a large amount and a successful

leptogenesis scenario can be attained for a much smaller value of triplet scalar mass.

A detailed analysis of the resonant leptogenesis is beyond the scope of this work and

an account of the same can be found in Refs. [115, 116], where an absolute bound of

Mξ & 1.6 TeV is obtained for a successful leptogenesis scenario.

In model B, the type III seesaw scheme is realized and the right-handed neutrinos

enter together with the neutral component of the heavy fermion triplet in the neutrino

mass matrix. As a consequence, the light neutrino masses, mixing and leptogenesis

are not that tightly coupled as in the case of type I seesaw, where the constraints on the

right-handed neutrino mass MR can clash with the constraints coming from the tex-

tures of light neutrino masses and mixings. In the type III seesaw mechanism given in

Eq. (8.15), we have six heavy Majorana neutrinos instead of the three heavy Majorana

neutrinos in type I seesaw. This can give rise to three pseudo-Dirac pairs of neutri-

nos with one or more pairs having degenerate masses. The six heavy two component

neutrinos have the form of the mass matrix given by [53]

(
Ñ c
i Σ̃0

i

) 0 Miδij

Miδij M̃Σij

Ñ c
j

Σ̃0
j

 . (8.35)

Now the degenerate lightest pair of pseudo-Dirac neutrinos or equivalently, two Majo-

rana neutrinos N± ' (Ñ c
1 ± Σ̃0

1)/
√

2 with masses M± ' ±M1 +
1

2
M̃Σ11 can decay

into light neutrino and Higgs doublet via the Yukawa term Yi±(N±νi)Φ, where

Yi± '
(Ỹi1 ± (F̃2)i1)√

2
∓ M̃11

4M1

(Ỹi1 ∓ (F̃2)i1)√
2

. (8.36)

The asymmetry generated by the decays of N± is given by

ε1 =
1

4π

Im
[∑

j(Yj+Y
∗
j−)
]2∑

j (|Yj+|2 + |Yj−|2)
I(M2

−/M
2
+), (8.37)
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where I(M2
−/M

2
+) comes from the absorptive part of the decay amplitude, with I(x) =

√
x[1 − (1 + x) ln(1 + (1/x)) + 1/(1 − x)]. Using the new basis parametrization

N c
i = UijÑ

c
j and Σ0i = VijΣ̃0j with the matrix (F1)ij diagonal, where

U =


u11 λu12 λu13

λu21 u22 u23

λu31 u32 u33

 , (8.38)

with uij ∼ 1 and

F̃2u =


λ2f11 λf12 λf13

λf21 f22 f23

λf31 f32 f33

 vu, (8.39)

the asymmetry can be put in the form [53]

ε1 =
λ2

4π

(|u31|2 − |f31|2) Im(u∗31f31)

|u31|2 + |f31|2 + |f21|2
I. (8.40)

The lepton asymmetry of the universe is computed using

YL =
nB
s
∼ ε2d

3g∗K(lnK)0.6
, (8.41)

where d is the washout parameter. In this case, for a hierarchical mass spectrum of

triplets the lower bound on triplet mass for a successful leptogenesis scenario is given

by MΣ & 3 × 1010 [362, 363] and to have TeV scale leptogenesis one must assume

a quasi-degenerate spectrum of fermion triplets giving resonant enhancement as in the

case of scalar triplets, giving TeV scale bound on MΣ [115, 364].

8.3 Collider signatures

The triplet fields ξ and Σ can be produced at the LHC if their masses are of the order of

TeV. Therefore LHC gives a unique opportunity to verify the mechanism of neutrino

mass generation if any of these heavy states or their signatures are observed. To this

end, we give a very brief summery of the production and observability of the triplet

fields in the two models discussed above. A quantitative exploration of the discovery

potential of these new fields is beyond the scope of this work and here we mainly

concentrate on a qualitative account of the likely scenarios.
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The members of the scalar triplet field can be produced at the LHC via the channels

qq̄ → Z∗/γ∗ → ξ++ξ−−,

q1q̄2 → W±∗ → ξ++ξ∓,

qq̄ → Z∗/γ∗ → ξ+ξ−. (8.42)

In the above three channels the interactions are fixed by the triplet gauge couplings

and hence the production cross sections only depend on the scalar masses. In addition

to the above three channels, there are additional channels where the scalar triplet field

can be produced in association with W± or quarks,

q1q̄2 → W±∗ → ξ++W∓,

q1q2 → W±∗W±∗q3q4 → ξ±±q3q4,

q1q2 → Z∗Z∗q3q4 → ξ±±q3q4,

q1q2 → γ∗γ∗q3q4 → ξ±±q3q4. (8.43)

The associated production with W± and single production via W±W± fusion involve

the ξ±±W±W± vertex, which is suppressed by a factor of v3/v1. The γγ and ZZ fu-

sion processes are also very suppressed compared to the pair production cross section.

The possible ξ±± decay modes are

ξ±± → l±i l
±
j ,

ξ±± → W±W±,

ξ±± → ξ±W±,

ξ±± → ξ±ξ±, (8.44)

where li = e, µ, τ for i = 1, 2, 3. The decay mode into a pair of leptons has been

extensively discussed in the literature because it provides clear multi-lepton final state

signatures for the pair production of doubly charged Higgs field with a very small SM

background [365]. The possible two body decay modes of ξ± are

ξ± → l±i νj,

ξ± → W±Z,

ξ± → uj d̄k, ūjdk, (8.45)
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with the last two decay modes again suppressed by a factor v3/v1. Thus the production

of scalar triplet fields can give rise to several possible final states. The final states

can be classified according to the number of charged leptons as (a) l+l+l−l−X , (b)

l±l±l∓X , (c) l±l±X , (d) l+l−jτX , (e) l±jτjτjτX , where l corresponds to electrons

or muons (not necessarily all of the same flavor), jτ corresponds to a tau jet and X

represents additional jets [365]. The unique signature of model A is the decay mode

ξ++ → η+η+, if kinematically allowed.

Similarly, in model B the dominant partonic production channels of the charged

and neutral components of the fermion triplet are given by

qq̄ → Z∗/γ∗ → Σ+Σ−,

q1q̄2 → W±∗ → Σ±Σ0. (8.46)

The decay modes of Σ±,Σ0 are

Σ± → l±Z,

Σ± → l±Φ,

Σ± → ν̄W+, νW−,

Σ0 → l±W∓,

Σ0 → νZ,

Σ0 → νΦ. (8.47)

Here the final states with different number of leptons can be classified as (a) six lep-

tons, (b) five leptons, (c) l±l±l±l∓X , (d) l+l+l−l−X , (e) l±l±l±X , (f) l±l±l∓X , (g)

l+l−X , (h) l+l−jjjjX and (i) l±jjjjX [365, 366]. The unique signatures of the type

III seesaw mechanism such as six lepton and five lepton final states can be used to

distinguish it from the type II seesaw scheme at the LHC.

8.4 Summary of the chapter

We have discussed the realization of mass varying neutrinos in an extension of the

usual triplet Higgs model by including an extra Higgs doublet (η) and an extension of

the SM with fermion triplets (ΣR). We found that both scenarios can accommodate
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neutrino dark energy with a dynamical neutrino mass related to the acceleron field, in

the former scenario with TeV scale triplet Higgs fields (ξ) and an additional doublet

Higgs field (η) and in the latter scenario with TeV scale fermion triplets Σ. We have

also discussed the possible leptogenesis mechanisms for simultaneously generating

the observed baryon asymmetry of the universe in both scenarios. Finally, the TeV

scale new fields in both models give unique and highly predictive collider signatures,

testable in the current run of LHC.



Chapter 9

Scope for future studies

In this thesis we have studied several models beyond the SM in the contexts of LHC

phenomenology, neutrino masses, flavor anomalies associated withB-decays and gauge

coupling unification. We have also studied the possibility of explaining the matter-

antimatter asymmetry via baryogenesis (leptogenesis) mechanisms in many models

beyond the SM. We also explored the possibility of explaining the abundance of dark

matter together with the matter-antimatter asymmetry of the universe via a cogenesis

mechanism and the realization of neutrino dark energy in a few models beyond the

standard model.

Two of the chapters of this thesis are devoted to the study of the Left-Right Sym-

metric Model (LRSM), which is one of the most popular candidates for extensions of

the SM. We have discussed how the observation of a TeV scale WR will rule out all

conventional high scale or resonant possibilities of leptogenesis. Thus, if indeed LHC

observes a TeV scaleWR then it will be very interesting to find some post-electroweak

phase transition mechanism to explain the baryon asymmetry of the Universe. In this

context, the experiments to observe the neutron-antineutron oscillations [202, 203] or

the (B − L) violating proton decay [59] will play a crucial role in confirming such

possibilities. Consequently, a detailed and critical study of these mechanisms essential

in understanding the matter-antimatter asymmetry of the universe.

The LRSM framework with vector-like fermions is a very interesting idea to ex-

plore in more detail. Irrespective of the diphoton signal, it can provide a very rich

phenomenology corresponding to the fermion masses and mixing, particularly for the

neutrinos and can have interesting implications for baryogenesis and the potential dark

195
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matter sector. Another interesting aspect is the details of the flavor sector of such

models which is very interesting in the presence of vector-like new fields.

On the other hand, the low energy subgroups of E6 are also very interesting can-

didates for physics beyond the SM. These models predict a number of new exotic

particles and gauge bosons, giving rise to a very rich LHC and neutrino physics phe-

nomenology. The particle content of these models includes leptoquarks, which can

naturally address a number of flavor anomalies including the ones associated with B-

decays. Thus if the B-decay anomalies are confirmed in future B-physics experiments

then it will be interesting to study the flavor structure of these models in detail. From

the point of view of leptogenesis the Alternative Left-Right Symmetric Model provides

a unique opportunity to implement high scale leptogenesis in contrast to the conven-

tional LRSMs, which suffer from strong gauge washout processes for a TeV scale

WR.

Finally, the cogenesis mechanisms provide a unique way to correlate two of the

most puzzling topics in cosmology and particle physics: the matter-antimatter asym-

metry of the universe and the dark matter abundance. Thus, it will be interesting to

seek new frameworks beyond the SM which can allow a natural realization of the co-

genesis mechanism and to test these ideas at the colliders and dark matter detection

experiments. The idea of neutrino dark energy is very interesting because it relates the

neutrino mass scale to the existence of the dark energy. Thus, it will be interesting

to explore different mechanisms of neutrino masses in this context and to explore the

associated collider phenomenology.



Chapter 10

Epilogue

In this thesis we have studied several interesting extensions of the SM in light of differ-

ent LHC signals and flavor anomalies exploring neutrino masses, associated rare de-

cays, gauge coupling unification and the possibility of explaining the matter-antimatter

asymmetry via baryogenesis (leptogenesis) mechanisms. As this epilogue is being

written, several potential signals reported at the end of first run have either disappeared

or weakened, whereas some of the signals remain tantalizing hints of new physics. In

this chapter we synthesize the current status of several different signals discussed in

this thesis and various features of the various proposed extensions that are still valid.

After collecting more data both ATLAS and CMS collaborations have confirmed

that the 750 GeV diphoton excess appears to have been a statistical fluctuation [367,

368]. The signals corresponding to searches for the diboson and dijet resonances have

also weakened severely [369–375]. On the other hand the anomalies discussed in the

flavor sector, particularly the ones associated with B-decays are persistent with new

measurements at the B-factories and remain tantalizing hints of new physics. The

LHC signals often played a guiding role which motivated several of the studies in this

thesis. However, even if the signals have disappeared or weakened, the models stud-

ied remain very interesting due to the associated phenomenological and cosmological

implications. Moreover, the LHC signal studies in the context of these extensions be-

yond the SM remain efficient landmark for future new physics searches, which can be

readily adopted for any similar kind of future excess signals at LHC or next generation

colliders.

Few of the chapters of this thesis are devoted to the study of the Left-Right Sym-

197
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metric Model (LRSM), which is one of the most popular candidates for extensions of

the SM. We have discussed how the observation of a TeV scale WR will rule out all

conventional high scale or resonant possibilities of leptogenesis. Thus, if indeed LHC

observes a few TeV scaleWR in future then it will be very interesting to go back to this

analysis to verify the falsifiability of leptogenesis mechanism. Similarly, irrespective

of the diphoton signal, the discussed LRSM framework with vector-like fermions can

provide a very rich phenomenology corresponding to the fermion masses and mixing,

particularly for the neutrinos and can have interesting implications for baryogenesis

and the potential dark matter sector. On the other hand, the low energy subgroups of

E6 are also very interesting candidates for physics beyond the SM. Irrespective of the

eejj, diphoton, diboson signals, these models predict a number of new exotic particles

and gauge bosons, giving rise to a very rich LHC and neutrino physics phenomenology.

For example following Ref. [250] and several other E6 motivated studies related to the

diphoton excess, in Ref. [376] the phenomenology of extra Z-bosons, new vector-like

fermions, sterile neutrinos, and neutral scalars in addition to the SM Higgs boson have

been updated and extended. Also the relevance of such models to the present searches

at LHC has been discussed and the diagnostics for heavy Z boson have been discussed

in detail. The particle content of these models includes leptoquarks, which we have

shown that can naturally address a number of flavor anomalies including the ones as-

sociated with B-decays. Thus if the persistent B-decay anomalies are confirmed in

future B-physics experiments then these will be very interesting options for physics

beyond the SM. From the point of view of leptogenesis the Alternative Left-Right

Symmetric Model provides a unique opportunity to implement high scale leptogene-

sis in contrast to the conventional LRSMs, which suffer from strong gauge washout

processes for a TeV scale WR.
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Falsifying leptogenesis for a TeV scale W�
R at the LHC

Mansi Dhuria,1,* Chandan Hati,1,2,† Raghavan Rangarajan,1,‡ and Utpal Sarkar1,§
1Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India

2Indian Institute of Technology Gandhinagar, Chandkheda, Ahmedabad 382 424, India
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We point out that the discovery of a right-handed charged gauge boson W�
R with mass of around a few

TeV, for example through a signal of two leptons and two jets that has been reported by CMS to have a 2.8σ
local excess or through a signal of a resonance decaying into a pair of standard model (SM) gauge bosons
showing a local excess of 3.4σ (2.5σ global) reported by ATLAS search, will rule out all possibilities of
leptogenesis in all classes of the left-right symmetric extensions of the Standard Model (LRSM) with both
triplet and doublet Higgs scalars due to the unavoidable fast gauge mediated B − L violating interactions
e�RW

∓
R → e∓RW�

R . Our conclusions are very general in the sense that they do not necessarily demand for a
lepton number violating detection signal of W�

R .

DOI: 10.1103/PhysRevD.92.031701 PACS numbers: 12.60.Cn, 11.30.Fs, 13.85.Rm, 98.80.Cq

The Left-Right Symmetric Model (LRSM) [1] is one of
the most popular candidates for extensions of the Standard
Model (SM) of particle physics. In LRSM the Standard
Model gauge group is extended at higher energies to

GLR ≡ SUð3Þc × SUð2ÞL × SUð2ÞR ×Uð1ÞB−L
whereB − L is the difference between baryon (B) and lepton
(L) numbers. Left-right symmetry breaking predicts the
existence of a massive right-handed charged gauge boson
ðW�

R Þ. In this paper, we point out that ifW�
R has a mass of a

few TeV and can be detected at the LHC, it will have
profound consequences for our understanding of the baryon
asymmetry of the Universe. This is a unique situation where
by observing W�

R at the LHC, we can make a very strong
statement about our origin, that is regarding the baryon
asymmetry of the Universe. One of the most attractive
mechanisms to generate the baryon asymmetry is lepto-
genesis, in which a lepton asymmetry is created before the
electroweak phase transition, which then gets converted to
the baryon asymmetry in the presence of (Bþ L) violating
anomalous processes [2]. Detection of a TeV scaleW�

R at the
LHC would imply violation of ðB − LÞ at a lower energy,
which will rule out all scenarios of leptogenesis. In this
context we must mention that an excess of 2.8σ level was
observed in the energy bin 1.8 TeV < Mlljj < 2.1 TeV in
the two leptons two jets channel at the LHC by the CMS
experiment [3], which can be interpreted as due toW�

R decay
by embedding the conventional LRSM with gL ≠ gR in
SOð10Þ [4] and with gL ¼ gR by taking into account theCP
phases and nondegenerate masses of heavy neutrinos [5].
More recently, the ATLAS search has also reported a
resonance that decays to a pair of SM gauge bosons to

show a local excess of 3.4σ (2.5σ global) in the WZ final
state at approximately 2 TeV [6], which can naturally be
explained by aWR in the LRSM framework with a coupling
gR ∼ 0.4 [7].
In the LRSM the fermion sector transforms under the

gauge group GLR as:

lL∶ ð1; 2; 1;−1Þ; lR∶ ð1; 1; 2;−1Þ;

QL∶
�
3; 2; 1;

1

3

�
; QR∶

�
3; 1; 2;

1

3

�
: ð1Þ

In a popular version of the LRSM, the Higgs sector consists
of one bidoublet Φ and two triplet ΔL;R complex scalar
fields with the transformations

Φ∶ ð1; 2; 2; 0Þ; ΔL∶ ð1; 3; 1; 2Þ; ΔR∶ ð1; 1; 3; 2Þ:
ð2Þ

The left-right symmetry is spontaneously broken to repro-
duce the Standard Model and the smallness of the neutrino
masses can be taken care of by the seesaw mechanism [8].
The symmetry breaking pattern follows the scheme

GLR →
hΔRi

SUð3ÞC × SUð2ÞL × Uð1ÞY ≡ GSM

→
hΦi

SUð3ÞC ×Uð1ÞEM ≡ GEM: ð3Þ

In the first stage of symmetry breaking the right-handed
triplet ΔR acquires a Vacuum Expectation Value (VEV)
hΔRi ¼ 1ffiffi

2
p vR which breaks the SUð2ÞR symmetry and

gives masses to the W�
R , ZR bosons. The electroweak

symmetry is broken by the bidoublet Higgs Φ, which gives
masses to the charged fermions and the gauge bosons W�

L
and ZL. The ΔL gets an induced seesaw tiny VEV, which
can give a Majorana mass to the left-handed neutrinos. The
generators of the broken gauge groups are then related to
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the electric charge by the modified Gell-Mann-Nishijima
formula Q ¼ T3L þ T3R þ B−L

2
.

In a variant of the LRSM with triplet Higgs scalars, one
considers only doublet Higgs scalars to break all the
symmetries. This scenario is more popular in all superstring
inspired models. Here the Higgs sector consists of doublet
scalars

Φ∶ ð1; 2; 2; 0Þ; HL∶ ð1; 2; 1; 1Þ; HR∶ ð1; 1; 2; 1Þ;
ð4Þ

and there is one additional singlet fermion field SR (1,1,1,0)
in addition to the fermions mentioned in Eq. (1). The
doublet Higgs scalar HR acquires a VEV to break the
left-right symmetry and results in mixing of S with right-
handed neutrinos, giving rise to one light Majorana
neutrino, and one heavy pseudo-Dirac neutrino or two
Majorana neutrinos.
In the conventional LRSM, the left-right symmetry is

broken at a fairly high scale, MR > 1010 GeV. First, the
gauge coupling unification requires this scale to be high,
and second, thermal leptogenesis in this scenario gives a
comparable bound. One often introduces a parity odd scalar
and gives a large VEV to this field. This is called D-parity
breaking, which may then allow gL ≠ gR even before the
left-right symmetry breaking, and hence, this allows gauge
coupling unification with TeV scale MR. This is true for
both triplet and doublet models of LRSM. Embedding
the LRSM in an SOð10Þ GUT framework, the violation of
D-parity at a high scale can explain the CMS TeV scaleWR
signal for gR ≈ 0.6gL [4].
For a TeV scale W�

R , all leptogenesis models may be
classified into two groups:

(i) A lepton asymmetry is generated at a very high scale
either in the context of D-parity breaking LRSM or
through some other interactions, both thermal and
nonthermal.

(ii) A lepton asymmetry is generated at the TeV scale
with resonant enhancement, when the left-right
symmetry breaking phase transition is taking place.

These discussions are valid for the LRSM with both triplet
as well as doublet Higgs scalars. We use the reference of the
two variants of the LRSM mentioned above to study the
lepton number violating washout processes and demon-
strate that all these possible scenarios of leptogenesis are
falsifiable for a TeV scale WR. In models with high-scale
leptogenesis with T > 109 GeV, the low energy B − L
breaking is associated with giving mass to the W�

R , which
allows gauge interactions that wash out all the baryon
asymmetry before the electroweak phase transition is over.
On the other hand, the same lepton number violating gauge
interactions will slow down the generation of the lepton
asymmetry for resonant leptogenesis at the TeV scale, so
that generation of the required baryon asymmetry of the
universe is not possible for TeV scale W�

R .

The most stringent constraints on the W�
R mass for

successful high-scale leptogenesis for a hierarchical neu-
trino mass spectrum (MN3R

≫ MN2R
≫ MN1R

¼ mNR
) come

from the SUð2ÞR interactions [9]. To have successful
leptogenesis in the caseMNR

> MWR
the out-of-equilibrium

condition for the scattering process e−R þWþ
R → NR →

eþR þW−
R gives

MNR
≳ 1016 GeV ð5Þ

withmWR
=mNR

≳ 0.1. Now for the caseMWR
> MNR

lepto-
genesis can happen either at T ≃MNR

or at T > MWR
but at

less than the B − L breaking scale. Considering the out-of
equilibrium condition for the scattering process e�Re

�
R →

W�
RW

�
R through NR exchange one obtains the constraint

MWR
≳ 3 × 106 GeVðMNR

=102 GeVÞ2=3: ð6Þ

Thus observing aWR signal with amass in the TeV range for
hierarchical neutrino masses rules out the high-scale lepto-
genesis scenario. In Refs. [10], the constraints obtained from
the observation of lepton number violating processes and
neutrinoless double beta decay were studied to rule out
typical scenarios of high-scale thermal leptogenesis, par-
ticularly leptogenesis models with right-handed neutrinos
with mass greater than the mass scale observed at the LHC
by the CMS experiment. The possibility of generating the
required lepton asymmetry with a considerably low value of
the WR mass has been discussed in the context of the
resonant leptogenesis scenario [11]. In the LRSM, it has
been pointed out that successful low-scale leptogenesis with
a quasidegenerate right-handed neutrinos mass spectrum,
requires an absolute lower bound of 18 TeVon theWR mass
[12]. Recently, it was reported that just the right amount
of lepton asymmetry can be produced even for a substan-
tially lower value of the WR mass (MWR

> 3 TeV) [13]
by considering relatively large Yukawa couplings, which
has been updated to 13.1 TeV after a more careful analysis
in Ref. [14]. In Refs. [12,13], the lepton number violat-
ing gauge scattering processes such as NReR → ūRdR,
NRūR → eRdR, NRdR → eRuR and NRNR → eRēR have
been analyzed in detail. However, lepton number violating
scattering processes with externalWR have been ignored on
the account of the fact that for a heavy WR, there will be a
relative suppression of e−mWR

=mNR in comparison to the
processes with no externalWR. Now if theWR mass is a few
TeV’s as suggested by the excess signal at the LHC reported
by the CMS experiment then one has to take the latter
processes seriously.
In Ref. [15], we had first pointed out that the lepton

number violating washout processes (e�Re
�
R → W�

RW
�
R and

e�RW
∓
R → e∓RW�

R ) can be mediated by doubly charged
Higgs scalars in the conventional LRSM. Following that,
in Ref. [14] only this channel was considered, and for a
particular class of type-I seesaw model with relatively small
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MNR
it was found to have a small contribution, as expected

for a large MWR
=MNR

. However the other gauge scattering
processes in that scenario are strong enough to give a lower
bound of 13.1 TeV on the WR mass. In this paper, we
explore the above lepton number violating scattering
processes mediated by both Δþþ

R and NR in a much more
general context, where we have also taken into account the
interference of these channels. The former channel has one
gauge vertex and one Yukawa vertex, while for the latter
channel both the vertices are gauge vertices, thus are highly
unsuppressed compared to the processes involving Yukawa
vertices. We find that the lepton number violating scattering
process e�RW

∓
R → e∓RW�

R mediated via both NR and Δþþ
R

can stay in equilibrium till the electroweak phase transition
for a TeV scale WR and wash out the lepton asymmetry.1

Thus if one incorporates the above washout process in the
Boltzmann equation for lepton number asymmetry, the
mentioned lower limit on MWR

for successful TeV-scale
resonant leptogenesis will further go up. In the later variant
of LRSMmentioned above the doubly charged Higgs is not
there, however, the lepton number violating scattering
processes mediated via NR are still present and will wash
out the lepton asymmetry.
In the LRSM, the charged current interaction involving

the right-handed neutrino and the right-handed gauge
boson is given by

LN ¼ 1

2
ffiffiffi
2

p gRJRμW
−μ
R þ H:c: ð7Þ

where JRμ ¼ ēRγμð1þ γ5ÞNR. The Lagrangian for the
right-handed Higgs triplet is given by

LΔR
⊃ ðDRμ

~ΔRÞ†ðDμ
R
~ΔRÞ; ð8Þ

where ~ΔR ¼ ðΔþþ
R ;Δþ

R ;Δ0
RÞ in the spherical basis and

the covariant derivative is defined as DRμ ¼ ∂μ−
igRðTj

RA
j
RμÞ − ig0Bμ. The Aj

Rμ and Bμ are gauge fields
associated with SUð2ÞR and Uð1ÞB−L groups with the
gauge couplings given by gR and g0, respectively. After
spontaneous breaking of the left-right symmetry by giving
VEV to the neutral Higgs field Δ0

R i.e. hΔ0
Ri ¼ 1ffiffi

2
p vR, the

interaction between the doubly charged Higgs triplet and
the gauge boson WR will be given by [16]

LΔR
⊃
�
−
vRffiffiffi
2

p
�
g2RW

−
μRW

−μ
R Δþþ

R þ H:c: ð9Þ

The Yukawa interaction between the lepton doublet ψeR ¼
ðNR; eRÞT and the Higgs triplet ~ΔR will be given by

LY ¼ hReeðψeRÞcðiτ2~τ: ~ΔRÞψeR þ H:c:; ð10Þ

where τ’s are the Pauli matrices. By giving a VEV to the
neutral Higgs triplet field, the Yukawa coupling can be

expressed as hRee ¼ MNR
2vR

whereMNR
corresponds to mass of

the Majorana neutrino (NR).
The Feynman diagrams of the lepton number violat-

ing scattering process induced by the above interac-
tions are shown in Fig. 1. Utilizing the interactions in
Eqs. (7)–(10), the differential scattering cross section for
the e∓R ðpÞW�

R ðkÞ → e�R ðp0ÞW∓
R ðk0Þ process is given by [16]

dσeRWR
eRWR

dt
¼ 1

384πM4
WR

ðs −M2
WR

Þ2 Λ
eRWR
eRWR

ðs; t; uÞ; ð11Þ

where

ΛeRWR
eRWR

ðs; t; uÞ ¼ ΛeRWR
eRWR

ðs; t; uÞj
NR

þ ΛeRWR
eRWR

ðs; t; uÞjΔþþ
R

ð12Þ

and

ΛeRWR
eRWR

ðs; t; uÞj
NR

¼ g4R

�
−t
����MNR

�
s

s −M2
NR

þ u
u −M2

NR

�����2

−4M2
WR

ðsu −M4
WR

Þðs − uÞ2
���� MNR

ðs −M2
NR
Þðu −M2

NR
Þ
����2

−4M4
WR

t

����� mNR

ðs −M2
NR
Þ
����2 þ

���� MNR

ðu −M2
NR
Þ
����2
��

; ð13Þ

FIG. 1. Feynman diagrams for e−RW
þ
R → eþRW

−
R scattering

process (a,b) mediated by right handed neutrino NR and (c)
mediated by doubly charged Higgs scalar Δþþ

R . The Feynman
diagrams for e−Re

−
R → W−

RW
−
R are the same as above with

appropriate change in direction of the external lines.

1Note that the other scattering process is doubly phase space
suppressed at a temperature below the WR mass and hence we
will not consider it for leptogenesis at T ≲MWR

.
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ΛeRWR
eRWR

ðs; t; uÞjΔþþ
R

¼ 4g4Rð−tÞ
�ðsþ uÞ2 þ 8M4

WR

ðt −M2
ΔR
Þ2 jMNR

j2

þ ðsþ uÞ
t −M2

ΔR

jMNR
j2
�

s
s −M2

NR

þ u
u −M2

NR

�

þ 4M4
WR

t −M2
ΔR

jMNR
j2
�

1

s −M2
NR

þ 1

u −M2
NR

��
; ð14Þ

where we have neglected any mixing betweenWL andWR.
Note that on the right-hand side of Eq. (14) the first term
represents the Higgs scalar exchange itself while the last
two terms correspond to the interference between the
Higgs scalar exchange and the NR exchange mechanisms.
The relation between Mandelstem variables s ¼ ðpþ kÞ2;
t ¼ ðp − p0Þ2 and u ¼ ðp − k0Þ2 and scattering angle θ is
given by�

st

su −M4
WR

�
¼ −

1

2
ðs −M2

WR
Þ2ð1∓ cos θÞ: ð15Þ

The differential scattering cross section for the
e�R ðpÞe�R ðp0Þ → W�

R ðkÞW�
R ðk0Þ process is given by [16]

dσeReRWRWR

dt
¼ 1

512πM4
WR

s2
ΛeReR
WRWR

ðs; t; uÞ; ð16Þ

where

ΛeReR
WRWR

ðs; t; uÞ ¼ ΛeReR
WRWR

ðs; t; uÞj
NR

þ ΛeReR
WRWR

ðs; t; uÞjΔþþ
R
:

ð17Þ

The expressions of ΛeReR
WRWR

ðs; t; uÞ in this case are obtained

by interchanging s↔t in ΛeRWR
eRWR

ðs; t; uÞ: ΛeReR
WRWR

ðt; s; uÞ ¼
−ΛeRWR

eRWR
ðs; t; uÞ. In this case, the Mandelstem variables

t ¼ ðp − kÞ2 and u ¼ ðp − k0Þ2 are related to s ¼
ðpþ p0Þ2 and scattering angle θ by

�
t

u

�
¼ −

s
2

�
1 −

2M2
WR

s

��
1∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
2M2

WR

s − 2M2
WR

�2
s

cos θ

�
:

ð18Þ
During the period vR > T > MWR

, both the lepton
number violating processes are very fast without any
suppression. To get an idea of the effectiveness of these
scattering processes in wiping out the lepton asymmetry,
we estimate the parameter

K ≡ nhσjvji
H

; ð19Þ

for both the processes, where n is the number density of

relativistic species and is given by n ¼ 2 × 3ζð3Þ
4π2

T3,H is the

Hubble rate given by H ≃ 1.7g1=2� T2=MPl, where g� ∼ 100

corresponds to the number of relativistic degrees of free-
dom, and hσjvji is the thermally averaged cross section.
In order to obtain a rough estimate of vR, let us draw an
analogy with the Standard Model, where we have hϕi ¼ vLffiffi

2
p

where vL ¼ 246 GeV, and MWL
∼ 80 GeV. Now in the

LRSM scenario, where we have hΔ0
Ri ¼ vRffiffi

2
p breaking the

left-right symmetry and MWR
¼ gRvR. Then taking

gR ∼ gL, we have hϕi
MWL

¼ hΔ0
Ri

MWR
≈ 3.

Using the differential cross-section given in Eqs. (11)
and (16), we plot the behavior of K as a function of
temperature in the range 3MWR

> T > MWR
for MWR

¼
2.1 TeV (in the mass range of CMS excess) in Fig. 2. The
high value of K in Fig. 2 for both the processes implies that
these scattering processes are very fast in washing out
lepton asymmetry for T ≳MWR

. In the variant of LRSM
with doublet Higgs scalars the scattering processes cannot
be mediated via a doubly charged Higgs scalar. However,
these lepton number violating scattering processes can still
be mediated via heavy neutrinos, which washes out the
lepton asymmetry in this scenario for T ≳MWR

.
For T < MWR

, the process e�RW
∓
R → e∓RW�

R is more
important 1 Below we will estimate a lower bound on T
until which the latter process stays in equilibrium below
T ¼ MWR

. The cross section of this process as a function
of temperature T can be obtained from Eq. (11). The
scattering rate is given by2 Γ ¼ n̄hσvreli. At a temperature

T < MWR
the number density n̄ ¼ gðTMWR

2π Þ3=2 exp ð−MWR
T Þ

accounts for the Boltzmann suppression of the scattering
rate. The condition for the scattering process to be in
thermal equilibrium is Γ > H. Using MNR

≲MWR
and

vrel ¼ 1 we plot the temperature until which the scattering

FIG. 2 (color online). Plot showing K as a function of temper-
ature (T) with MWR

¼ 2.1 TeV for the scattering processes
e�RW

∓
R → e∓RW�

R and e�Re
�
R → W�

RW
�
R (including both Δþþ

R
and NR mediated diagrams) for vR > T > MWR

.

2We have ignored any finite temperature effects to simplify the
analysis. These effects are small and do not change our
conclusions.
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process e�RW
∓
R → e∓RW�

R stays in equilibrium as a function
of the MWR

in Fig. 3 for three different values of MΔR
. We

have chosen the lowest value of MΔR
to be 500 GeV in

accordance with the recent search limits on the doubly
charged Higgs boson mass [17]. The plot clearly shows that
unless MWR

is significantly larger than the TeV scale, the
scattering process e�RW

∓
R → e∓RW�

R will stay in equilibrium
till a temperature close to the electroweak phase transition
and will continue to wash out the lepton asymmetry until
that temperature. In the LRSM scenario with doublet Higgs
scalars, the lepton number violating scattering processes
mediated only via heavy neutrinos will continue to wash
out the asymmetry until the electroweak phase transition,
pushing up the lower limit on theWR mass for a successful
leptogenesis scenario far beyond the WR signal range
reported by the CMS experiment, ruling out the possibility
of generating the observed baryon asymmetry from TeV
scale resonant leptogenesis as well.

To conclude, for the high-scale leptogenesis scenario
(T ≳MWR

), in both the variants of the LRSM the lepton
number violating scattering processes (e�Re

�
R → W�

RW
�
R

and e�RW
∓
R → e∓RW�

R ) are very efficient in wiping out
the lepton asymmetry, while for a TeV scale resonant
leptogenesis scenario the latter process will stay in equi-
librium until the electroweak phase transition, washing out
the lepton asymmetry for T < MWR

. Hence we rule out the
possibility of successful leptogenesis for W�

R with mass in
the TeV range

(i) in all possible high-scale leptogenesis scenarios for
the LRSM variants with (i) triplet Higgs and
(ii) doublet Higgs, and

(ii) in TeV scale resonant leptogenesis scenarios for
LRSM variants with (i) triplet Higgs and (ii) dou-
blet Higgs.

Complementing the above results, we have also explored
the low-energy subgroups of superstring motivated E6

model in recent works. In one of the supersymmetric low-
energy subgroups of the E6 (known as the Alternative
Left-Right Symmetric Model) one can allow for high-
scale leptogenesis, and explain the excess signal at the
LHC reported by the CMS experiment from resonant
slepton decay. However, the excess signal cannot be
explained by right-handed gauge boson decay while
allowing leptogenesis, in both supersymmetric and non-
supersymmetric low-energy subgroups of superstring
motivated E6 model [18]. Thus, in light of the above,
if the two leptons and two jets excess at the LHC reported
by the CMS experiment is indeed due to W�

R decay, then
one needs to resort to a post-electroweak phase transition
mechanism to explain the baryon asymmetry of the
Universe and in this context, the experiments to observe
the neutron-antineutron oscillation [19] or (B − L) violat-
ing proton decay [20] will play a crucial role in confirm-
ing such possibilities.
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We study the superstring inspired E6 model motivated Uð1ÞN extension of the supersymmetric standard
model to explore the possibility of explaining the recent excess CMS events and the baryon asymmetry of
the Universe in eight possible variants of the model. In light of the hints from short-baseline neutrino
experiments at the existence of one or more light sterile neutrinos, we also study the neutrino mass matrices
dictated by the field assignments and the discrete symmetries in these variants. We find that all the variants
can explain the excess CMS events via the exotic slepton decay, while for a standard choice of the discrete
symmetry four of the variants have the feature of allowing high scale baryogenesis (leptogenesis). For one
other variant three body decay induced soft baryogenesis mechanism is possible which can induce baryon
number violating neutron-antineutron oscillation. We also point out a new discrete symmetry which has the
feature of ensuring proton stability and forbidding tree level flavor changing neutral current processes while
allowing for the possibility of high scale leptogenesis for two of the variants. On the other hand, neutrino
mass matrix of the Uð1ÞN model variants naturally accommodates three active and two sterile neutrinos
which acquire masses through their mixing with extra neutral fermions giving rise to interesting textures
for neutrino masses.

DOI: 10.1103/PhysRevD.93.015001

I. INTRODUCTION

One of the simplest and well motivated extensions of the
Standard Model (SM) gauge group SUð3Þc × SUð2ÞL ×
Uð1ÞY is the Uð1ÞN extension of the supersymmetric SM
motivated by the superstring theory inspired E6 model.
This model, realizing the implementation of supersym-
metry and the extension of the SM gauge group to a larger
symmetry group, offers an attractive possibility of TeV-
scale physics beyond the SM, testable at the LHC. On the
other hand, small neutrino masses explaining the solar and
atmospheric neutrino oscillations data and a mechanism for
generating the observed baryon asymmetry of the Universe
can be naturally accommodated in this model.
The presence of new exotic fields in addition to the

SM fields and new interactions involving the new gauge
boson Z0 provides a framework to explore the associated
rich phenomenology which can be tested at the LHC.
To this end, we must mention that recently the CMS
Collaboration at the LHC have reported excesses in the
searches for the right-handed gauge bosonWR at a center of
mass energy of

ffiffiffi
s

p ¼ 8 TeV and 19.7 fb−1 of integrated
luminosity [1] and dileptoquark production at a center of
mass energy of

ffiffiffi
s

p ¼ 8 TeV and 19.6 fb−1 of integrated
luminosity [2]. In the former the final state eejj was used
to probe pp → WR → eNR → eejj and in the energy bin

1.8 TeV < meejj < 2.2 TeV a 2.8σ local excess have been
reported accounting for 14 observed events with 4 expected
background events from the SM. In the search for dilepto-
quark production, 2.4σ and 2.6σ local excesses in eejj and
epTjj channels respectively have been reported corre-
sponding to 36 observed events with 20.49� 2.4� 2.45
(systematic errors) expected SM background events and 18
observed events with 7.54� 1.20� 1.07 (systematic
errors) expected SM background events respectively [2].
Attempts have been made to explain the above CMS

excesses in the context of left-right symmetric model
(LRSM). The eejj excess have been explained from WR
decay for LRSM with gL ¼ gR by taking into account the
CP phases and nondegenerate masses of heavy neutrinos in
Ref. [3], and also by embedding the conventional LRSM
with gL ≠ gR in the SOð10Þ gauge group in Refs. [4]. In
these models, the lepton asymmetry can get generated
either through the lepton number violating decay of right-
handed Majorana neutrinos [5] or heavy Higgs triplet
scalars [6]. However, the conventional LRSM models
(even after embedding it in higher gauge groups) are not
consistent with the canonical mechanism of leptogenesis in
the range of the mass ofWR ð∼2 TeVÞ corresponding to the
eejj excess at the LHC reported by the CMS [7–9].
The eejj excess has also been discussed in the context of

WR and Z0 production and decay in Ref. [10] and in the
context of pair production of vectorlike leptons in
Refs. [11]. In Ref. [12], a scenario connecting leptoquarks
to dark matter was proposed accounting for the recent
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excess seen by CMS. In Refs. [13,14], the excess events
have been shown to occur in R-parity violating processes
via the resonant production of a slepton. In Ref. [15], the
three effective low-energy subgroups of the superstring
inspired E6 model with a low energy SUð2ÞðRÞ were studied
and a R-parity conserving scenario was proposed in which
both the eejj and epTjj signals can be produced from the
decay of an exotic slepton in two of the effective low-
energy subgroups of the superstring inspired E6 model, out
of which one subgroup (known as the alternative left-right
symmetric model [16]) allows for the possibility of having
successful high-scale leptogenesis.
In this Letter, we systematically study the E6 motivated

Uð1ÞN extension of the supersymmetric SM gauge group to
explain the excess CMS events and simultaneously explain
the baryon asymmetry of the Universe via baryogenesis
(leptogenesis). To this end, we impose discrete symmetries
to the above gauge group which ensures proton stability,
forbids the tree level flavor changing neutral current
(FCNC) processes and dictates the form of the neutrino
mass matrix in the variants of the Uð1ÞN model. We find
that all the variants can explain the excess CMS events via
the exotic slepton decay, while for a standard choice of the
discrete symmetry some of them have the feature of
allowing high scale baryogenesis (leptogenesis) via the
decay of a heavy Majorana baryon (lepton) and some are
not consistent with such mechanisms. We have pointed out
the possibility of the three body decay induced soft
baryogenesis mechanism which can induce baryon number
violating neutron-antineutron (n − n̄) oscillation [17] in
one such variant, on the other hand, we have also explored a
new discrete symmetry for these variants which has the
feature of ensuring proton stability and forbidding tree level
FCNC processes while allowing for the possibilities of high
scale leptogenesis through the decay of a heavy Majorana
lepton. We also comment on the more recent ATLAS and
CMS diboson and dijet excesses in the context of Uð1ÞN
model and other alternatives that can address these
excesses. In light of the hints from short-baseline neutrino
experiments [18] at the existence of one or more light sterile
neutrinos which can interact only via mixing with the active
neutrinos, we have explored the neutrino mass matrix of the
Uð1ÞN model variants which naturally contains three active
and two sterile neutrinos [19]. These neutrinos acquire
masses through their mixing with extra neutral fermions
giving rise to interesting textures for neutrino masses
governed by the field assignments and the imposed discrete
symmetries.
The outline of the article is as follows. In Sec. II, we

review the E6 model motivated Uð1ÞN extension of super-
symmetric standard model and the transformations of the
various superfields under the gauge group. In Sec. III,
we discuss the imposition of discrete symmetries and give
the variants of the Uð1ÞN model and the corresponding
superpotentials. In Sec. IV we discuss the possibility of

producing eejj and epTjj events from the decay of an
exotic slepton. In Sec. V, we comment on the possibility of
explaining the recent diboson and dijet excesses reported
by the ATLAS and CMS Collaborations in the context of
Uð1ÞN model and in general. In Sec. VI, we explore the
possible mechanisms of baryogenesis (leptogenesis) for
the different variants of the Uð1ÞN model. In Sec. VII, we
study the neutral fermionic mass matrices and the resultant
structure of the neutrino mass matrices. In Sec. VIII we
conclude with our results.

II. Uð1ÞN EXTENSION OF SUPERSYMMETRIC
STANDARD MODEL

In the heterotic superstring theory with E8 × E0
8 gauge

group the compactification on a Calabi-Yau manifold leads
to the breaking of E8 to SUð3Þ × E6 [20,21]. The flux
breaking of E6 can result in different low-energy effective
subgroups of rank-5 and rank-6. One such possibility is
realized in the Uð1ÞN model. The rank-6 group E6 can be
broken down to low-energy gauge groups of rank-5 or
rank-6 with one or two additional Uð1Þ in addition to the
SM gauge group. For example E6 contains the subgroup
SOð10Þ ×Uð1Þψ while SOð10Þ contains the subgroup
SUð5Þ × Uð1Þχ . In fact some mechanisms can break the
E6 group directly into the rank-6 gauge scheme

E6 → SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1Þψ ×Uð1Þχ : ð1Þ

These rank-6 schemes can further be reduced to rank-5
gauge group with only one additional Uð1Þ which is a
linear combination of Uð1Þψ and Uð1Þχ

Qα ¼ Qψ cos αþQχ sin α; ð2Þ

where

Qψ ¼
ffiffiffi
3

2

r
ðYL − YRÞ; Qχ ¼

ffiffiffiffiffi
1

10

r
ð5T3R − 3YÞ: ð3Þ

For a particular choice of tan α ¼
ffiffiffiffi
1
15

q
the right-handed

counter part of neutrino superfield (Nc) can transform
trivially under the gauge group and the correspondingUð1Þ
gauge extension to the SM is denoted as Uð1ÞN . The trivial
transformation of Nc can allow a large Majorana mass of
Nc in the Uð1ÞN model thus providing attractive possibility
of baryogenesis (leptogenesis).
Let us consider one of the maximal subgroups of E6

given by SUð3ÞC × SUð3ÞL × SUð3ÞR. The fundamental
27 representation of E6 under this subgroup is given by

27 ¼ ð3; 3; 1Þ þ ð3�; 1; 3�Þ þ ð1; 3�; 3Þ: ð4Þ

The matter superfields of the first family are assigned as:
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0
@ u

d

h

1
Aþ ð uc dc hc Þ þ

0
B@

Ec ν νE

Nc
E e E

ec Nc n

1
CA; ð5Þ

where SUð3ÞL operates vertically and SUð3ÞR operates
horizontally. Now if the SUð3ÞL gets broken to SUð2ÞL ×
Uð1ÞYL

and the SUð3ÞR gets broken to Uð1ÞT3R
× Uð1ÞYR

via the flux mechanism then the resulting gauge symmetry
is given by SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1ÞN, where
the Uð1ÞN charge assignment is given by

QN ¼
ffiffiffiffiffi
1

40

r
ð6YL þ T3R − 9YRÞ; ð6Þ

and the electric charge is given by

Q ¼ T3L þ Y; Y ¼ YL þ T3R þ YR: ð7Þ

The transformations of the various superfields of the
fundamental 27 representation of E6 under SUð3ÞC ×
SUð2ÞL ×Uð1ÞY × Uð1ÞN and the corresponding assign-
ments of YL, T3R and YR are listed in Table I, where
Q ¼ ðu; dÞ, L ¼ ðνe; eÞ, X ¼ ðνE; EÞ and Xc ¼ ðEc; Nc

EÞ.

III. DISCRETE SYMMETRIES AND VARIANTS OF
Uð1ÞN MODEL

The presence of the extra particles in this model can have
interesting phenomenological consequences; however, they
can also cause serious problems regarding fast proton
decay, tree level flavor changing neutral current (FCNC)
and neutrino masses. Considering the decomposition of
27 × 27 × 27 there are 11 possible superpotential terms.
The most general superpotential can be written as

W ¼ W0 þW1 þW2;

W0 ¼ λ1QucXc þ λ2QdcX þ λ3LecX

þ λ4Shhc þ λ5SXXc þ λ6LNcXc þ λ7dcNch;

W1 ¼ λ8QQhþ λ9ucdchc;

W2 ¼ λ10QLhc þ λ11ucech: ð8Þ

The first five terms of W0 give masses to the usual SM
particles and the new heavy particles h, hc, X and Xc. The
last term of W0 i.e. LNcXc can generate a nonzero Dirac
neutrino mass and in some scenarios it is desirable to have
the coupling λ6 very small or vanishing, so that the three
neutrinos pick up small masses. Now the rest five terms
corresponding toW1 andW2 cannot all be there together as
it would induce rapid proton decay. Imposition of a discrete
symmetry can forbid such terms and give a sufficiently
long-lived proton [22]. We will impose a ZB

2 × ZH
2 discrete

symmetry, where the first ZB
2 ¼ ð−1Þ3B prevents rapid

proton decay and the second discrete symmetry ZH dis-
tinguishes between the Higgs and matter supermultiplets
and suppress the tree level FCNC processes.
Under ZB

2 ¼ ð−1Þ3B we have

Q; uc; dc∶ − 1

L; ec; X; Xc; S∶ þ 1; ð9Þ

now depending on the assignments of h, hc and Nc one
can have different variants of the model. Such different
possibilities are listed in Table II.
In the models where h, hc are even under ZB

2 the
superfields hðB ¼ −2=3Þ and hcðB ¼ 2=3Þ are diquarks
while for the rest hðB ¼ 1=3; L ¼ 1Þ and hcðB ¼ −1=3;
L ¼ −1Þ are leptoquarks.Nc with the assignment ZB

2 ¼ −1
are baryons and the assignment ZB

2 ¼ þ1 are leptons. In
addition to the trilinear terms listed in Table II there can be
bilinear terms such as LXc and NcNc. The former can give
rise to nonzero neutrino mass and the latter can give heavy
Majorana baryon (lepton) Nc mass. Model 1 is similar to
model 5 of Ref. [23] and model A of Ref. [24]. Model 2 is
same as model B of Ref. [24]. Model 8 is quite different
from the ones that have been discussed in connection with
leptogenesis in the literature (e.g. [25]). Here the matter
superfields X, Xc carry nonzero B − L quantum numbers
and the tree level FCNC processes are forbidden.

A. Model 1

In this model we take the second discrete symmetry ZH
2

to be ZL
2 ¼ ð−1ÞL following Ref. [24], and it is imposed as

follows

L; ec; X1;2; Xc
1;2; S1;2∶ − 1

Q; uc; dc; Nc; h; hc; S3; X3; Xc
3∶ þ 1: ð10Þ

TABLE I. Transformations of the various superfields of the 27
representation under SUð3ÞC × SUð2ÞL × Uð1ÞY ×Uð1ÞN.

SUð3Þc SUð2ÞL YL T3R YR Uð1ÞY Uð1ÞN
Q 3 2 1

6
0 0 1

6
1ffiffiffiffi
40

p

uc 3� 1 0 − 1
2

− 1
6

− 2
3

1ffiffiffiffi
40

p

dc 3� 1 0 1
2

− 1
6

1
3

2ffiffiffiffi
40

p

L 1 2 − 1
6

0 − 1
3

− 1
2

2ffiffiffiffi
40

p

ec 1 1 1
3

1
2

1
6

1 1ffiffiffiffi
40

p

h 3 1 − 1
3

0 0 − 1
3

− 2ffiffiffiffi
40

p

hc 3� 1 0 0 1
3

1
3

− 3ffiffiffiffi
40

p

X 1 2 − 1
6

− 1
2

1
6

− 1
2

− 3ffiffiffiffi
40

p

Xc 1 2 − 1
6

1
2

1
6

1
2

− 2ffiffiffiffi
40

p

n 1 1 1
3

0 − 1
3

0 5ffiffiffiffi
40

p

Nc 1 1 1
3

− 1
2

1
6

0 0
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The neutral Higgs superfields S3, X3 and Xc
3 have zero

lepton numbers and can pick up vacuum expectation values
(VEVs) while the presence of the bilinear terms LXc

1;2

imply that Xc
1;2 have L ¼ −1 and X1;2 have L ¼ 1. In this

model Nc is a baryon with B ¼ 1 and it acquires a
Majorana mass from the bilinear term mNcNc. The
complete superpotential of model 1 is given by

W ¼ λij1 Qjuci X
c
3 þ λij2 Qjdci X3 þ λ3Ljeci X3 þ λij4 S3hih

c
j

þ λ3ab5 S3XaXc
b þ λa3b5 SaX3Xc

b þ λab35 SaXbXc
3

þ λ3335 S3X3Xc
3 þ λijk7 dci hjN

c
k þ μiaLiXc

a

þmij
NN

c
i N

c
j þW1; ð11Þ

where i, j, k are flavor indices which run over all 3 flavors
and a, b ¼ 1, 2.1The form of the superpotential clearly
shows that the up-type quarks couple to Xc

3 only while the
down-type quarks and the charged leptons couple to X3

only, resulting in the suppression of the FCNC processes at
the tree level.

B. Model 2

Here the second discrete symmetry ZL
2 is imposed as

follows

L; ec; X1;2; Xc
1;2; S1;2; N

c
3∶ − 1

Q; uc; dc; Nc
1;2; h; h

c; S3; X3; Xc
3∶ þ 1: ð12Þ

In this model Nc
1;2 are baryons with B ¼ 1 but Nc

3 is a
lepton and can give mass to one of the neutrinos via the
term LNc

3X
c
3. The complete superpotential of model 2 is

given by

W ¼ λij1 Qjuci X
c
3 þ λij2 Qjdci X3 þ λ3Ljeci X3 þ λij4 S3hih

c
j

þ λ3ab5 S3XaXc
b þ λa3b5 SaX3Xc

b þ λab35 SaXbXc
3

þ λ3335 S3X3Xc
3 þ λi6LiNc

3X
c
3 þ λija7 dci hjN

c
a þ μiaLiXc

a

þmab
N Nc

aNc
b þm33

N Nc
3N

c
3 þW1: ð13Þ

C. Model 3

Under the second discrete symmetry ZH
2 ¼ ZL

2 ¼ ð−1ÞL
the superfields transform as follows

L; ec; X1;2; Xc
1;2; S1;2; N

c; h; hc∶ − 1

Q; uc; dc; S3; X3; Xc
3∶ þ 1: ð14Þ

In this model all the Ncs are leptons. The complete
superpotential of model 4 is given by

W ¼ λij1 Qjuci X
c
3 þ λij2 Qjdci X3 þ λ3Ljeci X3 þ λij4 S3hih

c
j

þ λ3ab5 S3XaXc
b þ λa3b5 SaX3Xc

b þ λab35 SaXbXc
3

þ λ3335 S3X3Xc
3 þ λij36 LiNc

jX
c
3 þ λijk7 dci hjN

c
k

þ μiaLiXc
a þmij

NN
c
i N

c
j þW2: ð15Þ

D. Model 4

Here the second discrete symmetry ZH
2 is again chosen to

be ð−1ÞL giving the transformations of the superfields as
follows

L; ec; X1;2; Xc
1;2; S1;2; N

c
1;2; h; h

c∶ − 1

Q; uc; dc; Nc
3; S3; X3; Xc

3∶ þ 1: ð16Þ

Nc
1;2 are leptons while Nc

3 is a baryon. The complete
superpotential of model 2 is given by

W ¼ λij1 Qjuci X
c
3 þ λij2 Qjdci X3 þ λ3Ljeci X3 þ λij4 S3hih

c
j

þ λ3ab5 S3XaXc
b þ λa3b5 SaX3Xc

b þ λab35 SaXbXc
3

þ λ3335 S3X3Xc
3 þ λia36 LiNc

aXc
3 þ λija7 dci hjN

c
a

þ μiaLiXc
a þmab

N Nc
aNc

b þm33
N Nc

3N
c
3 þW2: ð17Þ

E. Models 5 and 6

In model 5 if we choose the second discrete symmetry
ZH
2 to be ZL

2 ¼ ð−1ÞL then the superfields transform as
follows

TABLE II. Possible transformations of h, hc and Nc under ZB
2 and the allowed superpotential terms.

Model h, hc Nc Allowed trilinear terms

1 þ1 −1 W0 (λ6 ¼ 0), W1

2 þ1 −1 for Nc
1;2, þ1 for Nc

3 W0 (λ6 ¼ 0 for Nc
1;2, λ7 ¼ 0 for Nc

3),W1

3 −1 þ1 W0, W2

4 −1 þ1 for Nc
1;2, −1 for Nc

3 W0 (λ6 ¼ λ7 ¼ 0 for Nc
3), W2

5 þ1 þ1 for Nc
1;2, −1 for Nc

3 W0 (λ6 ¼ 0 for Nc
3, λ7 ¼ 0 for Nc

1;2), W1

6 þ1 þ1 W0 (λ7 ¼ 0), W1

7 −1 −1 W0 (λ6 ¼ λ7 ¼ 0), W2

8 −1 −1 for Nc
1;2, þ1 for Nc

3 W0 (λ6 ¼ λ7 ¼ 0 for Nc
1;2), W2

1We will use this notation hereafter in this article. The indices
i, j, k run over 1,2,3, while the indices a, b run over 1,2.
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L; ec; X1;2; Xc
1;2; S1;2; N

c
1;2∶ − 1

Q; uc; dc; Nc
3; h; h

c; S3; X3; Xc
3∶ þ 1; ð18Þ

which forbids the terms λ6LiNc
aXc

b (λ7 is already vanishing
for Nc

1;2 from the imposition of the first discrete symmetry
ZB
2 ) and thus the possibility of high scale baryogenesis (via

leptogenesis) through the decay of Majorana Nc gets ruled
out. However there can be soft baryogenesis through three
body decays which can induce n − n̄ oscillation. We will
elaborate on this in Sec. VI. With the above choice of
second discrete symmetry given in Eq. (18) the complete
superpotential for model 5 is given by

W ¼ λij1 Qjuci X
c
3 þ λij2 Qjdci X3 þ λ3Ljeci X3 þ λij4 S3hih

c
j

þ λ3ab5 S3XaXc
b þ λa3b5 SaX3Xc

b þ λab35 SaXbXc
3

þ λ3335 S3X3Xc
3 þ λia6 LiNc

aXc
3 þ λij37 dci hjN

c
3 þ μiaLiXc

a

þmab
N Nc

aNc
b þm33

N Nc
3N

c
3 þW1: ð19Þ

We find that in this model it is possible to allow high
scale leptogenesis through the decay of Majorana Nc by a
clever choice of the second discrete symmetry such that it
can distinguish between the matter and Higgs superfields
and also suppress the unwanted FCNC processes at the tree
level. One such choice can be ZE

2 which is associated with
most of the exotic states. We define the transformation
properties of the various superfields under ZH

2 ¼ ZE
2 as

follows

X1;2; Xc
1;2; S1;2; N

c∶ − 1

L; ec;Q; uc; dc; h; hc; S3; X3; Xc
3∶ þ 1; ð20Þ

Thus for this choice also X3, Xc
3 and S3 are the Higgs

superfields that acquire VEVs. Since up-type quarks couple
to Xc

3 only and down-type quarks and charged SM leptons
couple to only X3 the FCNC processes at the tree level are
suppressed. The complete superpotential of model 5 with
the assignments in Eq. (20) reduces to

W0 ¼ λij1 Qjuci X
c
3 þ λij2 Qjdci X3 þ λ3Ljeci X3 þ λij4 S3hih

c
j

þ λ3ab5 S3XaXc
b þ λa3b5 SaX3Xc

b þ λab35 SaXbXc
3

þ λ3335 S3X3Xc
3 þ λiab6 LiNc

aXc
b

þmab
N Nc

aNc
b þm33

N Nc
3N

c
3 þW1: ð21Þ

In model 6 also, the similar assignments for the super-
fields as given in Eq. (20) holds good and the complete
superpotential is similar to Eq. (21) except the λ6 term
which now reads λija6 LiNc

jX
c
a.

F. Models 7 and 8

Taking second discrete symmetry to be ZH
2 ¼ ð−1ÞL the

superfields transform as follows

L; ec; X1;2; Xc
1;2; S1;2; h; h

c∶ − 1

Q; uc; dc; Nc; S3; X3; Xc
3∶ þ 1: ð22Þ

In this model all the Ncs are baryons. The complete
superpotential of model 7 is given by

W ¼ λij1 Qjuci X
c
3 þ λij2 Qjdci X3 þ λ3Ljeci X3 þ λij4 S3hih

c
j

þ λ3ab5 S3XaXc
b þ λa3b5 SaX3Xc

b þ λab35 SaXbXc
3

þ λ3335 S3X3Xc
3 þ μiaLiXc

a þmij
NN

c
i N

c
j þW2: ð23Þ

Note that the λ6 and λ7 terms which are essential for
baryogenesis through Nc decay (as discussed in Sec. VI)
are forbidden by the ZB

2 symmetry irrespective of what ZH
2

one chooses. For model 8 also one can write down the
superfield transformations and the superpotential. In this
case the mass term for Nc is given by mab

N Nc
aNc

b þ
m33

N Nc
3N

c
3 and the terms λi336 LiNc

3X
c
3, λ

ij3
7 dci hjN

c
3 are present

in addition to the terms given in Eq. (23).

IV. EXPLAINING THE CMS eejj (AND epTjj)
EXCESS(ES)

An inspection of Table II and the corresponding allowed
superpotential terms reveals that all the models listed there
contain the terms λ2QidcjX3 and λ3LiecjX3 in the super-
potential ( ~Nc

E and ~νE acquires VEVs and SUð2Þ ×Uð1ÞY
gets broken to Uð1ÞEM) and can give rise to eejj signal
from the exotic slepton ~E decay. ~E can be resonantly
produced in pp collisions, which then subsequently decays
to a charged lepton and neutrino, followed by interactions
of the neutrino producing an eejj signal. The process
leading to eejj signal is given in Fig. 1.
The models where h and hc are leptoquarks (Models 3, 4,

7 and 8 in Table II) can produce both eejj and epTjj
signals from the decay of scalar superpartner(s) of the
exotic particle(s). Both events can be produced in the above
scenarios via (i) resonant production of the exotic slepton ~E
(ii) and pair production of scalar leptoquarks ~h. The
processes involving exotic slepton decay leading to both
eejj and epTjj signals are given in Fig. 2. The super-
potential terms involved in these processes are λ10QLhc

and λ11ucech in addition the two terms responsible for the
first signal. The partonic cross section of slepton produc-
tion is given by [26]

FIG. 1. Feynman diagram for a single exotic particle ~E
production leading to eejj signal.
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σ̂ ¼ π

12ŝ
jλ2j2δ

�
1 −m2

~E

ŝ

�
; ð24Þ

where ŝ is the partonic center of mass energy, andm ~E is the
mass of the resonant slepton. The total cross section is
approximated to be [26]

σðpp → eejjÞ ∝ jλ2j2
m3

~E

× β1 ð25Þ

and

σðpp → epTjjÞ ∝
jλ2j2
m3

~E

× β2; ð26Þ

where β1 is the branching fraction for the decay of ~E to eejj
and β2 is the branching fraction for the decay to epTjj. β1;2
and the coupling λ2 are the free parameters. The cross
section for the processes can be calculated as a function
of the exotic slepton mass and bounds for the value of
the mass of the exotic slepton can be obtained by matching
the theoretically calculated excess events with the ones
observed at the LHC at a center of mass energyffiffiffi
s

p ¼ 8 TeV. Thus, the Uð1ÞN models can explain the
excess eejj (and epTjj) signal(s) at the LHC via resonant
exotic slepton decay.

V. MORE RECENT ATLAS AND CMS DIBOSON
AND DIJET EXCESSES

Very recently, the ATLAS and CMS collaborations
have reported a number of diboson and dijet excesses over
the SM expectations near the invariant mass region
1.8–2.0 TeV. The search for diboson production has been
reported by the ATLAS Collaboration to show a 3.4σ
excess at ∼2 TeV in boosted jets ofWZ channel amounting
to a global 2.5σ excess over the SM expectation [27]. The
method of jet substructure has been used to discriminate the
hadronic decays of W and Z bosons from QCD dijets and
due to overlaps in the jet masses of the gauge bosons many
events can also be interpreted as ZZ or WW resonances,
yielding 2.9σ and 2.6σ excesses in two channels respec-
tively. On the other hand, the CMS has reported a 1.4σ
excess at ∼1.9 TeV in their search for diboson production
without discriminating between the W- and Z-tagged jets
[28] and a 1.5σ excess at ∼1.8 TeV in the search for

diboson production with a leptonically tagged Z [29].
In the search for dijet resonances the ATLAS and CMS
Collaborations have reported excesses at 1.8 TeV with 2.2σ
and 1σ significance levels respectively [30,31]. The CMS
has also reported a 2.1σ excess in the energy bin 1.8 to
1.9 TeV in the resonant HW production channel [32].
Several phenomenological explanations have been pro-

posed addressing these excesses [33–55]. In the framework
of simple extensions of the SM, a heavy W0 with mass
∼2 TeV produced via qq̄ annihilation can explain the
excess in WZ channel via its mixing with the SM W for
a mixing angle grater than 10−2. While a heavy Z0 can mix
with the SM Z and then decay into WþW− to explain the
excess in the WþW− channel. Assuming that the SM Z1

boson mixes with Z2 via a mixing angle ϕz to give the mass
eigenstates Z and Z0

�
Z1

Z2

�
¼
�
cosϕz − sinϕz

sinϕz cosϕz

��
Z

Z0

�
; ð27Þ

the relevant vertex for the Z0 can be written as

VZ0WW∶ g cos θw sinϕz½ðpZ0 − pWþÞβgμα
þðpWþ − pW−Þμgαβ þ ðpW− − pZ0 Þαgμβ�
× εμðpZ0 ÞεαðpWþÞεβðpW−Þ; ð28Þ

where cosϕz ≃ 1 is assumed. The partial decay width
of Z0 into WþW− is given by

ΓZ0WþW− ¼ sin2 ϕz

�
g2 cos2 θw
192π

M5
Z0

M4
W

��
1 −M2

W

M2
Z0

�
3=2

×

�
1þ 20

M2
W

M2
Z0
þ 12

M4
W

M4
Z0

�
: ð29Þ

For Z0, the seven—eight events around the 2 TeV peak
gives the benchmark σðZ0Þ × BðZ0 → WþW−Þ≃ 5–6 fb.
However, the semileptonic channel of the WþW− decay
puts an upper limit on σðZ0Þ × BðZ0 → WþW−Þ≃ 3 fb at
95% confidence level [29]. Ignoring this slight inconsis-
tency one can obtain a range of values for g0 and sinϕz
which can explain the excess. It turns out that to explain the
excess one must have sinϕz ≳ 10−3 [35]. However from
electroweak precision data sinϕz corresponding to ZN in
our model is constrained sinϕz ≤ 7 × 10−4 [56]. Thus, all
the excess events cannot be addressed via the ZN decay.
For a leptophobic Z0 the mixing angle can be relaxed to
8 × 10−3, which is close to the required value to explain
the diboson anomaly [35].
It is also interesting to note that the ATLAS diboson

excess can also be explained with a 2 TeV sgoldstino scalar
assuming that the SUSY breaking scale is in the few TeV
range as pointed out in Ref. [55]. Our model being a
supersymmetric one can also entertain such a possibility.

FIG. 2. Feynman diagram for exotic slepton ~E production
leading to both eejj and epTjj signal.
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Lastly, since the Uð1ÞN model is a low energy subgroup of
the superstring motivated E6 group, it is also possible to
rely on additional anomalous Uð1Þ fields coming from
stringy construct, for example the D-brane compactifica-
tions it was shown in Ref. [54] that under the assumption
of a low string scale, the dibosn and dijet excesses can be
addressed by an anomalous Uð1Þ field with very small
couplings to the leptons.

VI. BARYOGENESIS (LEPTOGENESIS)
IN Uð1ÞN MODELS

Some of the variants of low-energy Uð1ÞN subgroup
of E6 model allows for the possibility of explaining
baryogenesis (leptogenesis) from the decay of heavy
Majorana particle Nc. In order to generate the baryon
asymmetry of the Universe from Nc decay the conditions
that must be satisfied are (i) violation of B − L from
Majorana mass ofNc, (ii) complex couplings must give rise
to sufficient CP violation and (iii) the out-of-equilibrium
condition given by

ΓN < HðT ¼ mNÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
4π3g�
45

r
T2

MPl
; ð30Þ

must be satisfied, where ΓN is the decay width of Majorana
Nc, HðTÞ is the Hubble rate, g� is the effective number
of relativistic degrees of freedom at temperature T and
MPl is the Planck mass. This implies that Nc cannot
transform nontrivially under the low-energy subgroup
G¼ SUð3ÞC×SUð2ÞL×Uð1ÞY ×Uð1ÞN , which is readily
satisfied in some variants of Uð1ÞN model (see Table I).
Thus the out-of-equilibrium decay of heavy Nc can give
rise to high-scale baryogenesis (leptogenesis).
Models 1 and 2 have distinctive features of allowing

direct baryogenesis via decay of heavy Majorana baryon
Nc [24]. In both schemes,Nc

kðaÞ decays toB − L ¼ B ¼ −1
final states dci ~hj, ~d

c
ihj and to their conjugate states with

B − L ¼ B ¼ 1, via the interaction term λijk7 (λija7 ) in
Eqs. (11) and (13). In both cases, the CP violation comes
from the complex Yukawa coupling λijk7 (λija7 ) given in
Eqs. (11) and (13). The asymmetry is generated from
interference between tree level decays and one-loop vertex
and self-energy diagrams. The one-loop vertex and self-
energy diagrams are shown in Fig. 3.

The asymmetry is given by

ϵk ¼ 1

24π

P
i;j;l;m;nIm½λijk7 λinl�7 λmjl�

7 λmnk
7 �P

i;jλ
ijk�
7 λijk7

×
�
FV

�
M2

Nl

M2
Nk

�
þ 3F S

�
M2

Nl

M2
Nk

��
; ð31Þ

where

FV ¼ 2
ffiffiffi
x

p
x − 1

; F S ¼
ffiffiffi
x

p
ln

�
1þ 1

x

�
: ð32Þ

FV corresponds to a one-loop function for a vertex diagram
andF S corresponds to a one-loop function for a self-energy
diagram. The baryon to entropy ratio generated by decays
of Nk is given by nB=s ∼ ϵnγ=s ∼ ðϵ=g�Þð45=π4Þ, where nγ
is number density of photons per comoving volume
and g� corresponds to the number of relativistic degrees
of freedom. By considering λ7ijk ∼ 10−3 in model 1,
one can generate nB=s ∼ 10−10 for maximal CP violation.
Similarly, one needs λija7 ∼ 10−3 to satisfy required bound
on nB=s in model 2.
In models 3 and 4, Nc

1;2 (Nc) are Majorana leptons and
hence a B − L asymmetry is created via the decay of heavy
Nc which then gets converted to the baryon asymmetry
of the Universe in the presence of the Bþ L violating
anomalous processes before the electroweak phase tran-
sition. In these two cases, Nc

kðaÞ decays to the final states

dci ~hj, ~d
c
ihj with B − L ¼ −1 and to their conjugate states

with B − L ¼ 1, via the interaction term λija7 (λijk7 ) in
Eqs. (17) and (15). The one-loop diagrams that can
interfere with the tree level NaðNkÞ decays to provide
the required CP violation are again the diagrams given in
Fig. 3. However in these scenarios a B − L asymmetry is
created from the decay of Majorana Nc in contrast to the B
asymmetry created in models 1 and 2. Again utilizing the
general expression for calculating asymmetry parameter as
given in Eq. (31), one needs λija7 ðλijk7 Þ ∼ 10−3 in order to
satisfy nB=s ∼ 10−10 bound in both models 3 and 4.
For models 5 and 6, we have discussed two possible

choices for the second discrete symmetries in Sec. III. In
model 5,Nc

1;2 are leptons andN
c
3 is a baryon while in model

6 all the Nc’s are leptons. For the first choice of second
discrete symmetry ZH

2 ¼ ZL
2 the form of the superpotential

[Eq. (19) for model 5] clearly shows that one cannot
generate the baryon asymmetry of the Universe from high
scale leptogenesis via the decay of heavy Majorana Nc in
these models. However, the term λij37 dci hjN

c
3 can give rise to

baryogenesis at TeV scale or below if one consider soft
supersymmetry (SUSY) breaking terms in model 5. The
relevant soft SUSY terms in the Lagrangian is given by

L ∼m2
~hi
~h†i ~hi þm2

~Ql

~Q†
l
~Ql þ Ailm ~hi ~Ql

~Qm þ � � � ; ð33ÞFIG. 3. One-loop diagrams for Nk decay which interferes with
the tree level decay to provide CP violation.
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where i corresponds to the different generations of lep-
toquarks and QlðmÞ ¼ ðul; dlÞ, l, m ¼ 1, 2, 3, corresponds
to three generations of superpartners of the Standard Model
quarks. The Feynman diagrams for the tree level process
and the one-loop process interfering with it to provide the
CP violation are shown in Fig. 4. The asymmetry param-
eter in this case is given by [57]

ϵ ¼ AN3

X
i;j;k

�
Im½λij3�7 λik37 Aj33�Ak33�

�jλj118 j2
m2

~hj

− jλk118 j2
m2

~hk

�

þ Im½λij3�7 λik37 λj118 λk11�8 �
�jAj33j2

m2
~h1

− jAk33j2
m2

~h1

�

þ Im½Aj33Ak33�λj118 λk11�8 �
�jλij37 j2

m2
~hj

− jλik37 j2
m2

~hk

��
; ð34Þ

where AN3
¼ 1

ΓN3

1
ð2πÞ3

1
12

π
4π2

M5
N3

m2
~hj
m2

~hk

and ΓN3
is the total decay

width of N3. Thus, by considering the soft SUSY breaking
terms [given in Eq. (33)] of TeV scale, one can generate
required amount of baryon asymmetry for particular values
of Yukawa couplings.
This can also induce neutron-antinutron (n − n̄) oscil-

lation violating baryon number by two units (ΔB ¼ 2) [17].

The effective six-quark interaction inducing n − n̄ oscil-
lation is shown in Fig. 5. In fact, models 1 and 2 can also
induce n − n̄ oscillation in a similar fashion. However in
model 6 all the Ncs are leptons and hence in this model a
scheme for baryogenesis similar to above is not possible.
Now if we choose the second discrete symmetry to be

ZH
2 ¼ ZE

2 in models 5 and 6 [see Eq. (20)] then it is possible
to allow high scale leptogenesis via the decay of heavy
Majorana Nc. In these two models Nc

aðjÞ decays to the final

states νei ~N
c
Eb
, ~νeiN

c
Eb
, ei ~E

c
b, ~eiE

c
b with B − L ¼ −1 and to

their conjugate states with B − L ¼ 1, via the interaction
term λiab7 (λijb7 ) in Eq. (21). Here we take advantage of the
fact that ZE

2 symmetry forbids bilinear term like LXc,
and consequently Xc need not to carry any lepton number,
it can simply have the assignment B ¼ L ¼ 0. The one-
loop diagrams for NaðNjÞ decays that can interfere with
the tree level decay diagrams to provide the required CP
violation are given in Fig. 6.
For models 7 and 8 the imposition of the ZB

2

symmetry implies vanishing λ6 and λ7 for two or more
generations of Nc. Thus in these models no matter
what kind of ZH

2 we choose sufficient CP violation
cannot be produced and consequently the possibility of
baryogenesis (leptogenesis) from the decay of heavy
Majorana Nc is ruled out. Thus one needs to resort to
some other mechanism to generate the baryon asym-
metry of the Universe.

VII. NEUTRINO MASSES

In all the variants of Uð1ÞN model that we have
considered in Sec. III, the scalar component of S3 acquires
a VEV to break the Uð1ÞN . The fermionic component of S3
pairs up with the gauge fermion to form a massive Dirac
particle. However the fields S1;2 still remains massless
and can give rise to an interesting neutrino mass matrix
structure.
In model 1, the fieldNc

1;2;3 are baryons and hence they do
not entertain the possibility of canonical seesawmechanism
of generating mass for neutrinos. However, the bilinear
terms μiaLiXc

a can give rise to four nonzero masses for νe;μ;τ
and S1;2 as noted in Ref. [24]. The 9 × 9mass matrix for the
neutral fermionic fields of this model νe;μ;τ, S1;2, νE1;2

and
Nc

E1;2
is given by

FIG. 4. The tree level and one-loop diagrams for N3 decay
giving rise to baryogenesis in model 5.

FIG. 5. n − n̄ oscillation induced by effective six-quark
interaction.

FIG. 6. One-loop diagrams for Na decay which interferes with
the tree level decay to provide CP violation.
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M1 ¼

0
BBBB@

0 0 0 μia

0 0 λab35 v2 λa3b5 v1

0 λba35 v2 0 Maδab

ðμTÞai λb3a5 v1 Maδab 0

1
CCCCA; ð35Þ

where v1 and v2 are the VEVs acquired by ~νE3
and ~Nc

E3

respectively, and M1;2 corresponds to the mass eigenvalues

of the neutral fields X1;2 and Xc
1;2. We will further assume

that the field νE1;2
pairs up with the charge conjugate states

to obtain heavy Dirac mass. Thus in Eq. (35) four of the
nine fields are very heavy with massesM1,M1,M2 andM2

to a good approximation. This becomes apparent once we

diagonalize M1 in Ma by a rotation about the 3-4 axis
to get

M01 ¼

0
BBBBB@

0 0 μia=
ffiffiffi
2

p
μia=

ffiffiffi
2

p

0 0 ðλab35 v2 þ λa3b5 v1Þ=
ffiffiffi
2

p ð−λab35 v2 þ λa3b5 v1Þ=
ffiffiffi
2

p

ðμTÞai= ffiffiffi
2

p ðλba35 v2 þ λb3a5 v1Þ=
ffiffiffi
2

p
Maδab 0

ðμTÞai= ffiffiffi
2

p ð−λba35 v2 þ λb3a5 v1Þ=
ffiffiffi
2

p
0 −Maδab

1
CCCCCA: ð36Þ

Then we readily obtain the 5 × 5 reduced mass matrix
for the three neutrinos and S1;2 given by

M1
ν ¼

 
0 μicλcb35 v2M−1

c

λac35 μcjv2M−1
c ðλac35 λc3b5 þ λa3c5 λcb35 Þv1v2M−1

c

!
;

ð37Þ

where the repeated dummy indices are summed over.
Note that one neutrino remains massless in this model,
two of the active neutrinos acquire small masses and the
remaining eigenvalues correspond to sterile neutrino states.
From Eq. (37) it follows that the bilinear terms μLXc
and the sterile neutrinos are essential for the nonzero active
neutrino masses in this model. The fields Nc

1;2;3, which are
responsible for creating the baryon asymmetry of the
Universe do not enter the neutrino mass matrix anywhere
and hence the neutrino masses in this model do not
have any direct connection with the baryon asymmetry.
To have the active neutrino masses of the order 10−4 eV
one can choose the sterile neutrino mass of the order 1 eV
and the off diagonal entries in Eq. (37) to be of the
order 10−2 eV. In this model the oscillations between the
three active neutrinos and two sterile neutrinos is natural,
and this allows the possibility of accommodating the LSND
results [18]. The mixing between S1;2 and the heavy neutral
leptons νE, Nc

E can give rise to the decays E1;2 → W−S1;2,
Ec
1;2 → WþS1;2, νE1;2

→ ZS1;2 and Nc
1;2 → ZS1;2, which

will compete with the decays arising from the Yukawa
couplings E1;2 → H−S1;2, Ec

1;2 → HþS1;2, νE1;2
→ H0S1;2

and Nc
1;2 → H0S1;2, where HþðH0Þ are physical admixture

of ~E3ð~νE3
Þ and ~Ec

3ð ~Nc
E3
Þ.

In model 2,Nc
3 is a lepton and hence the term λi336 LiNc

3X
c
3

in the superpotential given in Eq. (13) can give rise to a
seesaw mass for one active neutrino, while the other two
active neutrinos can acquire masses from Eq. (37) as

before. Thus in this model all three neutrinos can be
massive instead of two in model 1. Note that this model
can allow the neutrino mass texture where one of the active
neutrinos can have mass much larger compared to the other
two, which can naturally give atmospheric neutrino oscil-
lations with a Δm2 orders of magnitude higher than Δm2

for solar neutrino oscillations.
In the case of model 3 all three Nc fields are leptons and

the 12 × 12 mass matrix for the neutral fermions spanning
νe;μ;τ, S1;2, Nc

1;2;3, νE1;2
and Nc

E1;2
is given by

M3 ¼

0
BBBBBBB@

0 0 λij36 v2 0 μia

0 0 0 λab35 v2 λa3b5 v1

λji36 v2 0 MNi
δij 0 0

0 λba35 v2 0 0 Maδab

ðμTÞai λb3a5 v1 0 Maδab 0

1
CCCCCCCA
:

ð38Þ

This gives the reduced 5 × 5matrix for three active and two
sterile neutrinos as follows

M3
ν ¼

�
λik36 λkj36 v22M

−1
Nk

μicλcb35 v2M−1
c

λac35 μcjv2M−1
c ðλac35 λc3b5 þ λa3c5 λcb35 Þv1v2M−1

c

�
:

ð39Þ

This clearly shows that in this model active neutrinos can
acquire seesaw masses even in the absence of the bilinear
term μLXc and the sterile neutrinos. As we have discussed
in Sec. VI, the out-of-equilibrium decay of Nc creates the
lepton asymmetry in this model; thus, MN can be con-
strained from the requirement of successful leptogenesis.
However one still has some room left to play with λ5, μ
and Ma, which can give rise to interesting neutrino mass
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textures. In model 4, the fields Nc
1;2 are leptons while N

c
3 is

a baryon and hence the 11 × 11 mass matrix spanning
νe;μ;τ, S1;2, Nc

1;2, νE1;2
and Nc

E1;2
will reduce to a 5 × 5matrix

similar to Eq. (39), except the (1,1) entry which is now
given by λic36 λcj36 v22M

−1
Nc
. Thus it follows that two of the

active neutrinos can acquire masses even without the
bilinear term μLXc and the sterile neutrinos.
For models 5 and 6 we have discussed two possible

choices for the second discrete symmetry ZH
2 in Sec. III. In

the former model Nc
1;2 are leptons and N

c
3 is a baryon while

in the latter model all Nc
1;2;3 are leptons. In model 5, for the

first choice i.e. ZB
2 ¼ ZL

2 the 11 × 11 mass matrix for the
neutral fermions spanning νe;μ;τ, S1;2, Nc

1;2, νE1;2
is given by

M5 ¼

0
BBBBBBB@

0 0 λid36 v2 0 μia

0 0 0 λab35 v2 λa3b5 v1

λdi36 v2 0 MNd
δdg 0 0

0 λba35 v2 0 0 Maδab

ðμTÞai λb3a5 v1 0 Maδab 0

1
CCCCCCCA
;

ð40Þ

which can be reduced to 5 × 5 matrix for three active and
two sterile neutrinos

M3
ν¼
�

λic36 λcj36 v22M
−1
Nc

μicλcb35 v2M−1
c

λac35 ðμTÞcjv2M−1
c ðλac35 λc3b5 þλa3c5 λcb35 Þv1v2M−1

c

�
;

ð41Þ

which is similar to the form in model 4 and hence similar
conclusions follow. Model 6 gives a reduced mass matrix
similar to model 3 given in Eq. (39).
For the second choice in model 5, i.e. ZB

2 ¼ ZE
2 the

11 × 11 mass matrix for the neutral fermions is given by

M5 ¼

0
BBBBBB@

0 0 0 0 0

0 0 0 λab35 v2 λa3b5 v1
0 0 MNd

δdg 0 0

0 λba35 v2 0 0 Maδab

0 λb3a5 v1 0 Maδab 0

1
CCCCCCA
; ð42Þ

which clearly shows that the active neutrinos are massless
in this case while the sterile neutrinos acquire masses
ðλac35 λc3b5 þ λa3c5 λcb35 Þv1v2M−1

c . The masslessness of the
active neutrinos is a consequence of the exotic discrete
ZE
2 symmetry which forbids the mixing among the exotic

and nonexotic neutral fermion fields defined in Eq. (20).
The situation is similar for ZB

2 ¼ ZE
2 in model 6 also.

The analysis of mass matrix for models 7 and 8 are
exactly similar to model 1 and 2 respectively with similar
conclusions.

VIII. CONCLUSIONS

We have studied the variants of effective low-energy
Uð1ÞN model motivated by the superstring inspired E6

group in presence of discrete symmetries ensuring proton
stability and forbidding tree level flavor changing neutral
current processes. Our aim was to explore the eight possible
variants to explain the excess eejj and epTjj events that
have been observed by CMS at the LHC and to simulta-
neously explain the baryon asymmetry of the Universe via
baryogenesis (leptogenesis). We have also studied the
neutrino mass matrices governed by the field assignments
and the discrete symmetries in these variants.
We find that all the variants can produce an eejj excess

signal via exotic slepton decay, while, the models where h
and hc are leptoquarks (models 3, 4, 7 and 8) both eejj and
epTjj signals can be produced simultaneously. While the
constraints coming from the electroweak precision data on
the mixing angle between ZN and the SM Z makes it
difficult to address the recent diboson and dijet excesses
reported by ATLAS and CMS Collaborations in the
framework of Uð1ÞN model. For the choice ZH

2 ¼ ZL
2 ¼

ð−1ÞL as the second discrete symmetry, two of the variants
(models 1 and 2) offers the possibility of direct baryo-
genesis at high scale via decay of heavy Majorana baryon,
while two other (models 3 and 4) can accommodate high-
scale leptogenesis. For the above choice of the second
discrete symmetry none of the other variants are consistent
with high-scale baryogenesis (leptogenesis), however,
model 5 allows for the possibility of baryogenesis at
TeV scale or below by considering soft supersymmetry
breaking terms and this mechanism can induce baryon
number violating n − n̄ oscillation. On the other hand we
have also pointed out a new choice for the second discrete
symmetry which has the feature of ensuring proton stability
and forbidding tree level FCNC processes, while allowing
for the possibility of high scale leptogenesis for models 5
and 6. Studying the neutrino mass matrices for the Uð1ÞN
model variants we find that these variants can naturally give
three active and two sterile neutrinos and accommodate the
LSND results. These neutrinos acquire masses through
their mixing with extra neutral fermions and can give rise to
interesting neutrino mass textures where the results for the
atmospheric and solar neutrino oscillations can be naturally
explained.
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The recent diphoton excess signal at an invariant mass of 750 GeV can be interpreted in the framework 
of left–right symmetric models with additional scalar singlets and vector-like fermions. We propose a 
minimal scenario for such a purpose. Extending the LRSM framework to include these new vector-like 
fermionic fields, on the other hand, results in interesting phenomenological implications for the LRSM 
fermion masses and mixing. Furthermore, existence of such vector-like fermions can also have interesting 
implications for baryogenesis and the dark matter sector. The introduction of a real bi-triplet scalar which 
contains a potential DM candidate will allow the gauge couplings to unify at ≈ 1017.7 GeV.
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1. Introduction

The CMS and ATLAS Collaborations have recently reported a 
roughly 3σ excess in the diphoton channel at an invariant mass 
of about 750 GeV in the first 3 fb−1 of collected data from Run 2 
of the LHC at 13 TeV [1,2]. The Landau–Yang theorem forbids the 
possibility of a massive spin one resonance decaying to γ γ . The 
leading interpretations of the excess within the context of new 
physics scenarios therefore consist of postulating a fundamental 
spin zero or spin two particle with mass of about 750 GeV. How-
ever no enhancements have been seen in the dijet, tt̄ , diboson or 
dilepton channels posing a clear challenge to the possible inter-
pretations of this excess. The absence of a peaked γ γ angular 
distribution in the observed events towards the beam direction 
disfavours [3] the spin two hypothesis and the spin zero resonance 
interpretation seems more favourable from a theoretical point of 
view.

A large number of interpretations of the diphoton signal in 
terms of physics beyond the Standard Model have been proposed 
in the literature [4–136]. One of the possibilities that has been 
largely explored in the literature is a scalar or pseudo-scalar res-

* Corresponding author.
E-mail addresses: f.deppisch@ucl.ac.uk (F.F. Deppisch), chandan@prl.res.in

(C. Hati), sudha.astro@gmail.com (S. Patra), pratibha.pritimita@gmail.com
(P. Pritimita), utpal@prl.res.in (U. Sarkar).

onance produced through gluon–gluon fusion and decaying to γ γ
via loop diagrams with circulating fermions or bosons. A new res-
onance coupling with the Standard Model (SM) t quark or W ±
can give rise to such loop diagrams, however, they will be highly 
suppressed at the large γ γ invariant masses and the dominant 
decay channel would have to be tt̄ or W +W − . Hence the obser-
vation of the γ γ resonance at 750 GeV (much greater than the 
electroweak symmetry breaking scale) hints towards the existence 
of vector-like fermions around that mass scale. Given that both the 
ATLAS and CMS Collaborations have suggested signal events con-
sistent with each other at a tempting 3σ statistical significance 
level, hinting towards a new physics scenario, it is important to 
explore the possible model framework that can naturally accom-
modate such vector-like fermions.

From a theoretical stand point, a framework that can explain 
the diphoton excess while being consistent with other searches for 
new physics is particularly intriguing. To this end, one must men-
tion the results reported by the CMS Collaboration in the first run 
of LHC for the right-handed gauge boson W R search at 

√
s = 8 TeV

and 19.7 fb−1 of integrated luminosity [137]. A 2.8σ local excess 
was reported in the eej j channel in the energy range 1.8 TeV <

meejj < 2.2 TeV, hinting at a right handed gauge counterpart of the 
SM SU(2)L broken around the TeV scale. The Left–Right Symmet-
ric Model (LRSM) framework with gR �= gL can explain such signal 
with the possibility of being embedded into a ultraviolet complete 
higher gauge group [138–141]. It is thus an interesting exercise to 

http://dx.doi.org/10.1016/j.physletb.2016.03.081
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explore the possibility of naturally accommodating the γ γ excess 
also in such a framework.

In this paper, we explore the possibility of extending the stan-
dard LRSM framework with vector-like fermions and singlet scalars 
which can explain the diphoton signal. Adding such new vector-
like fermionic fields, on the other hand, results in interesting phe-
nomenological implications for the LRSM fermion masses and mix-
ing. Moreover, existence of such vector-like fermions can have in-
teresting implications for baryogenesis and the potential dark mat-
ter sector. In gauged flavour groups with left–right symmetry [142]
or quark-lepton symmetric models [143], vector-like fermions are 
naturally accommodated while in LRSMs originating from D-brane 
or heterotic string compactifications also often include vector-like 
fermions [144,145]. We propose a minimal LRSM that hosts such 
vector-like fermions and which can explain the diphoton signal. 
We also explore the possible fermion masses and mixing phe-
nomenology and the implications of these vector-like particles in 
baryogenesis and the dark matter sector.

The plan of rest of this paper is as follows. In section 2, we 
discuss the LRSM accommodating new vector-like fermions and 
the implications on masses and mixing of the fermions. In sec-
tion 3, we discuss the general aspects of the diphoton signal in the 
context of a scalar resonance decaying to γ γ through circulating 
vector-like fermions in the loop. In section 4, we explore the pos-
sibility of obtaining a gauge coupling unification including the new 
vector like fields. In section 5, we discuss the implications of the 
vector-like fermions for baryogenesis and the dark matter sector. 
In section 6, we summarize and make concluding remarks.

2. Left–right symmetric model framework

The left–right symmetric extension of the SM has the basic 
gauge group given by

GL,R ≡ SU(3)C × SU(2)L × SU(2)R × U (1)B−L, (1)

where B − L is the difference between baryon and lepton number. 
The electric charge is related to the third component of isospin in 
the SU(2)L,R gauge groups and the B − L charge as

Q = T3L + T3R + 1/2(B − L). (2)

The quarks and leptons transform under the LRSM gauge group as

qL =
(

uL

dL

)
≡ [2,1,

1

3
,3], qR =

(
uR

dR

)
≡ [1,2,

1

3
,3],

�L =
(

νL

eL

)
≡ [2,1,−1,1], �R =

(
νR

eR

)
≡ [1,2,−1,1],

where the gauge group representations are written in the form 
[SU(2)L, SU(2)R , B − L, SU(3)C ].

Originally the left–right symmetric extension of the SM
[146–151], was introduced to give a natural explanation for parity 
violation seen in radioactive beta decay and to consistently ad-
dress the light neutrino masses via seesaw mechanism [152–156]. 
The latter form doublets with the right handed charged fermions 
under the SU(2)R gauge group. If SU(2)R breaks at around the TeV 
scale, LRSMs offer a rich interplay between high energy collider 
signals and low energy processes such as neutrinoless double beta 
decay and lepton flavour violation [157]. The principal prediction 
of this scenario is a TeV scale right-handed gauge boson W R . The 
CMS and ATLAS Collaborations had reported several excesses at 
around 2 TeV in Run 1 of the LHC, pointing towards such a possi-
bility. From the first results of Run 2, no dijet and diboson excesses 
have been reported (more data is required to exclude the diboson 
excesses reported in run 1), the relatively “cleaner” eej j channel 

Table 1
LRSM representations of extended field content.

Field SU(2)L SU(2)R B − L SU(3)C

qL 2 1 1/3 3
qR 1 2 1/3 3
�L 2 1 −1 1
�R 1 2 −1 1

U L,R 1 1 4/3 3
DL,R 1 1 −2/3 3
EL,R 1 1 −2 1
NL,R 1 1 0 1

HL 2 1 1 1
H R 1 2 1 1
S 1 1 0 1

signal is still present hinting at a 2 TeV W R . In light of the dipho-
ton excess it is important to revisit the LRSM framework to explore 
the possibility of accommodating such signal and the possible im-
plications.

As already mentioned in the introduction and discussed in sec-
tion 3, the 750 GeV diphoton excess can be explained through the 
resonant production and decay of a scalar or pseudoscalar particle. 
To this end, we propose a simple left–right symmetric model with 
a scalar singlet S and vector-like fermions added to the minimal 
particle content of left–right symmetric models.1

We extend the standard LRSM framework to include isosin-
glet vector-like copies of LRSM fermions. This kind of a vector-like 
fermion spectrum is very naturally embedded in gauged flavour 
groups with left–right symmetry [142] or quark-lepton symmet-
ric models [143]. The field content of this model and the relevant 
transformations under the LRSM gauge group are shown in Table 1.

The relevant Yukawa part of the Lagrangian is given by

L = −
∑

X

(λSXX S X X + M X X X)

− (λL
U H̃ LqL U R + λR

U H̃ RqR U L

+ λL
D H LqL D R + λR

D H RqR D L

+ λL
E H L�L E R + λR

E H R�R E L

+ λL
N H̃ L�L NR + λR

N H̃ R�R NL + h.c.), (3)

where the summation is over X = U , D, E, N and we suppress 
flavour and colour indices on the fields and couplings. H̃ L,R de-
notes τ2 H∗

L,R , where τ2 is the usual second Pauli matrix.
The vacuum expectation values (VEVs) of the Higgs doublets 

H R(1, 2, −1) and H L(2, 1, −1) break the LRSM gauge group to the 
SM gauge group and the SM gauge group to U (1)EM respectively, 
with an ambiguity of parity breaking, which can either be bro-
ken at the TeV scale or at a much higher scale M P . In the latter 
case, the Yukawa couplings can be different for right-type and 
left-type Yukawa terms because of the renormalization group run-
ning below M P , λR

X �= λL
X . Hence, we distinguish the left and right 

handed couplings explicitly with the subscripts L and R . We use 
the VEV normalizations 〈H L〉 = (0, v L)

T and 〈H R〉 = (0, v R)T with 
v L = 175 GeV and v R constrained by searches for the heavy right-
handed W R boson at colliders and at low energies, v R � 1 − 3 TeV
(depending on the right-handed gauge coupling). Due to the ab-
sence of a bidoublet Higgs scalar, normal Dirac mass terms for the 
SM fermions are absent and the charged fermion mass matrices 
assume a seesaw structure. However, if one does not want to de-

1 We assume the resonance to be a new singlet scalar and it can easily be gener-
alized to a pseudoscalar case.



F.F. Deppisch et al. / Physics Letters B 757 (2016) 223–230 225

pend on a “universal” seesaw structure, a Higgs bidoublet � can 
be introduced along with H L,R .

After symmetry breaking, the mass matrices for the fermions 
are given by

MuU =
(

0 λL
U v L

λR
U v R MU

)
, MdD =

(
0 λL

D v L

λR
D v R MD

)
,

MeE =
(

0 λL
E v L

λR
E v R ME

)
, MνN =

(
0 λL

N v L

λR
N v R MN

)
. (4)

The mass eigenstates can be found by rotating the mass matrices 
via left and right orthogonal transformations O L,R (we assume all 
parameters to be real). For example, the up quark diagonalization 
yields O LT

U · MuU · O R
U = diag(m̂u, M̂U ). Up to leading order in λL

U v L , 
the resulting up-quark masses are

M̂U ≈
√

M2
U + (λR

U v R)2, m̂u ≈ (λL
U v L)(λ

R
U v R)

M̂U
, (5)

and the mixing angles θ L,R
U parametrizing O L,R

U ,

tan(2θ L
U ) ≈ 2(λL

U v L)MU

M2
U + (λR

U v R)2
, tan(2θ R

U ) ≈ 2(λR
U v R)MU

M2
U − (λR

U v R)2
. (6)

The other fermion masses and mixings are given analogously. For 
an order of magnitude estimate one may approximate the phe-
nomenologically interesting regime with the limit λR

U v R → MU in 
which case the mixing angles approach θ L

U → m̂u/M̂U and θ R
U →

π/4. This means that θ L
U is negligible for all fermions but the top 

quark and its vector partner [90].
We here neglect the flavour structure of the Yukawa couplings 

λ
L,R
X and λSXX which will determine the observed quark and lep-

tonic mixing. The hierarchy of SM fermion masses can be gen-
erated by either a hierarchy in the Yukawa couplings or in the 
masses of the vector like fermions.

As described above, the light neutrino masses are of Dirac-type 
as well, analogously given by

m̂ν = λL
NλR

N v L v R

MN
. (7)

It is natural to assume that MN 
 v R , as the vector like N is a 
singlet under the model gauge group. In this case, the scenario 
predicts naturally light Dirac neutrinos [142].

3. Diphoton signal from a scalar resonance

One may attempt to interpret the diphoton excess at as the res-
onant production of the singlet scalar S with mass M S = 750 GeV. 
Considering the possible production mechanisms for the resonance 
at 750 GeV it is interesting to note that the CMS and ATLAS did not 
report a signal in the ∼ 20 fb−1 data at 8 TeV in Run 1. One pos-
sible interpretation of this can be that the resonance at 750 GeV 
is produced through a mechanism with a steeper energy depen-
dence. Excluding the possibility of an associated production of this 
resonance, the most favourable mechanism is gluon–gluon fusion 
which we here also consider as the dominant production mecha-
nism. Subsequently, the scalar with mass 750 GeV decays to two 
photons via a loop as well. The cross section can be expressed as

σ(pp → γ γ ) = C gg

M S s
�gg Brγ γ , (8)

with the proton centre of mass energy 
√

s and the parton dis-
tribution integral C gg = 174 at 

√
s = 8 TeV and C gg = 2137 at √

s = 13 TeV [14]. One can obtain a best fit guess of the cross 
section by reconstructing the likelihood, assumed to be Gaussian, 

from the 95% C.L. expected and observed limits in an experimen-
tal search. For the diphoton excess, we use a best fit cross sec-
tion value of 7 fb found by combining the 95% C.L. ranges from 
ATLAS and CMS at 13 TeV and 8 TeV for a resonance mass of 
750 GeV [14].

Apart from the necessary decay modes of the scalar S i.e., 
S → gg and S → γ γ , S may also decay to other particles; due to 
the necessary SM invariance and the fact that M S > mZ , S → γ γ
necessitates the decays S → γ Z and Z Z which are suppressed by 
2 tan2 θW ≈ 0.6 and tan4 θW ≈ 0.1 relative to �(S → γ γ ) [14]. Fur-
thermore, S in our model may also decay to SM fermions due to 
mixing with the heavy vector-like fermions. As described above, 
the mixing is only sizeable for the top and its vector partner. The 
total width is thereby given by �S ≈ �gg + 1.7 × �γγ + �tt̄ .

We would like to stress that while the diphoton resonance un-
doubtedly is the motivation behind this work, the purpose of this 
paper is to construct a consistent LRSM framework that can natu-
rally accommodate vector-like fermions taking the diphoton signal 
as a hint and explore the consequent phenomenology. One can find 
similar interpretations of the diphoton excess in [90,118,119] in 
models with a singlet scalar accompanied by vector-like fermions.

Production of a scalar resonance in gluon fusion via a loop of 
vector-like quarks and subsequent decay of scalar resonance to γ γ
via a loop of vector-like quarks and leptons. There are contribu-
tions to �(S → γ γ ) from quark-like vector fermion ψQ = U , D
and lepton-like vector fermion ψL = E propagating inside the loop. 
Apart from quark-like vector fermion contributing to the produc-
tion of scalar through gluon fusion, there could be another top-
quark mediated diagram via mixing with SM Higgs boson.

In the LRSM framework discussed in section 2, the vector-like 
degrees of freedom contribute to the loop leading to S → gg and 
S → γ γ . The partial decay widths are given by [17]

�γγ = α2 M3
S

256π3

∣∣∣∣∣
∑

X

NC
X Q 2

Xλ′
SXX

M X
A

(
m2

S

4M2
X

)∣∣∣∣∣
2

,

�gg = K
α2

s M3
S

128π3

∣∣∣∣∣
C∑
X

λ′
SXX

M X
A

(
m2

S

4M2
X

)∣∣∣∣∣
2

. (9)

Here, the sums in �γγ and �gg are over all and coloured fermion 
species and flavours, respectively. NC

X is the number of colour
degrees of freedom of a species, i.e. 1 for leptonic vector-like 
fermions and 3 for quark-like fermions. Similarly, Q X is the elec-
tric charge of the species. The effective coupling of S to a fermion 
species is λ′

SXX = λSXX(O R
X )1X (O L

X )1X , i.e. the coupling λSXX dressed 
with the corresponding left and right mixing matrix element. The 
value of the parameters α ≈ 1/127, αs ≈ 0.1 and K ≈ 1.7 [17] in 
which A(x) is a loop function defined by

A(x) = 2

x2
[x + (x − 1) f (x)], (10)

with

f (x) =
⎧⎨
⎩

arcsin2 √
x x ≤ 1

− 1
4

[
ln

(
1+√

1−x
1−√

1−x

)
− iπ

]2
x > 1.

(11)

In addition, the decay of S to a pair of fermions (here only 
relevant for the top) is given by

� f f̄ = NC
f λ

′ 2
X f f M S

16π

(
1 − 4M2

f

M2
S

)2/3

. (12)

In order to arrive at an estimate for the diphoton production 
cross section, we assume that the vector fermion masses and cou-
plings to S are degenerate (M X , λSXX), except for the top partner 



226 F.F. Deppisch et al. / Physics Letters B 757 (2016) 223–230

(MT , λSTT ). In the limit of large vector fermion masses M X � M S/2, 
we arrive at the approximation for the partial widths,

�gg

M S
≈ 1.3 × 10−4

(
λSXX · TeV

M X

)2

,

�γ γ

M S
≈ 3.4 × 10−7

(
λSXXTeV

M X

)2

,

�tt̄

M S
≈ 1.3 × 10−3

(
λTXXTeV

MT

)2

. (13)

As discussed in [14] in a model-independent fashion, the diphoton 
excess can be explained for 10−6 � �gg/M S � 2 × 10−3 (the upper 
limit is due to the limit from dijet searches) and �γγ /M S ≈ 10−6, 
as long as gg and γ γ are the only decay modes of S . In order to 
achieve this, the top partner T needs to have a significantly weaker 
coupling or heavier mass than the rest of the vector fermions. As-
suming the decay width to tt̄ contributes negligibly to the total 
width, the diphoton cross section, Eq. (8) is

σ(pp → γ γ ) ≈ 1.7 fb ·
(

λSXX · TeV

M X

)2

. (14)

The experimentally suggested cross section σ(pp → γ γ ) ≈ 7 fb
can be achieved with M X/λSXX ≈ 0.5 TeV (and �gg/M S ≈ 5 × 10−4

satisfying the dijet limit). In such a scenario, the total width of S
is of the order �S ≈ 0.5 GeV, i.e. much smaller than the 45 GeV 
suggested by ATLAS if interpreted as a single particle resonance. 
�γγ /�gg can also be independently boosted by introducing a hier-
archy with leptonic partners lighter than the quark partners. While 
certainly marginal and requiring a specific structure among the 
vector fermions, this demonstrates that the diphoton excess, apart 
from the broad width seen by ATLAS, can be accommodated in our 
model.

4. Gauge coupling unification

In the previous section, we have discussed how the inclusion of 
new vector-like fermions in LRSM can aptly explain the diphoton 
excess traced around 750 GeV at the LHC. Interestingly this frame-
work can also be embedded in a non-SUSY grand unified theory 
like SO(10) having left–right symmetry as its only intermediate 
symmetry breaking step with the breaking chain given as follows

SO(10)
〈�〉−→ G2213P

〈H R 〉−→ G213
〈H L〉−→ G13. (15)

The SO(10) group breaks down to left–right symmetric group 
G2213P ≡ SU(2)L × SU(2)R × U (1)B−L × SU(3) × P via a non-zero 
VEV of � ⊂ 210H . Here, P is defined as the discrete left–right 
symmetry, a generalized parity symmetry or charge-conjugation 
symmetry. The vital step is to break the left–right gauge symmetry 
and this is attained with the help of the right-handed Higgs dou-
blet H R . Finally, the SM gauge group is spontaneously broken by 
its left-handed counterpart H L . As described above we add another 
scalar singlet S in order to explain the diphoton signal though it 
is not contributing to the renormalization group (RG) evolution of 
the gauge couplings.

In addition to the particle content described in Table 1, we in-
clude a bi-triplet η ≡ (3, 3, 0, 1) under G2213P to achieve successful 
gauge unification. This can be confirmed by using the relevant RG 
equation for the gauge couplings gi ,

μ
∂ gi

∂μ
= bi

16π2
g3

i , (16)

Fig. 1. Gauge coupling running in the considered model accommodating the 
diphoton excess, demonstrating successful gauge unification at the scale MGUT =
1017.75 GeV with an intermediate left–right symmetry breaking scale at 10 TeV. The 
dashed lines correspond to one loop RGE of gauge couplings while the two loop ef-
fects are displayed in solid lines.

where the one-loop beta-coefficients bi are given by

bi = −11

3
C2(G) + 2

3

∑
R f

T (R f )
∏
j �=i

d j(R f )

+ 1

3

∑
Rs

T (Rs)
∏
j �=i

d j(Rs). (17)

Here, C2(G) is the quadratic Casimir operator for gauge bosons in 
their adjoint representation,

C2(G) ≡
{

N if SU(N),

0 if U (1).
(18)

T (R f ) and T (Rs) are the traces of the irreducible representation 
R f ,s for a given fermion and scalar, respectively,

T (R f ,s) ≡
⎧⎨
⎩

1/2 if R f ,s is fundamental,

N if R f ,s is adjoint,

0 if U (1),

(19)

and d(R f ,s) is the dimension of a given representation R f ,s under 
all SU(N) gauge groups except the i-th gauge group under con-
sideration. An additional factor of 1/2 should be multiplied in the 
case of a real Higgs representation. Using the above particle con-
tent, the beta-coefficients at one loop are found to be b2L = −19/6, 
bY = 41/10, b3C = −7 from the SM to the LR breaking scale and 
b2L = b2R = −13/6, bBL = 59/6, b3C = −17/3 from the LR break-
ing scale to the GUT scale. We have also evaluated the two loop 
contributions which give a very marginal deviation over one loop 
contributions. The resulting running of the gauge couplings at one 
loop and two loop orders are shown in Fig. 1 with the breaking 
scales

MGUT = 1017.75 GeV, MLR = 10 TeV. (20)

5. Implications for baryogenesis and dark matter

The vector-like fermions added to the spectrum of the LRSM 
framework can have very profound implications for a baryogenesis 
mechanism such as leptogenesis and the dark matter sector. While 
the proposal of high scale leptogenesis via singlet heavy Majorana 
neutrinos (or a heavy Higgs triplet) decay added to the SM is be-
yond the reach of the present and near future collider experiments, 
the LRSM scenario provides a window of opportunity for low TeV 
scale leptogenesis testable at the LHC. However, the observation of 
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a 2 TeV W R boson at the LHC, through confirmation of the 2.8σ
signal of two leptons and two jets reported by the CMS Collabo-
ration, would rule out the possibility of high scale as well as TeV 
scale resonant leptogenesis with the standard LRSM fields due to 
the unavoidable fast gauge mediated B − L violating interactions 
[158–165].

On the other hand, the new vector-like fermions added to the 
LRSM to accommodate the diphoton excess can open a whole new 
world of possibilities. A particularly interesting possibility is the 
realization of baryogenesis and dark matter annihilation through a 
vector-like portal first explored in [166]. As an example, consider 
the following additional terms in the Lagrangian,

L ⊃ −(λXU XuR U L + h.c.) − m2
X X† X − λX (X† X)2

− λHX H† H X† X, (21)

where X is an inert doublet (a singlet complex) dark matter scalar 
field in the LR(SM) case. X is charged under some exotic global 
U (1)χ symmetry, under which only the vector-like quarks and 
dark matter fields transform non-trivially. Thus, the introduction 
of a vector-like quarks can connect the dark matter to the usual 
LR(SM) quarks, which can be readily used to make a connection 
between the baryon asymmetry and dark matter, as pointed out 
in [166]. In rest of this section we focus on sketching the sim-
pler case of the extended SM which can be expanded to the LRSM 
case by replacing the singlets with appropriate doublet representa-
tions. However, in the case of the LRSM some subtleties are present 
and we comment on them towards the end of this section. On the 
other hand, this idea can easily be generalized to accommodate a 
down-type quark portal or charged lepton portal (corresponding to 
a leptogenesis scenario of baryogenesis).

The basic idea behind the vector-like portal is to generate an 
asymmetry in the vector-like sector through baryogenesis, which 
then subsequently gets transferred to the SM baryons and the dark 
matter sector through the renormalizable couplings in Eq. (21). In 
addition one can introduce a scalar field Y with the couplings

L ⊃ − (λνY YνRνR + h.c.) − m2
Y Y †Y − λY (Y †Y )2

− λXY X† XY †Y , (22)

which allows the annihilation of a pair of X into Y fields. The lat-
ter can subsequently decay into two singlet right handed neutrinos 
ensuring the asymmetric nature of the dark matter X relic den-
sity for a large enough annihilation cross section. Now turning to 
the question of how to generate the primordial asymmetry in the 
vector-like sector which defines the final dark matter asymmetry 
and baryon asymmetry, let us further add two types of heavy di-
quarks with the couplings

L ⊃ λ�U L �u U L U L + λ�U R �u U R U R + λ�d�ddRdR

+ λχ�u�d�dχ + h.c., (23)

where �u : (6̄, 1, −4/3), �d : (6̄, 1, 2/3) and the field χ breaks 
the local U (1)χ symmetry under which X and U have non-trivial 
charges denoted by qχ (U ) and qχ (X). For the SM fields this charge 
is simply B − L, which right away gives qχ (�d) = −2/3. The rest 
of the charges are determined in terms of the free charge qχ (U ),

qχ (�u) = −2qχ (U ), qχ (χ) = 2qχ (U ) + 4/3,

qχ (X) = 1/3 − qχ (U ). (24)

In order to forbid the dangerous proton decay induced by the op-
erators O = X2, S2, X2 S2, X4, S4 [167], one needs to satisfy the 
condition

qχ (O) �= n(2qχ (U ) + 4/3), where n = 0,±1,±2, · · · . (25)

From Eq. (23) it follows that after χ acquires a VEV to break the 
U (1)χ symmetry, �u has the decay modes

�u → �∗
d�∗

d, �u → Ū Ū , (26)

and a CP asymmetry (between the above modes and their con-
jugate modes) can be obtained by interference of the tree level 
diagrams with one loop self-energy diagrams with two generations 
of �u . Finally, the asymmetry generated in the vector-like quarks 
gets transferred to the dark matter asymmetry and baryon asym-
metry via the λXU term in Eq. (21). This mechanism gives a ratio 
between the dark matter relic density and the baryon asymmetry 
given by

�DM/mX

�B/Mp
= 79

28
, (27)

and in this model a dark matter mass mX ∼ 2 GeV. A typical pre-
diction of this model is neutron–antineutron oscillations induced 
by the up-type and two down-type diquarks through the mixing 
of vector-like up-type quarks with the usual up quarks. However, 
such oscillations will be suppressed by the mixing.

One can similarly construct a leptogenesis model involving 
vector-like charged leptons. In case of the LRSM a generalization 
of the above scheme is straightforward; however, the lepton num-
ber violating gauge scattering processes involving a low scale W R
can rapidly wash out any primordial asymmetry generated above 
the mass scale of W R . In fact, some of these gauge processes can 
continue to significantly reduce the generation of lepton asym-
metry below the mass scale of W R , thus the vector-like quark 
portals seem to be more promising in this case. Other alterna-
tives include mechanisms like neutron–antineutron oscillation or 
some alternative LRSM scheme such as the Alternative Left–Right 
Symmetric Model [168] where the dangerous gauge scatterings can 
be avoided by means of special gauge quantum number assign-
ments of a heavy neutrino [169]. Also note that, in general, one 
can utilize the singlet neutral vector-like lepton as a dark matter 
candidate by ensuring the stability against decay into usual LRSM 
fermions. Finally, the real bi-triplet scalar field η introduced to 
achieve successful gauge unification can also be a potential dark 
matter candidate.

In passing, we would like to mention that attempts have been 
made in the literature to address the broadness of the resonance 
using an invisible component of the scalar width. This in turn gives 
a large monojet signal which has been constrained from run-1 
monojet searches at ATLAS [170] and CMS [171], see for exam-
ple Ref. [39]. However, the monojet search data seems to disfavour
the required rates to explain the broadness of the resonance. In 
our model, S can couple to X X† and Y Y † etc. leading to de-
cay of S into them, which produces missing energy final state. 
This mode can be constrained from monojet searches as long as 
M X,Y < M S/2. Even without the scalar S being directly coupled 
to X ’s, its decay can produce a pair jets and X ’s via the λXU cou-
pling term in Eqn. (21), which can again be constrained using dijet 
searches at ATLAS and CMS. In the discussion above we assume 
that these constrains are respected if M X,Y < M S/2. While for the 
case M X,Y > M S/2, the monojet and the dijet constraints are no 
longer applicable since in this case S will decay via a loop of 
X(Y )’s.

6. Conclusions

We have considered a unified framework to explain the recent 
diphoton excess reported by ATLAS and CMS around 750 GeV. The 
addition of vector-like fermions and a singlet scalar S to LRSM but 
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without a scalar bidoublet explains the fermion masses and mix-
ing via a universal seesaw mechanism. The diphoton signal with 
σ(pp → S → γ γ ) ≈ 4 − 12 fb can be explained in this model with 
TeV scale vector fermions. The broad width suggested by the ATLAS
excess cannot be understood, though.

We successfully embed this model within an SO(10) GUT 
framework by introducing a real bi-triplet scalar. This additional 
scalar, which contains a potential DM candidate, allows the gauge 
couplings to unify at the scale 1017.7 GeV. We also discuss further 
possibilities in this class of LRSM models with vector-like fermions 
for mechanisms of baryogenesis and DM.
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