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Abstract

There are many observations in particle physics and cosmology, which seek

physics beyond standard model for their explanation. Some of them are : The ex-

cess of positron over cosmic ray background observed by AMS-02 experiment, the

3.6σ discrepancy between muon (g − 2) measurement by BNL and its standard

model prediction, and the absence of Glashow-resonance in the PeV neutrino

events at IceCube. As the thesis title indicates this work is about the study of

particle physics models which not only explain the mentioned observations but

also give a suitable candidate of dark matter with correct relic density.

In the work presented here we have proposed a gauged horizontal symmetry

model for which we introduce a 4th generation of fermions into SM. We then

introduce a SU(2)HV vector gauge symmetry between the 4th generation leptons

and muon families. The 4th generation right-handed neutrino is identified as

dark matter which annihilates into leptons final state (µ+µ−, νcµνµ) giving rise to

correct relic density. In this model, dark matter is lephtophilic in nature, so it

can explain AMS-02 positron excess remaining consistent with stringent bounds

from antiproton. It is also possible to alleviate the discrepancy in muon (g − 2)

from 4th generation charge lepton, SU(2)HV gauge boson, and from neutral and

charged scalars. In this way, both the signals, muon (g − 2) and the excess of

positron can be explained simultaneously. We have also studied an alternative

left-right model called dark left-right model, where it is possible to accommodate

a suitable dark matter candidate. The second generation right-handed neutrino

is identified as dark matter which dominantly annihilates into leptons final state.

So it is possible to explain AMS-02 positron excess and lift the stringent bounds

from antiproton. The singly and doubly charged scalars in dark left-right model

also contribute to muon (g− 2) and so both the signatures can also be related in

this model.

Another part of this thesis deals with the absence of Glashow resonance at Ice-

Cube PeV neutrino events. The IceCube collaboration has observed neutrino of

very high energy which goes upto ∼ 3 PeV, but did not see any events at Glashow

resonance. The Glashow resonance gives rise to an enhanced cross-section for ν̄e
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at resonance energy 6.3 PeV which increases the detection rate of ν̄e by a factor

of ∼ 10. This implies that at least some of the events should have been observed

at Glashow resonance, but none were. We proposed a new mechanism which

can explain why neutrinos arising from astrophysical process may be suppressed.

We assume a Lorentz violating higher dimensional operator, which modified dis-

persion relation of neutrinos (antineutrinos). As a result, pion and kaon decay

widths get suppressed and we observe a cutoff in the neutrino spectrum which is

consistent with IceCube data.

Keywords: Dark Matter, Beyond Standard Model, Relic abundance, Gauge

extension, Muon magnetic moment, PeV neutrino events.
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Chapter 1

Introduction

There are many observations in particle physics and cosmology, which require

physics beyond the Standard Model (SM) for their explanation. The pattern of

neutrino masses, the identity of Dark Matter (DM), and explanation of the ob-

served matter-antimatter asymmetry are some of the well known open problems

in particle physics.

Some specific experimental observations which call new physics for their expla-

nation are :

• Observation of the excess of positron upto TeV energies at Alpha Magnetic

Spectrometer (AMS-02) [1, 2].

• The 3.6σ discrepancy between measurement of muon (g−2) by Brookhaven

National Laboratory (BNL) [3, 4] and SM prediction.

• Non observation of Glashow-resonance in the PeV neutrino events at Ice-

Cube [5–8].

It is desirable to construct models of particle physics that can explain more than

one experimental anomaly simultaneously. In addition a dark matter model,

which explains the AMS-02 positron signal and muon (g− 2) anomaly must also

be consistent with the dark matter relic density measured by Planck [9] and

must evade the bounds from direct detection experiments [10–14] as well as other

indirect signals of DM like γ-ray flux measured by Fermi-LAT [15] and HESS [16].

1
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Figure 1.1: The excess of positron compared with the most recent measurements from

AMS-02 [1, 2], Fermi-LAT [15] and PAMELA [17].

In the following, we list the known experimental properties of dark matter which

all models constructed have to be consistent with.

1.1 AMS-02 positron excess

International space station based AMS-02 is one of the experiments, which is ob-

serving high energy cosmic rays. The new data from AMS-02 collaboration [1,2]

has confirmed the excess of positrons over cosmic ray background, which was

observed first by PAMELA [17] followed by Fermi-LAT experiment [15]. But

there is no antiproton excess over cosmic ray background as observed by AMS-02

experiment [18]. In Fig.(1.1), positron excess observed by these experiments over

cosmic ray background is shown.

A population of nearby pulsars can provide an explanation [19–22] for the ob-

served positron excess. However in the case of pulsars, an anisotropy is expected

in the signal due to differing positions of individual contributing pulsars, which

falls nearly an order of magnitude below the current constraints from both AMS-

02 and the Fermi-LAT experiments [23]. Dark matter annihilation into SM par-

ticles can give a viable explanation for observed positron excess, but there exist
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stringent bounds from the absence of antiproton excess. If DM only couples

to leptons (known as leptophilic DM [24–26]), it can not only explain the ob-

served positron excess but also evade the stringent bounds from the absence of

antiproton excess. It has been shown that to explain AMS-02 positron excess,

the required cross-section into µ+µ− final state is σv ∼ 10−24 cm3sec−1 [27, 28]

for TeV scale DM, but such large cross-section is constrained by recent Planck

results [29]. Therefore, a large astrophysical boost [30,31] is necessarily required

for explaining AMS-02 positron excess. Dark matter annihilation into other pos-

sible final states e.g. e+e− and τ+τ−, has also been considered [32–34]. In case

of e+e− final state, a hard positron spectrum is expected which is not consistent

with the observed data. For τ+τ− final state, it is possible to satisfy the observed

positron excess with somewhat high (compared to µ+µ− final state) mass of DM

1. In Section.2.2.2 and Section.3.2.1, we discuss leptophilic DM models that can

explain the AMS-02 positron excess, keeping in agreement with antiproton ab-

sence over cosmic ray background. The decaying DM 2 with leptonic final states

is another intriguing possibility used to explain AMS-02 positron excess [36, 37].

We now discuss in details the general properties of DM which are known and

which the particle physics models have to be consistent with.

1.1.1 Dark Matter

DM constitutes around 84.5% of the total matter of the Universe. There are

many direct and indirect methods by which dark matter can be searched. We

review DM evidences, possible particle candidates, and its direct and indirect

searches in the following sections.

Evidence of dark matter

In spite of its most compelling cosmological evidence, the first indication of dark

matter existence dates back to 1930’s. In 1933, Fritz Zwicky noticed that the

1The branching ratio of τ decay to e is only 17% in compared to µ, so the required dark

matter mass for τ final state is larger than µ.
2Dark matter can also decay giving rise to SM particles, but its life-time should be larger

than age of the Universe. For review see [35].
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total amount of mass as deduced from the observation of Coma Cluster [38], did

not match with the mass needed for explaining the rotation of galaxies around the

Coma Cluster’s halo. He credited this discrepancy to some mysterious massive

component and christened it as “dark matter”. After 50 years, using advanced

technique of measurement of rotation curves, Rubin [39] and Albada [40] con-

firmed the existence of DM as apparent in Fig.(1.2).

According to Newtonian dynamics, the radial velocity of a galaxy should be falling

as 1/
√
r, but instead the rotation curve shows a roughly flat behavior as shown

in Fig.(1.2). This observation suggests the existence of DM halo with M(r) ∝ r,

Figure 1.2: Rotation curve of NGC 3198 galaxy, which is fit by considering DM halo

and exponential disk. The figure is extracted from [40].

where M(r) =
∫

4πρ(r)r2dr and ρ(r) is the density profile. Therefore to account

for the observed behavior of rotation curve, an unidentified dark mass is postu-

lated to exist.

There are compelling evidences of DM at the scale of clusters, which emerge

from gravitational lensing. According to Einstein’s theory of general relativity,

the presence of a massive object deforms the space-time curvature in its vicinity.

Since the light rays follow geodesics, they get deflected by the gravitational field
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of the massive object. The deviation is proportional to the mass of the object

that acts like a lens. As a result, light from distant clusters, galaxies and stars

are gravitationally lensed by closer ones showing the evidence of gravitational

lensing. In the context of DM, Bullet Cluster [41] shown in Fig.(1.3), is the most

Figure 1.3: Composite image of Bullet Cluster, obtained with gravitation lensing. The

pink region shows the X-ray data related to the gas cloud and the blue region shows the

lensing map. The clear septation between two regions proves that most of the matter

in the clusters is collisionless dark matter.

famous example of gravitation lensing. Fig.(1.3) shows the collision between two

clusters; lensing map (blue region) exhibits large amounts of DM which is not

apparent in the X-ray gas map (pink region). Both the DM halos have passed

each other through gas cloud and look like undisturbed after the collision. The

gas clouds, which mostly consist of baryonic matter, have clearly exerted friction

on each other during collision resulting in a bullet shape of the rightmost cluster.

This shows that DM does not interact strongly either with the gas or itself, which

points towards a collisionless, non-baryonic DM.

On large scale, the Universe gives rise to large and complex structures: galax-

ies formed clusters, clusters make superclusters and superclusters are parts of

large scale sheets, filaments and voids. These type of patterns are disclosed by

the large-scale surveys like 2dFGRS [42] and SDSS [43]. It is expected that these

large-scale structures reflect the history of gravitational clustering of matter since
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the time of Big Bang. So, DM present at the time of structure formation, should

have influence on the pattern of these structures, we see today. ‘N-body’ simu-

lations of large scale cosmology [44–47] also reveal that, a large amount of DM

is needed to account for the observed large-scale structure. Recent surveys in-

dicate that total matter (dark plus visible matter) density in the Universe is

Ωm ≈ 0.29 [48]. The data from the Big Bang Nucleosynthesis, in short BBN, pre-

dict baryon density Ωb ≈ 0.04. If we combine the measurements from large-scale

structure and BBN, we find Ωremaining ≈ 0.25, which must be identified as DM

density.

The observation of angular anisotropies in the Cosmic Microwave Background

(CMB) gives concrete evidence of DM. The nine-years Wilkinson Microwave

Background Probe (WMAP) results show the existence of 25% of dark matter [49]

in the Universe which is confirmed by PLANCK mission data [9]. According to

the latest PLANCK data, the Universe contains ΩΛ = 0.686± 0.020 and Ωmh
2 =

0.1423±0.0029 by which Ωbh
2 = 0.02207±0.00033 and Ωdmh

2 = 0.1196±0.0031.

Dark Matter candidates

Before going into details of the possible candidates for DM, we review the mini-

mum constraints [50–53], which should be fulfilled by a DM particle:

• Dark matter is optically dark, so its particles must have a very weak electro-

magnetic interactions. Since dark matter does not couple with the photon,

it should be electrically neutral also.

• It should be non-relativistic at the time of decoupling from the radiation

in order to be consistent with the observed density fluctuations at galactic

scales. This characterizes DM to be cold.

• It should be long-lived, with life-time larger than age of the Universe, which

is ∼ 1017 sec. DM should also be massive enough to be consistent with

measured ΩDM.

• It must be consistent with BBN, CMB observations and compatible with

direct-indirect searches.
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Figure 1.4: Dark matter candidates in their mass versus dark matter-nucleon interac-

tion cross-section plot. This plot is extracted from [54]

In the SM, left-handed neutrinos can be dark matter candidate but large scale

structure formation challenged their candidacy. So, it is not possible to accom-

modate a DM candidate, which satisfies all the requirements mentioned above.

There are plenty of extensions of SM to accommodate dark matter. Out of many

suitable candidates, Weakly Interacting Massive Particles (WIMPs) are the most

popular and widely studied DM candidate. WIMPs interact with SM particles

through weak force, which make them non-baryonic and electrically neutral by

definition. WIMPs must have a conserved quantum number, making them stable

on cosmological time scale. Examples of WIMPs include lightest neutralino in su-

persymmetry [55–58], the lightest Kaluza-Klein (KK) particle in extra-dimension

models [59,60], right-handed (RH) neutrino (see Section.2.2 and Section.3.2) and

an additional scalars [61–63] etc. In addition to the cold dark matter discussed

in this thesis, there may be warm dark matter which free-streams at the scale of

galaxy-clusters. We do not study warm dark matter in this thesis.

In the literature, other than WIMPs there are many other candidates also pro-

posed (for review see [51, 53, 57]). Some of the most relevant candidates are:
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sterile neutrinos, gravitino, axions, axino and superheavy dark matter or wim-

pzillas; also shown in Fig.(1.4).

Thermal relics

Thermal relics are those particles whose relic abundance is set by their thermal

production in the early Universe. WIMPs are supposed to be produced as ther-

mal relics, which are byproducts of our hot Universe. In the early Universe, when

temperature was very high (T � mχ; mχ ≡ DM mass), DM particles were in

thermal equilibrium with thermal plasma. In order to stay in thermal equilibrium,

DM should annihilate enough. As the expansion rate of the Universe and cor-

responding dilution of WIMPs dominates over its annihilation rate, the number

density of WIMPs becomes sufficiently small and they cease to interact with each

other. This results the decoupling of WIMPs from the primordial particle soup

which is called ‘freeze-out’. Precisely, the effects of expansion and annihilation

are described by the Boltzmann equation,

dnχ
dt

+ 3Hnχ = −〈σv〉 (n2
χ − n2

χ,eq), (1.1)

where nχ is the number density of WIMPs, H is the expansion rate of the Uni-

verse, and 〈σv〉 is thermally averaged annihilation cross-section (multiplied by

WIMPs relative velocity). At high temperature (T � mχ), WIMPs density is

given by nχ,eq, but as the Universe expands, temperature goes down and number

density falls exponentially. For sufficiently small value of nχ, the annihilation rate

becomes nugatory in comparison to Hubble expansion rate. As a consequence, the

number density of WIMPs gets fixed and a thermal “freeze-out” takes place. The

temperature at which WIMPs depart from the thermal equilibrium and freeze-

out takes place is calculated by solving the Boltzmann equation numerically.

The WIMP relic abundance in the Universe today is approximately given by,

Ωχh
2 = 1.1× 109 xf√

g∗Mpl 〈σv〉ann
GeV−1 (1.2)

where xf = mχ/Tf and Tf is the freeze-out temperature. MPl is the Planck

mass and g∗ is the effective number of relativistic degree of freedom. After using
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Figure 1.5: The Evolution of WIMPs abundance as a function of x = m/T . It is shown

that for 100 GeV WIMPs, the cross-section for different SM interactions correspond

to thermal “freeze-out” are, 〈σv〉weak = 2× 10−26cm3s−1, 〈σv〉em = 2× 10−21cm3s−1

and 〈σv〉strong = 2× 10−15cm3s−1. The abundance evolution also shown for different

masses of WIMPs considering weak interaction. The solid line correspond to evolution

of equilibrium abundance for 100 GeV WIMPs (extracted from [64]).

xf = 20 and g∗ = 100 (considering g∗ to be constant with temperature), the relic

density can be expressed in a more popular form,

Ωχh
2 ≈ 0.1

(
2.2× 10−26cm3sec−1

〈σv〉ann

)
(1.3)

It is clear from Fig.(1.5) that after considering various SM interactions (weak,

electromagnetic and strong), it is weak interaction, which gives the correct order

of cross-section (σ ∼ α2/m2
χ) required for getting correct relic density today.

This similarity between the weak interaction cross-section and the value required

(Eq.1.3) to generate the observed quantity of dark matter is known as “WIMP

miracle”.
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WIMP dark matter searches

There are various direct and indirect experiments by which DM is actively searched.

It is also possible to search dark matter through its production at colliders like

LHC. In this section, we discuss these different possibilities in detail. First we

discuss the direct detection techniques of dark matter, which is followed by in-

direct detection methods. Finally, we talk about collider limits on dark matter.

In [65,66], various DM searches are reviewed in details.

Direct Detection

WIMPs can be searched by looking at their scattering off some nuclei, when they

pass through a detector. Recoils of nuclei by WIMP collision is the most promising

way to detect dark matter directly. There are variety of experiments [10–14,67–73]

looking for dark matter with mass ranging from keV to ∼ O(100) GeV. Some of

them are shown in Fig.(1.6) with their different exclusion limits. The direct detec-

tion of dark matter is sensitive to its local density and velocity distribution. The

Figure 1.6: The constraints and future projections on dark matter spin-independent

cross-section. The plot is taken from [74].
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interaction cross-section between DM and nuclei are two types : spin-independent

cross-section σSI, and spin-dependent one σSD. The interaction for σSI takes place

between WIMPs and all nucleons, whereas for σSD the interaction only takes place

to nuclei with net spin. The target nuclei with different isotopic compositions can

be chosen for spin-dependent or spin-independent searches.

At present XENON100 collaboration sets the most stringent bound on spin-

independent cross-section, which is ∼ 2 × 10−45cm2 for mχ ≈ 55 GeV [11].

Recently, LUX collaboration has pushed this limit by one more order i.e ∼
7.6× 10−46cm2 for 33 GeV WIMP [13].

Indirect Detection

The indirect detection of WIMPs is possible through its annihilation or decay

into SM particles. Basically indirect detection is focused on the primary and/or

secondary products of DM annihilation/decay in the form of neutrinos, photons,

positrons or other cosmic-rays (see Section.2.2.2 and Section.3.2.1). The popular

place for searching WIMPs byproducts are those with large dark matter density

and low astrophysical background. The Galactic Center (GC) is the most common

target given its distance and significant amount of DM [75, 76]. Dwarf galaxies

are also an important area for looking DM, because of their large DM contents

and significantly low background [77, 78]. There are wide range of gamma-ray

and cosmic-ray observations in space and ground currently searching for DM sig-

nals [2, 7, 15]. Recent study of gamma-ray emission from the region surrounding

GC points out the excess of 1-3 GeV gamma-ray. This excess can be explained

by ∼ 30 − 40 GeV annihilating dark matter into bb̄ final state [79], bringing up

other indirect signal of dark matter.

Collider Searches

It is also possible that hadron colliders can produce dark matter, which can be

detected in the form of “missing energy”. But it is not possible to get the infor-

mation of DM lifetime, as it passes through the collider in a fraction of second.



12 Chapter 1. Introduction

Figure 1.7: Spin-independent (left) and spin-dependent (right) WIMP-nucleon scat-

tering cross-section as function of WIMP mass mχ for different operators. Results from

other direct detection experiments and CMS detector are shown for comparison. Plot

is taken from [80].

In other words, although it is possible to produce dark matter in collider very

efficiently but it is not possible to determine that new neutral particle basically

constitutes the dark matter of the Universe. Mono-jet searches along with mono-

photon, mono-W and mono-Z are the most important channels for searching dark

matter in colliders [81, 82]. Even though, in comparison to direct detection ex-

periments, collider bounds on spin-independent cross-section are weak [83], but

it provides very stringent bounds on spin-dependent cross-section, as shown in

Fig.(1.7).

1.1.2 Models for dark matter

Supersymmetric dark matter

In all possible extensions of SM, Supersymmetry (SUSY) is the most popular one

(for review see [84–86]). SUSY not only provides the viable WIMP candidate,

but also helps in solving the other shortcomings of SM. Basically, SUSY relates

fermions to bosons in such a way that for each fermionic degree of freedom there is

a bosonic degree of freedom. This extends the SM spectrum of particles such that

each particle has a corresponding superpartner. In order to be a DM candidate,
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a SUSY particle must be stabled to prevent its decay into SM particles. This is

achieved by R-parity, which has the following form,

R = (−1)3(B−L)+2s, (1.4)

where s is the particle’s spin; B and L are the baryon and lepton numbers respec-

tively. Therefore all SM particles have R-parity, +1 and all their SUSY partners

has R-parity, −1.

Right-handed neutrino dark matter

In some of the extensions of SM, it is possible to identify right-handed neutrino

as DM [87–89]. Right-handed neutrino as a SM singlet is a good candidate of

DM, which interacts with the SM sector via singlet scalar Φs. Since the singlet

scalar Φs mixes with the SM higgs doublet Φ, it is also known as higgs-portal

DM [90].

Another intriguing possibility is sterile neutrinos : they are collisionless and can

be long lived (due to small mixing with SM particles), which makes them a good

candidate of DM [91–93]. Formally sterile neutrino is warm dark matter candi-

date, which interacts with the SM particles through the mixing with the neu-

trino. The mixing angle is tightly constrained ∼ O(10−9) from the experimental

data [94, 95], and so sterile neutrino decay via weak interaction is suppressed.

But if they are DM, their lifetime should be larger than the age of the Universe.

It is also possible to add an extra 4th generation lepton family into SM (one left-

handed doublet and two right-handed singlet), which couples to muon family via

a new symmetry called horizontal symmetry. The 4th generation right-handed

neutrino is identified as DM and its stability is ensured by keeping it light in

compare to charged lepton and horizontal symmetry gauge bosons. We consider

this option in Chapter (2) in details.

In left-right symmetric models, right-handed neutrino can not be a DM candidate

because of its gauge interactions, which makes its decay possible. But in left-right

model, it is possible to identify the right-handed neutrino as DM by proposing a

new U(1) global symmetry. In dark left-right model (DLRM) a new U(1) global

symmetry S is proposed, which forbids right-handed neutrino from decaying and
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stabilizes it as DM. In Chapter (3), we discuss this possibility in details.

In Chapter (2) and (3), we considered models in which DM couples to only muons

and it annihilates as, χχ → µ+µ−. In this way, it is possible to relate AMS-02

positron excess with the muon (g−2) measurement. The particles through which

DM annihilates also give an adequate contributions to muon (g − 2). In the fol-

lowing section, we will describe muon anomalous magnetic moment in detail.

1.2 Muon anomalous magnetic moment

Stern and Gerlach were the first, who measured gyromagnetic ratio (g) of electron,

which was later combined with spin by Dirac in his relativistic equation. The

magnetic moment ~µ of an object is a measure of torque experienced by the object

when put in a magnetic field. Subatomic particles have a magnetic moment due

to their intrinsic spin; g relates these two quantities in the following way,

~µ = g
( e

2m

)
~s. (1.5)

It is clear that g is 2 for charged leptons viz. electron, muon, and tau. Indeed

the Dirac equation also predicts g = 2 for point like particle. But there is a small

discrepancy observed by experiments, which is caused by corrections from higher

order interactions described by quantum field theories.

Figure 1.8: Feynman diagrams for muon magnetic moment, where (a) correspond to

g = 2, (b) the general form of diagrams that give contributions to muon magnetic

moment, and (c) correspond to Schwinger contribution.

The possible contributions to muon magnetic moment in short muon (g − 2)
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from quantum field theories are shown in Fig.(1.8). The diagram 1.8.(a) shows

the coupling of muon to a photon from the external field, which corresponds

to g = 2; the prediction of Dirac equation. The other two diagrams 1.8(b)-(c)

correspond to higher order or radiative corrections. The virtual fields couplings

lead to an anomalous part of the magnetic moment called aµ and defined as,

aµ =
(g − 2)

2
. (1.6)

The dominant contribution to muon (g − 2) comes from the virtual photon as

shown in digram 1.8.(c). This was first calculated by Schwinger [96], so this is

known as Schwinger contribution which read,

aµ =
α

2π
≈ 0.0016. (1.7)

In SM, besides large QED contribution, aµ also gets contributions from elec-

troweak and strong interactions,

aSMµ = aQEDµ + aWeak
µ + aHadµ . (1.8)

The summary of the Standard model contributions to muon (g − 2) is given in

Table.(1.1). The BNL experiment E821 [3, 4] measured the following value for

VALUES (×10−11) UNITS

QED 116 584 718.951± 0.009± 0.019± 0.007± 0.077

HVP(lo) [97] 6923± 42

HVP(ho) [97] −98.4± 0.7

HLbL 105± 26

EW 154± 1

Total SM [97] 116 591 802± 42H-L-O ± 26H-H-O ± 2other(±49tot)

Table 1.1: Summary of the standard model contributions to muon anomaly.

muon (g − 2),

aE821

µ = (116 592 089± 63)× 10−11, (1.9)

which gives a difference of,

∆aµ(E821 - SM) = (287± 80)× 10−11 [97]. (1.10)
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So there exists a discrepancy between experimental measurement [3, 4] and SM

prediction [97–101] of muon (g − 2) at the level of 3.6σ. The deviation of 3.6σ

is tantalizing and can be a hint of physics beyond standard model. There exist

many models [102] which can explain muon (g−2) discrepancy using new physics

scenario.

In the popular extension of SM like Supersymmetry, there are neutralino-smuon

and chargino-sneutrino loops, which give contributions to muon (g−2) [103,104].

In supersymmetric models, to get an adequate contribution to muon (g − 2), we

need a large tanβ (≡ vd/vu) and light supersymmetry particles (few 100 GeV)

in the loop. In constrained minimal supersymmetric standard models (CMSSM)

[105–107] and nonuniversal higgs mass models (NUHM) [108–110], preferable pa-

rameter space of muon (g − 2) is in tension with 125 GeV higgs observed at

LHC [111, 112], dark matter scenario [11] and flavor physics [113, 114]. To lift

the tension, many nonuniversal models are proposed in the literature [115–118],

which reconcile the SUSY explanations of observed muon (g− 2) with dark mat-

ter, higgs mass and flavor physics.

Basically, in all SUSY diagrams, which give rise to required muon (g − 2), there

exists mµ suppression i.e. aSUSY
µ ∝ m2

µ/M
2
SUSY, where MSUSY is proportional to the

mass of SUSY particle in the loop. The mass suppression in (g−2) can be evaded

with a horizontal gauge symmetry like in [119], where mass suppression is lifted

by proposing additional U(1)Lµ−Lτ symmetry. In the Section.2.1, we described a

SU(2)HV gauge horizontal symmetry model, which can lift the mass suppression

in muon (g − 2) and have a viable candidate of dark matter. The dark matter

in this model is leptophilic in nature, which is required (as described in Sec-

tion.1.1) for explaining the AMS-02 positron excess [1, 2]. The muon anomalous

magnetic moment and dark matter have also been related in other extensions of

SM [120–122].

The other interesting scenarios to overcome the 3.6σ discrepancy are additional

gauge bosons [123,124], anomalous gauge couplings [125], leptoquarks [126], extra

dimensions [127, 128], muon substructure [129, 130], exotic flavor changing inter-

actions [131], possible nonperturbative effect at the 1 TeV order [132], 4th gener-
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ation leptons [133, 134], and the violation of CPT and Lorentz invariance [135].

Some of these models are in tension with current experimental data from colliders.

This is also possible to explain the muon (g−2) in left-right models, where again

the contribution to muon magnetic moment is muon mass suppressed [136, 137].

In Chapter (3), we studied a variant of left-right model called dark left-right

model, where in Section.3.3 we calculated its contribution to muon (g − 2). In

this model, right-handed neutrino is identified as DM, which dominantly couples

to leptons, giving rise to a connection between muon (g−2) and AMS-02 positron

excess.

1.3 IceCube neutrino events

Besides DM, various other intriguing properties of neutrinos are another impor-

tant source of physics beyond standard model. Neutrino oscillation data suggests

that neutrino has tiny mass, which does not have standard model explanation,

and so physics beyond standard model is needed for that.

Neutrinos travel from the edge of the Universe without any absorption and deflec-

tion by magnetic fields. So high energy neutrinos may reach us unperturbed from

cosmic distances. But due to their weakly interacting nature, it is very difficult

to detect them, and so a ginormous particle detector is required to collect the

significant events of neutrinos.

IceCube is a south pole based neutrino detector, which is on a continuous hunt

of neutrinos since the year 2000. It is buried beneath the surface at the depth

of about 2.5 Km. In the detector, there are optical modules attached to its 86

vertical strings, which are arrayed over a cubic kilometer at 1,450 meters to 2,450

meters depth. The set-up of the IceCube detector is shown in Fig.(1.9). Some

of the high energy neutrinos interact with the nucleus of the constituents atoms

of the ice molecules and create muons as well as electromagnetic and hadronic

secondary particle showers. The charged secondary particles radiate Cherenkov

light that can be detected by optical modules in the detector. There are other

neutrino detectors e.g. BDUNT [138] and NESTOR [139] deployed in Lake Baikal
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Figure 1.9: Artist’s drawing of IceCube set-up. The former AMANDA detector is

shown in blue and the deepcore subarray in green.

and Mediterranean sea respectively, which are also looking for high energy neu-

trino events.

Recently IceCube collaboration has observed very high energy neutrinos events

with energy between 60 TeV to ∼ 3 PeV, in which four events are ∼ O(1

PeV) [5–8]. IceCube events as a function of deposited energy are shown in

Fig.(1.10). It is clear from Fig.(1.10) that a purely atmospheric muons (red

color) and/or neutrinos (dark blue color) explanation for these events is strongly

disfavored (at the level of 5.7σ [7]). The energy expected from atmospheric neu-

trinos (coming from π/K decay) only competes upto 100 TeV [140], but IceCube

observed events of much higher energies (upto ∼ 3 PeV). Even though charm de-

cay can produce a hard spectrum for atmospheric neutrinos (their energies goes

upto 1000 TeV as shown in Fig.(1.10)), but this possibility is also constrained

by observed angular distribution of the events. Therefore astrophysical and/or

new physics explanations have been pursued for the origin of these high energy

neutrinos.
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Figure 1.10: The plot of IceCube observed events with predictions. The patched region

shows uncertainties in the background. Atmospheric muons and neutrinos background

are shown in red and dark blue colors respectively. The plot is taken from [7].

The possible astrophysical sources of neutrino production are supernova rem-

nants (SNR) [141–143], active galactic nuclei (AGN) [144–146] and gamma-ray

bursts (GRB) [147]. All these sources have some specific neutrino emission spec-

tra, which depend on their production environments. In a model independent

analysis, the IceCube data in the energy range 60 TeV-2 PeV is consistent with

E−2
ν neutrino spectrum following E2

νdNν/dEν ' 1.2×10−8 GeVcm−2s−1sr−1 [6,7].

But spectrum sharper than E−2.3 does not provide a good fit to the data [7]. It is

not straightforward to fit the data using astrophysical sources, and extragalactic

sources are required. The requirement of extragalactic sources is also supported

by isotropic feature and galactic constraints [148–150].

Dark matter explanation of high energy neutrino events have also been in-

vestigated in various models, in which either dark matter decays into standard

model particles that give energetic neutrinos [151–160], or it decays into some

light dark matter particles which interact with nucleon and produce neutrino

events [161, 162]. The neutrino flux produced from dark matter decay should be

isotropic because DM contributes same at galactic as well as extragalactic scale.
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Dark matter explanation of IceCube neutrino events predicts a sharp cutoff in

the neutrino spectrum, and can also explain the possible energy gap between 400

TeV ∼ 1 PeV (although not statistically significant) in the data [7] motivating

two component flux and leptophilic DM decay [163–166].

There is no neutrino events observed by IceCube above ∼ 3 PeV. In particular,

Glashow resonance [167], ν̄e + e− → W− → shower, is absent which is otherwise

expected at 6.3 PeV. As a result of Glashow resonance, the cross-section for ν̄e

gets enhanced at neutrino energy E = M2
W/2me = 6.3 PeV, which increases the

detection rate of νe+ ν̄e by a factor of ∼ 10 [6]. Taking into account the increment

in detection rate and declination in the neutrino energy spectrum from E−2, one

would expect about 3 events at Glashow resonance. Even without Glashow reso-

nance, there should be some events from the extension of E−2 spectra above 2.6

PeV. But there is none!

The Glashow resonance gives rise to multiple energy peaks at different ener-

gies [168]. The first one is at 6.3 PeV and others lie at the Evis = E − EX ,

where EX is the energy in the W decay, which does not contribute to the visible

shower [169]. The decay of W into hadrons goes as W → q̄q, giving rise to a peak

at 6.3 PeV, while decay into leptons goes as W → ν̄l, which means W boson will

lose half of its energy and so a second peak at 3.2 PeV is expected. In case of

τ lepton in the final state, a further decay takes place producing a neutrino and

thus a third peak at 1.6 PeV. The events observed by IceCube [5–8] between 1

to ∼ 3 PeV range may be associated with the second (leptonic decay of W ) and

third (τ decay) peak, but non-appearance of Glashow resonance hadronic shower

from W → q̄q at 6.3 PeV (dominant peak) makes this idea less attractive. The

non observation of the expected signature of Glashow resonance in IceCube data

indicates a cutoff of neutrino energies between 2.6-6.3 PeV [169,170].

We propose a mechanism (Section.4.1) which can explain why neutrinos above a

certain energy may be suppressed in the astrophysical production processes like

π → µν̄µ, µ → eν̄eνµ etc. One explanation of the absence of Glashow resonance

is the violation of Lorentz symmetry at high energies. The numerical relation,

m2
π −m2

µ ∼
PeV3

MPl

, (1.11)
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suggests that there may be an unique opportunity to test the Planck suppressed

Lorentz violation via PeV neutrinos. We assume that Lorentz violating higher

dimensional operators [171, 172] give rise to a modified dispersion relation for

the neutrinos (antineutrinos) of the form E2 = p2 + m2
ν − (ξn/M

n−2
pl ) pn with

n > 2. Depending on the sign of ξn, the neutrinos (antineutrinos) can be either

superluminal (ξn < 0) or subluminal (ξn > 0). In Chapter (4), we describe our

proposal in detail following the derivation of modified neutrino dispersion and

spinors relations of appendices A and B.

1.4 Aim of the thesis

There are many observations in particle physics and cosmology which seek theory

beyond standard model for their explanations. The excess of positrons observed

by AMS-02 experiment, the discrepancy between the SM value and experimental

measurement of muon (g− 2), and absence of the Glashow resonance at IceCube

are some of the important signatures which call for new physics for their expla-

nations. So, it becomes quite important to construct the particle physics models,

which not only explain these signals but can also find the relation between them.

The aim of this thesis work is to study the particle physics models, which can

explain and relate these signals.

1.5 Thesis overview

The thesis is organized as follows : Chapter (1) contains the basic introduction

of DM with its properties, and possible candidates. The AMS-02 positron excess,

and other experimental signatures viz. muon anomalous magnetic moment and

IceCube high energy neutrino events are also discussed in details.

In Chapter (2), we discuss our newly proposed gauged horizontal symmetry

model. We extend the SM with a 4th generation of fermions and propose a

SU(2)HV horizontal gauge symmetry between the 4th generation leptons and

muon families. We identify the 4th generation right-handed neutrino as DM

and use it to explain the AMS-02 positron excess. As an artefact of SU(2)HV
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gauge symmetry, we have new contributions to muon (g−2) from SU(2)HV gauge

boson and different scalars. In this chapter, we will discuss the phenomenological

aspects of new model in details.

Chapter (3) focuses on dark left-right model. In left-right model, due to its gauge

interactions, it is not possible to identify the right-handed neutrino as DM. But

in other variant of left-right model called dark left-right model, it is possible to

accommodate DM by proposing a new U(1) global symmetry. The new symmetry

forbids the mass term connecting left to right-handed neutrino, and so stops the

decay of right-handed neutrino. The right-handed neutrino is identified as DM

(called scotino). The new particles in the model also give an adequate contribu-

tion to muon (g − 2). We discussed all these possibilities in details.

Chapter (4) is dedicated to the study of Lorentz invariance violation. IceCube

collaboration has observed neutrinos of very high energies, which goes upto PeV

arising from pion and muon decays. Through the numerical relation m2
π −m2

µ ∼
PeV3/Mpl, it is possible to test the Planck suppressed Lorentz violation operators

via observations of PeV neutrinos. We discussed these possibilities in details. In

the last Chapter (5) of the thesis, we provide the summary and scope for future

work.
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Gauged horizontal symmetric

model

The Standard Model (SM) is a theory of electromagnetic and weak interactions

between leptons and quarks, and is based on the gauge group SU(2)L×U(1)Y. In

combination with symmetry group SU(3)C, SM provides the unified framework for

the electromagnetic, weak and strong forces. The spontaneous breaking of gauge

theories generates masses of the W,Z gauge bosons and the three generations

of quarks and leptons. In SM, each of the fermion family (both for leptons and

quarks) is independently anomaly free. But there exists a pattern in the quarks

and neutrinos mixing matrices which suggests a larger symmetry between their

respective three generations. This set of evidence points towards the existence of

a horizontal symmetry, which distinguish two left-handed doublets or singlets of

quarks and leptons other than masses. The horizontal symmetry may be discrete

[173], global [174] or a gauged [175] symmetry. The AMS-02 collaboration [1, 2]

has recently observed positrons excess over cosmic ray background, and did not

notice any significant excess of antiprotons over cosmic ray background. The dark

matter (DM) explanation of the observed positron excess (remaining consistent

with the absence of antiprotons excess over cosmic ray background) may require

new interactions between DM and leptons, which can be achieved by gauging the

leptons of different families. In this chapter, we introduce a gauged horizontal

symmetric model which can explain muon (g − 2), measured at BNL [3, 4] and

23
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the excess of positrons measured by AMS-02 [1, 2] simultaneously.

There is a discrepancy at 3.6σ level between the experimental measurement [3,4]

and the SM prediction [97–101] of muon anomalous magnetic moment,

∆aµ ≡ aExp
µ − aSM

µ = (28.7± 8.0)× 10−10, (2.1)

where aµ is the anomalous magnetic moment in the unit of e/2mµ. In SM, con-

tribution of gauge bosons to the muon anomalous magnetic magnetic moment

goes as aWµ ∝ m2
µ/M

2
W,Z and we have aSM

µ = 19.48 × 10−10 [176]. In minimal su-

persymmetric standard model (MSSM) [103, 104], we get contributions to muon

(g − 2) from neutralino-smuon and chargino-sneutrino loops. In all MSSM dia-

grams there still exist the mµ suppression in (g − 2), arising from the following

cases:

• In case of bino in the loop, the mixing between the left and right handed

smuons is ∝ mµ.

• In case of wino-higgsino or bino-higgsino in the loop, the higgsino coupling

with smuon is ∝ yµ, so there is a mµ suppression.

• In the case of chargino-sneutrino in the loop, the higgsino-muon coupling

is ∝ yµ, which again gives rise to mµ suppression.

Therefore in MSSM aMSSM
µ ∝ m2

µ/M
2
SUSY, where MSUSY is proportional to the

mass of the SUSY particle in the loop.

One can evade the muon mass suppression in (g−2) with a horizontal gauge sym-

metry. A horizontal U(1)Lµ−Lτ symmetry was used to lift mµ suppression [119].

Here muon (g − 2) is proportional to mτ and aµ ∝ mµmτ/m
2
Z′ , where Lµ − Lτ

gauge boson mass mZ′ ∝ 100 GeV gives the required aµ, but mZ′ of ∼ O(100)

GeV is tightly constrained from flavor physics. The SM extension needed to

explain muon (g− 2) can also be related to dark matter [120,121] and the impli-

cation of this new physics in LHC searches has been studied [177]. The second

experimental signal which we addressed in this chapter is the excess of positron

over cosmic-ray background, which has been observed by AMS-02 experiment [1]

upto energy ∼ 425 GeV [2]. An analysis of AMS-02 data suggests that a dark
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matter (DM) annihilation interpretation would imply that the annihilation final

states are either µ or τ [28, 178]. The dark matter annihilation into e± pairs

would give a peak in the positron signal, which is not seen in the positron spec-

trum. Since the branching ratio of τ decay to e is only 17% compared to µ, this

makes µ as the preferred source of origin of high energy positrons. There is no

excess of antiproton flux over cosmic-ray background observed by AMS-02 exper-

iment [179,180], which also indicates towards a leptophilic dark matter [26,181].

In this chapter, we describe a gauged horizontal symmetric model. We introduce

a 4th generation of fermions and a SU(2)HV vector gauge symmetry between the

4th generation leptons and the muon family. In this model, the muon (g− 2) has

a contribution from the 4th generation charged lepton µ′, SU(2)HV gauge boson

θ+, and from the neutral (h,A) and charged H± higgs. In all these cases, there is

no quadratic suppression ∝ m2
µ because of the horizontal symmetry. By choosing

parameters of the model without any fine tunning, we can obtain the required

number ∆aµ = 2.87× 10−9 within 1σ.

In this model, we identify the 4th generation right-handed neutrino νµ′R, as

dark matter. The dark matter annihilates to SM particles through the SU(2)HV

gauge boson θ3 and with the only final states being (µ+µ−) and (νcµ νµ). The

stability of DM is maintained by taking the 4th generation charged lepton to

be heavier than DM. To explain the AMS-02 signal [1, 2], one needs a cross-

section (CS), <σv>χχ→µ+µ− = 2.33× 10−25cm3/sec, which is larger than the CS,

σvχχ→SM ∼ 3 × 10−26cm3/sec, required to get the correct thermal relic density

Ωh2 = 0.1199±0.0027 [9,49]. In our model, the enhancement of annihilation CS of

DM in the galaxy is achieved by the resonant enhancement mechanism [182–184],

which we attain by taking Mθ3 ' 2mχ.

This chapter is organized as follows : In the next section, we describe our pro-

posed gauge horizontal symmetric model in detail. In section (2.2), we discuss

about the dark matter candidate and then its phenomenology. The relic density

and the fitting of AMS-02 positron data are discussed in the sections (2.2.1) and

(2.2.2) respectively. We compute the muon (g− 2) contributions from this model

in (2.3) and then we give our conclusion and outlook in section (2.4).
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2.1 Model

We introduce the 4th generation of quarks (c′, s′) and leptons (ν ′µ, µ
′) (of both

chiralities) in the SM. We also add three right-handed neutrinos and extend the

gauge group of SM by horizontal symmetry denoted by SU(2)HV, between the 4th

generation lepton and muon families. Addition of three right-handed neutrinos

ensures that the model is free from SU(2) Witten anomaly [185]. We assume

that the quarks of all four generations and the leptons of e and τ families are

singlet of SU(2)HV to evade the constraints from flavor changing processes. The

SU(2)HV symmetry can be extended to e and τ families by choosing suitable

discrete symmetries, however for this work we have taken e and τ families to be

singlet of SU(2)HV for simplicity and discuss the most economical model, which

can explain muon (g − 2) and AMS-02 positron excess at the same time.

We denote the left-handed muon and 4th generation lepton families by ΨLiα and

their right-handed charged and neutral counterparts by ERα and NRα respectively

(here i and α are the SU(2)L and SU(2)HV indices respectively and run through

the values 1 and 2). The left-handed electron and tau doublets are denoted by

ψeLi and ψτLi and their right-handed counterparts by eR and τR respectively.

The gauge fields of SU(2)L×U(1)Y×SU(2)HV groups are denoted by Aaµ, Bµ and

θaµ (a = 1, 2, 3) with gauge couplings g, g′ and gH respectively.

The leptons transformations under the gauge group, SU(3)c× SU(2)L×U(1)Y ×
SU(2)HV ≡ GSTD (SM gauge group) × SU(2)HV are shown in Table.(2.1). From

the assigned quantum numbers, it is clear that the SU(2)HV gauge bosons connect

only the lepton pairs, ψµL ↔ ψµ′L and (µR, νµR) ↔ (µ′R, ν
′
µR). This assignment

ensures the contribution of heavy lepton µ′ to the muon (g − 2) as shown in

Fig.(2.4). In our GSTD × SU(2)HV model, the gauge couplings of the muon and

4th generation lepton families are,

Lψ = iΨ̄Liαγ
µ

(
∂µ −

i

2
gτ · Aµ + ig′Bµ −

i

2
gHτ · θµ

)

ij;αβ

ΨLjβ

+ iĒRαγ
µ

(
∂µ + i2g′Bµ −

i

2
gHτ · θµ

)

αβ

ERβ

+ iN̄Rαγ
µ

(
∂µ −

i

2
gHτ · θµ

)

αβ

NRβ (2.2)
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Particles GSTD × SU(2)HV Quantum numbers

ψeLi ≡ (νe, e) (1, 2,−1, 1)

ΨLiα ≡ (ψµ, ψµ′) (1, 2,−1, 2)

ψτLi ≡ (ντ , τ) (1, 2,−1, 1)

ERα ≡ (µR, µ
′
R) (1, 1,−2, 2)

NRα ≡ (νµR, νµ′R) (1, 1, 0, 2)

eR, τR (1, 1,−2, 1)

νeR, ντR (1, 1, 0, 1)

φi (1, 2, 1, 1)

ηβiα (1, 2, 1, 3)

χα (1, 1, 0, 2)

Table 2.1: Representation of the various fields in the model under the gauge group

GSTD × SU(2)HV.

The “neutral-current” of SU(2)HV contributes to the annihilation process, (νµ′νµ′)→
θ∗3 → (µ+µ−), (νcµ νµ), which is relevant for the AMS-02 and relic density calcu-

lations. The “charge-changing” vertex µµ′θ+, contributes to the (g − 2) of the

muon.

To evade the bounds on the 4th generation from the higgs production at LHC,

we extend the higgs sector (in addition to φi) by a scalar ηβiα (i and α are the

SU(2)L and SU(2)HV indices respectively and run through the values 1 and 2),

which is a doublet under SU(2) and triplet under SU(2)HV. As an SU(2) doublet

ηβiα evades 4th generation bounds from the overproduction of higgs in the same

way as [186,187], in that the 125 GeV mass eigenstate is predominantly η which

has no Yukawa couplings with the quarks. As ηβiα is a triplet under SU(2)HV,

its Yukawa couplings with the muon and 4th generation lepton families split the

masses of the muon and 4th generation leptons. We also introduce a SU(2)HV

doublet χα, which generates masses for SU(2)HV gauge bosons. The quantum

numbers of the scalars are shown in Table.(2.1). The general potential of this

set of scalars (φi, η
β
iα, χα) is given in [188]. Following [188], we take the vacuum
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expectation values (vevs) of these scalars as,

〈φi〉 = 〈φ〉δi2,

〈ηβiα〉 = 〈η〉δi2(δα1δ
β1 − δα2δ

β2), (2.3)

|〈χ〉|2 = |〈χ1〉|2 + |〈χ2〉|2,

where 〈φi〉 breaks SU(2)L, 〈χα〉 breaks SU(2)HV and 〈ηβiα〉 breaks both SU(2)L

and SU(2)HV and generate the TeV scale masses for SU(2)HV gauge bosons. The

mass eigenstates of the scalars will be a linear combination of φi, η
β
iα and χα. We

shall assume that the lowest mass eigenstate h1 with the mass ∼ 125 GeV is

primarily constituted by ηβiα. We shall also assume that the parameters of the

higgs potential [188] are tuned such that mixing between h1 and φi is small. The

Yukawa couplings of 4th generation quarks are only with φi, therefore the 125

GeV Higgs will have very small contribution from the 4th generation quark loops.

The gauge couplings of the scalar fields φi, η
β
iα and χα are given by the Lagrangian,

Ls = |(∂µ −
i

2
gτ · Aµ − ig′Bµ)φ|2 + |(∂µ −

i

2
gτ · Aµ − ig′Bµ − igHT · θµ)η|2

+ |(∂µ −
i

2
gHτ · θ)χ|2, (2.4)

where τa/2 (a = 1, 2, 3) are 2 × 2 matrix representation for the generators of

SU(2)L and Ta (a = 1, 2, 3) are 3× 3 matrix representation for the generators of

SU(2)HV. After expanding Ls around the vevs defined in Eq.(2.3), the masses of

gauge bosons come,

M2
W =

g2

2
(2〈η〉2 + 〈φ〉2), M2

Z =
g2

2
sec2θW (2〈η〉2 + 〈φ〉2), M2

A = 0,

M2
θ+ = g2

H(4〈η〉2 +
1

2
〈χ〉2), M2

θ3
=

1

2
g2
H〈χ〉2. (2.5)

We tune the parameters in the potential such that the vevs of scalars are,

√
2〈η〉2 + 〈φ〉2 = 174 GeV,

〈χ〉 = 22.7 TeV, (2.6)
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for the generation of large masses for 4th generation leptons µ′, νµ′ and SU(2)HV

gauge bosons θ+, θ3. The Yukawa couplings of the leptons are given by,

LY = −h1ψ̄eLiφieR − h̃1εijψ̄eLiφ
jνeR − h2Ψ̄LiαφiERα

− h̃2εijΨ̄Liαφ
jNRα − k2Ψ̄Liαη

β
iαERβ − k̃2εijΨ̄Liαη

jβ
α NRβ

− h3ψ̄τLiφiτR − h̃3εijψ̄τLiφ
jντR + h.c.

after corresponding scalars take their vevs as defined in Eq.(2.3), we obtain,

LY = −h1ψ̄eL2〈φ〉eR − h̃1ψ̄eL1〈φ〉νeR − Ψ̄L2α[h2〈φ〉+ k2〈η〉(δα1 − δα2)]ERα

− Ψ̄L1α[h̃2〈φ〉+ k̃2〈η〉(δα1 − δα2)]NRα − h3ψ̄τL2〈φ〉τR − h̃3ψ̄τL1〈φ〉ντR
− h1ψ̄eLiφ

′
ieR − h̃1εijψ̄eLiφ

′jνeR − Ψ̄Liα[h2φ
′
iδ
β
α + k2η

′β
iα]ERβ

− Ψ̄Liα[h̃2εijφ
′jδβα + k̃2εijη

′jβ
α ]NRβ − h3ψ̄τLiφ

′
iτR − h̃3εijψ̄τLiφ

′jντR + h.c.

(2.7)

where φ′i and η′βiα are the shifted fields. From Eq.(2.7), we see that the muon and

4th generation leptons masses get split and are given by,

me = h1〈φ〉, mτ = h3〈φ〉, mνe = h̃1〈φ〉, mντ = h̃3〈φ〉,

mµ = h2〈φ〉+ k2〈η〉, mνµ = h̃2〈φ〉+ k̃2〈η〉, (2.8)

mµ′ = h2〈φ〉 − k2〈η〉, mνµ′
= h̃2〈φ〉 − k̃2〈η〉,

Thus by choosing the suitable values of Yukawas, the required leptons masses can

be generated.

2.2 Dark Matter Phenomenology

In this model, we identify the 4th generation right-handed neutral lepton (ν ′µR ≡
χ) as the dark matter, which is used to fit AMS-02 data [1,2]. The only possible

channels for DM annihilation are into (µ+µ−) and (νcµ νµ) pairs (Fig.2.1). In this

scenario for getting the correct relic density, we use the Breit-Wigner resonant

enhancement [182–184] and take Mθ3 ' 2mχ. The thermally averaged annihila-

tion CS can be tuned to be ∼ 10−26cm3s−1 with the resonant enhancement, which

gives the observed relic density. In principle the dark matter can decay into the
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Parameters Numerical values

gH 0.087

yh 0.037

yA 0.020

yH± 0.1

mχ 700 GeV

mµ′ 740 GeV

Mθ3 1400 GeV

Mθ+ 1400 GeV

mH± 1700 GeV

mh 125 GeV

mA 150 GeV

δ 10−3

γ 10−4

Table 2.2: Bench mark set of values used in the model.

light leptons via SU(2)HV gauge boson θ+ and scalar ηβiα, but by taking the mass

of 4th generation charged leptons µ′ larger than χ, the stability of dark matter

can be ensured.

χ

χ
θ3 µ+, νc

µ

µ−, νµ

gH

2 γα gH

2 γβ

Figure 2.1: Feynman diagram of dark matter annihilation with corresponding vertex

factor.

2.2.1 Relic density

The dark matter annihilation channels into SM particles are, χχ→ θ∗3 → µ+µ−, νcµνµ.

The annihilation rate of dark matter σv, for a single channel, in the limit of mass-
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less leptons, is given by

σv =
1

16π

g4
Hm

2
χ

(s−M2
θ3

)2 + Γ2
θ3
M2

θ3

(2.9)

where gH is the horizontal gauge boson coupling, mχ the dark matter mass, Mθ3

and Γθ3 are the mass and the decay width of SU(2)HV gauge boson respectively.

Since both of the final states (νµ, µ) contribute in the relic density, the cross-

section of Eq.(2.9) is multiplied by a factor of 2 for relic density computation.

The contributions to the decay width of θ3 comes from the decay modes, θ3 →
µ+µ−, νcµνµ. The total decay width is given by,

Γθ3 =
2g2

H

48π
Mθ3 . (2.10)

In the non-relativistic limit, s = 4m2
χ(1 + v2/4), then by taking into account the

factor of 2, Eq.(2.9) simplifies as,

σv =
2

256πm2
χ

g4
H

(δ + v2/4)2 + γ2
, (2.11)

where δ and γ are defined as M2
θ3
≡ 4m2

χ(1 − δ), and γ2 ≡ Γ2
θ3

(1 − δ)/4m2
χ. If δ

and γ are larger than v2 ' (T/Mχ)2, the usual freeze-out takes place, on the other

hand if δ and γ are chosen smaller than v2 then there is a resonant enhancement

of the annihilation CS and a late time freeze-out. We choose δ ∼ 10−3 and

γ ∼ 10−4, so that we have a resonant annihilation of dark matter. The thermal

average of annihilation rate is given as [182–184],

〈σv〉(x) =
1

n2
EQ

mχ

64π4x

∫ ∞

4m2
χ

σ̂(s)
√
sK1

(
x
√
s

mχ

)
ds, (2.12)

where,

n2
EQ =

gi
2π2

m3
χ

x
K2(x), (2.13)

σ̂(s) = 2g2
imχ

√
s− 4m2

χ σv, (2.14)

and where x ≡ mχ/T ; K1(x), K2(x) represent the modified Bessel functions

of second type and gi is the internal degree of freedom of DM particle. Using

Eq.(2.11), Eq.(2.13) and Eq.(2.14) in Eq.(2.12), it can be written as,

〈σv〉(x) =
g4
H

512m2
χ

x3/2

π3/2

∫ ∞

0

√
z exp[−xz/4]

(δ + z/4)2 + γ2
dz (2.15)
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where z ≡ v2. We solve the Boltzmann equation for Yχ = nχ/s,

dYχ
dx

= −λ(x)

x2
(Y 2

χ (x)− Y 2
χeq(x)) (2.16)

where

λ(x) ≡
( π

45

)1/2

mχMPl

(
g∗s√
g∗

)
〈σv〉(x) (2.17)

and where g∗ and g∗s are the effective degrees of freedom of the energy density

and entropy density respectively, with 〈σv〉 given in Eq.(2.15). We can write the

Yχ(x0) at the present epoch as,

1

Yχ(x0)
=

1

Yχ(xf )
+

∫ xs

xf

dx
λ(x)

x2
(2.18)

where the freeze-out xf is obtained by solving nχ(xf )〈σv〉 = H(xf ). We find that

xf ∼ 30 and the relic density of χ is given by,

Ω =
mχs0Yχ(x0)

ρc
(2.19)

where s0 = 2890 cm−3 is the present entropy density and ρc = h21.9×10−29 gm/cm3

is the critical density. We find that by taking gH = 0.087, δ ∼ 10−3 and γ ∼ 10−4

in Eq.(2.15), we obtain the correct relic density Ωh2 = 0.1199±0.0027, consistent

with WMAP [49] and Planck [9] data. From gH and γ we can fix Mθ3 ' 1400

GeV and mχ ' 1
2
Mθ3 ' 700 GeV. There is a large hierarchy between the fourth

generation charged fermion mass and the other charged leptons masses. We do

not have any underlying theory for the Yukawa couplings and we take the mµ′

mass which fits best the AMS-02 positron spectrum and muon (g − 2). A bench

mark set of values used in this paper for the masses and couplings is given in

Table.(2.2).

2.2.2 Comparison with AMS-02 and PAMELA data

The dark matter in the galaxy annihilates into µ+µ− and the positron excess seen

at AMS-02 [1,2] appears from the decay of muon. We use publicly available code

PPPC4DMID [189, 190] to compute the positron spectrum
dNe+
dE

from the decay

of µ pairs for 700 GeV dark matter. We then use the GALPROP code [191,192]
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for propagation, in which we take the annihilation rate σvµ+µ− , and the positron

spectrum
dNe+
dE

as an input to the differential injection rate,

Qe+(E,~r) =
ρ2

2m2
χ

〈σv〉µ+µ−
dNe+

dE
(2.20)

where ρ denotes the density of dark matter in the Milky Way halo, which we take

to be the NFW profile [44],

ρNFW = ρ0
rs
r

(
1 +

r

rs

)−2

, ρ0 = 0.4 GeV/cm3, rs = 20 kpc, (2.21)

In GALPROP code [191, 192], we take the diffusion coefficient D0 = 3.6 ×
1028cm2s−1 and Alfven speed vA = 15 kms−1. We choose, zh = 4 kpc and

rmax = 20 kpc, which are the half-width and maximum size for 2D galactic model

respectively. We choose the nucleus spectral index to break at 9 GeV and spec-

tral index above this is 2.36 and below is 1.82. The normalization flux of electron

at 100 GeV is 1.25 × 10−8cm−2s−1sr−1GeV−1 and for the case of electron, we

take breaking point at 4 GeV and its injection spectral index above 4 GeV is

γel1 = 2.44 and below γel0 = 1.6. After solving the propagation equation, GAL-

PROP [191,192] gives the desired positron flux.

To fit the AMS-02 data, the input annihilation CS required in GALPROP

is, <σv>χχ→µ+µ− = 2.33 × 10−25cm3s−1. The annihilation CS for µ final state

from Eq.(2.9) is, σv ≈ 2.8 × 10−25cm3s−1, which signifies that there is no extra

“astrophysical” boost factor needed to satisfy AMS-02 data. The annihilation

rate required for relic density was 〈σv〉 ∼ 3 × 10−26cm3s−1, and the factor ∼ 10

increase in σv at the present epoch is due to resonant enhancement by taking

mχ ' 1
2
Mθ3 . In Fig.(2.2), we plot the output of GALPROP code and compare

it with the observed AMS-02 [1, 2] and PAMELA [17] data. We see that our

positron spectrum fits the AMS-02 data very well. We also check the photon

production from the decay of µ final state by generating the γ-ray spectrum

called dNγ
dE

from publicly available code PPPC4DMID [189,190] and propagating

it through the GALPROP code [191, 192]. We then compare the output with

the observed Fermi-LAT data [193], as shown in Fig.(2.3), and find that the γ-

ray does not exceed the observed limits. There is no annihilation to hadrons, so
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Figure 2.2: The positron flux spectrum compared with data from AMS-02 [1, 2] and

PAMELA [17]. The contributions of different channels (µL, µR) are shown for compar-

ison.

no excess of antiprotons are predicted, consistent with the PAMELA [179] and

AMS-02 [180] data.

2.3 Muon Magnetic Moment

The SU(2)HV horizontal symmetry, which connects muon and 4th generation

families, gives extra contributions to muon (g−2). The diagrams that contribute

to muon (g − 2) with SU(2)HV charged gauge boson θ+ and scalar ηβiα are shown

in Fig.(2.4).

We first calculate the contribution from SU(2)HV gauge boson θ+, which is shown

in Fig.2.4(c). For this diagram the vertex factor of the amplitude µ(p′)Γµµ(p)εµ

is,

Γµ =
eg2
H

2

∫
d4k

(2π)4
γβ

(/p′ + /k +mµ′)

(p′ + k)2 −m2
µ′
γµ

(/p+ /k +mµ′)

(p+ k)2 −m2
µ′
γα

gαβ
k2 −M2

θ+
. (2.22)

We perform the integration and use the Gorden identity to replace,

ū(p′)(pµ + p′µ)u(p) = ū(p′)(2mµγµ − iσµνqν)u(p), (2.23)
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Figure 2.3: The γ-ray spectrum compared with data from Fermi Lat [193].

and identify the coefficient of the iσµνqν as the magnetic form factor. The con-

tribution to ∆aµ is,

[∆aµ]θ+ =
m2
µ

16π2

∫ 1

0

dx
g2
H

(
2m′µ
mµ

(x− x2)− (x− x3)
)

(1− x)m2
µ′ − x(1− x)m2

µ + xM2
θ±
. (2.24)

In the limit of M2
θ+ >> m2

µ′ , we get the anomalous magnetic moment,

[∆aµ]θ+ =
g2
H

8π2

(
mµmµ′ − 2/3m2

µ

M2
θ+

)
, (2.25)

we note that in Eq.(2.25), the first term is dominant which shows mµmµ′ en-

hancement in the muon (g − 2).

In our model, the contribution from the neutral higgs η (CP-even h and CP-odd

A) is shown in Fig.2.4. The (g − 2) contribution of this diagram is [194],

[∆aµ]h,A =
m2
µ

8π2

∫ 1

0

dx
y2
h(x

2 − x3 +
mµ′

mµ
x2)

m2
µx

2 + (m2
µ′ −m2

µ)x+m2
h(1− x)

+
m2
µ

8π2

∫ 1

0

dx
y2
A(x2 − x3 − mµ′

mµ
x2)

m2
µx

2 + (m2
µ′ −m2

µ)x+m2
A(1− x)

, (2.26)

where yh, yA represent the Yukawa couplings of neutral CP-even and -odd higgs

respectively and their masses are denoted by mh and mA respectively. We shall

calculate the contributions from the lightest scalars only, which give the larger
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Figure 2.4: Feynman diagrams of scalar ηβiα and SU(2)HV gauge boson θ+, which give

contributions to muon (g − 2).

contributions in compare to heavy scalars. In the limits m2
µ′ � m2

h, m
2
µ′ � m2

A,

doing the integration in Eq.(2.26) we get the anomalous magnetic moment,

[∆aµ]h,A =
1

8π2

(
3mµmµ′(y

2
h − y2

A) +m2
µ(y2

h + y2
A)

6m2
µ′

)
. (2.27)

In a similar way, the contribution from the mass eigenstate H± of charged higgs

η±, shown in Fig.2.4, is given by [194],

[∆aµ]H± =
m2
µ

8π2

∫ 1

0

dx
y2
H±

(
x3 − x2 +

mνµ′

mµ
(x2 − x)

)

m2
µx

2 + (m2
H± −m2

µ)x+m2
νµ′

(1− x)
, (2.28)

where yH± and mH± are the Yukawa coupling and mass of the charged higgs

respectively. We perform the integration (Eq.2.28) in the limit m2
H± � m2

νµ′
, and

get the anomalous magnetic moment,

[∆aµ]H± = −y
2
H±

8π2

(
3mµmνµ′

+m2
µ

6m2
H±

)
. (2.29)

So the complete contribution to muon (g − 2) in our model is given as,

∆aµ = [∆aµ]θ+ + [∆aµ]h,A + [∆aµ]H± (2.30)

As discussed before, in our model the lightest CP-even scalar h1 is mainly com-

posed of η, so we can write,

yh ∼ k2 cosα1, (2.31)
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where α1 is the mixing angle between CP-even mass eigenstate h1 and gauge

eigenstate η, and k2 is the Yukawa coupling defined in Eq.(2.7). In a similar way,

we assume that lightest pseudoscalar A and charged higgs H± are also mainly

composed of η, so that we can write,

yA ∼ k2 cosα2, yH± ∼ k̃2 cosα3, (2.32)

where α2 is the mixing angle between CP-odd scalars and α3 is the mixing angle

between the charged scalars. k̃2 denotes the Yukawa coupling defined in Eq.(2.7).

In the SU(2)HV gauge boson sector, we take gH = 0.087, Mθ+ ≈ 1400 GeV (Mθ3 ≈
Mθ+), which are fixed from the requirement of correct relic density and we

take mµ′ = 740 GeV, coming from the stability requirement of dark matter

(mµ′ > mχ). After doing numerical calculation, we get [∆a]θ+ = 3.61× 10−9.

The contributions from (h,A) scalars depend on the parameter k2
2 (cos2 α1 −

cos2 α2), which we assume to be ' 10−3 and obtain [∆aµ]h,A = 0.82× 10−9. For

the charged scalar contribution, we assume k̃2 cosα3 = 0.1 and mH± = 1700 GeV

and obtain [∆aµ]H± = −1.53 × 10−9. Adding the contributions from θ+, (h,A)

and H±, we get

∆aµ = 2.9× 10−9, (2.33)

which is in agreement with the experimental result [3, 4] within 1σ. To get the

desired value of muon (g − 2), we have to consider a large hierarchy between the

neutral higgs (mh ∼ 125 GeV, mA ∼ 150 GeV) and the charged higgs mH± ∼
1700 GeV. These masses have to arise by appropriate choices of the couplings in

the higgs potential of (φi, η
β
iα, χα).

2.4 Conclusion and Outlook

In this chapter, we studied a 4th generation extension of the standard model,

where the 4th generation leptons interact with the muon family via SU(2)HV

gauge bosons. The 4th generation right-handed neutrino is identified as the dark

matter. We proposed a common explanation to the excess of positron seen at
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AMS-02 [1,2] and the discrepancy between SM prediction [97–101] and BNL mea-

surement [3,4] of muon (g−2). The SU(2)HV gauge boson θ+ with 4th generation

charged lepton µ′ and charged higgs H±, give the required contribution to muon

(g − 2) to satisfy the BNL measurement within 1σ. The LHC constraints on 4th

generation quarks is evaded by extending the higgs sector as in [186,187].

In this horizontal SU(2)HV gauge symmetry model, we also explain the prefer-

ential annihilation of dark matter to µ+µ− channel over other leptons and pre-

dict that there is no antiproton excess, in agreement with PAMELA [179] and

AMS-02 [180] data. Since the dark matter has gauge interactions only with the

muon family at tree level, we can evade the bounds from direct detection ex-

periments [11, 13] based on scattering of dark matter with the first generation

quarks.



Chapter 3

Dark left-right gauge model

As we described in the previous chapter, there are two prominent experimental

hints, which seek the extension of SM for their solutions; namely the AMS-02

positron excess [1, 2], and the discrepancy between the measured [3, 4] and the

SM prediction [97–101] of muon (g − 2). It would be interesting to find an eco-

nomic solution beyond SM to explain both the muon (g−2) and AMS-02 positron

measurements.

In this chapter, we examine another possibility for explaining the AMS-02 positron

excess and muon (g− 2) simultaneously. We show that a variant of the left-right

model called dark left-right gauge model (DLRM) [195, 196] has the ingredients

to explain these two experimental signals. The alternative left-right symmetric

model (ALRM) has been proposed in 1987 [197,198]. One of the key advantages

of ALRM over the standard/conventional left-right model (LRM) [199–203] is, it

has no tree-level flavor changing neutral currents. Therefore, the SU(2)R break-

ing scale can be low and hence allows a possibility for W±
R , Z

′ gauge bosons

to be observable at collider experiments. Another variant of this ALRM is the

dark left-right gauge model [195, 196], which has both the neutrino mass and a

fermionic DM candidate. In DLRM, there exists a discrete R-parity. The neutral

component of the right-handed lepton doublet nR carries zero generalized lepton

number (L̃) and is odd under the R-parity. Thus it can be made stable and

a viable candidate for DM if it is the lightest R-odd particle in the spectrum.

Additional higgs triplet (∆R) has been introduced to give mass to nR. The anni-

39



40 Chapter 3. Dark left-right gauge model

hilation of nR into muonic final states takes place through the t-channel exchange

of charged triplet higgs (∆+
R). One of the motivations of this work was to explain

the positron excess seen by AMS-02 [1, 2] experiments through the annihilation

of DM in the galactic halo. By choosing the W±
R , Z

′ bosons heavier than the

∆R, we ensure that the DM is leptophilic which makes it ideal for explaining

AMS-02 positron excess. But, the annihilation cross-section in this case is helic-

ity suppressed. To overcome this suppression, we have considered the mechanism

of internal bremsstrahlung (IB) [204] in the DM annihilation process. Also we

need an astrophysical boost ∼ O(103), to get the required cross-section for fitting

AMS-02 data. A leading explanation of the observed positron excess comes from

the annihilation of dark matter particles into leptonic final states which results

in a soft positron spectrum which can account for the AMS-02 data quite well.

A population of nearby pulsars can provide an alternative explanation [19–21]

for the positron excess reported by AMS-02, PAMELA. However in case of pul-

sars, an anisotropy is expected in the signal contributions as a function of energy

due to the differing positions of the individual contributing pulsars, which falls

nearly an order of magnitude below the current constraints from both AMS-02

and the Fermi-LAT [23]. Another interesting aspect of this model is that the

same Yukawa term ΨR∆RΨR, which produces muons from DM annihilation also

gives rise to the muon (g − 2) through singly and doubly charged triplet higgs

loop. We have shown that the same masses and couplings can be used to obtain

both the relic abundance of DM and required ∆aµ = (2.87±0.8)×10−9 within 1σ

of the experimental value [3, 4]. DLRM contains a number of singly and doubly

charged scalars. The decay of ∆±±R into same sign di-leptons is an important

signal from LHC perspective to test DLRM.

This chapter is organized as follows: In Section.3.1, we describe the details of

the model; the dark matter part is discussed in Section.3.2. The explanation of

AMS-02 positron excess has been dealt in Section.3.2.1 and contribution to muon

(g − 2) has been calculated in in Section.3.3. After giving a brief discussion in

Section.3.4, finally we conclude our result in Section.3.5.
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3.1 Dark Left-Right Gauge model

We adopt the dark left-right gauge model [195,196], whose gauge group is given by,

SU(3)C × SU(2)R × SU(2)L × U(1)×S. Here an additional global U(1)1 symme-

try S has been introduced such that after the spontaneous breaking of SU(2)R×S
the generalized lepton number L̃ (defined as, L̃ = S − T3R) remains unbroken.

The scalar sector of this model consists of a bi-doublet Φ, two doublets (ΦL,ΦR)

and two hypercharge ‘+1’ triplets (∆L,∆R), denoted as,

Φ =


φ

0
1 φ+

2

φ−1 φ0
2


, ΦL,R =


φ

+
L,R

φ0
L,R


 and ∆L,R =




∆+
L,R√
2

∆++
L,R

∆0
L,R −∆+

L,R√
2


.

The quantum numbers of the scalars under the DLRM gauge group and S are

listed in Table 3.1. The fermionic sector (as shown in Table.3.2) consists of ad-

Scalar SU(3)C × SU(2)L × SU(2)R × U(1) S

Φ (1, 2, 2, 0) 1/2

Φ̃ (1, 2, 2, 0) −1/2

ΦL (1, 2, 1, 1/2) 0

ΦR (1, 1, 2, 1/2) −1/2

∆L (1, 3, 1, 1) −2

∆R (1, 1, 3, 1) −1

Table 3.1: Scalar content of DLRM model. Note that Φ̃ = σ2Φ∗σ2.

ditional SU(2)R lepton (ΨR) and quark doublet (QR). Also it contains a quark

singlet (xL), which carries a generalized lepton number, L̃ = 1. The same struc-

ture follows for all three generations of fermion in SM.

The scalar potential contains all allowed (by S-symmetry) singlet combination

like,

V = (m2
1Φ†Φ +m2

2Φ†LΦL +m2
3Φ†RΦR +m2

4∆†L∆L +m2
5∆†R∆R) +

Φ†R∆RΦ̃R + Φ†LΦΦR + Tr(Φ̃†∆LΦ∆†R) + (quartic− terms). (3.1)

From the minimization condition of the potential it is evident that there exists

a solution with 〈φ0
1〉 ≡ v1 = 0. The leptons and the up type quarks get mass

1which is different from the dark left-right U(1) group.
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Fermion SU(3)C × SU(2)L × SU(2)R × U(1) S L

ΨL = (ν, e)L (1,2,1,-1/2) 1 (1,1)

ΨR = (n, e)R (1,1,2,-1/2) 1/2 (0,1)

QL = (u, d)L (3,2,1,1/6) 0 (0,0)

QR = (u, x)R (3,1,2,1/6) 1/2 (0,1)

dR (3,1,1,-1/3) 0 0

xL (3,1,1,-1/3) 1 1

Table 3.2: Fermion content of DLRM model.

through the Yukawa terms Ψ̄LΦΨR and Q̄LΦ̃QR respectively, when the neutral

component of the bi-doublet gets vacuum expectation value (vev), i.e., 〈φ0
2〉 = v2.

Similarly the down type quark gets mass through the interaction Q̄LΦLdR. The

triplet higgses (∆L,R) give masses to ν and n respectively. Due to S-symmetry,

terms like Ψ̄LΦ̃ΨR and Q̄LΦQR are forbidden, which also ensures the absence

of flavor-changing neutral currents at the tree-level. In addition, a generalized

R-parity (defined as, R = (−1)3B+L̃+2j) is imposed on this model, since L̃ is

broken to (−1)L̃ when neutrinos acquire Majorana masses. This implies n, x,

W±
R , Φ±R, ∆±R are odd under R-parity. One interesting feature of this model is

that W±
R -boson also carries generalized lepton number L̃ = ∓1, which forbids it

from mixing with W±
L -boson. This model also contains an extra Z ′-boson, but

we have neglected the Z − Z ′ mixing, as the mass of the Z ′ is ∼ TeV and the

mixing with Z is small.

3.2 Dark matter in DLRM

By virtue of the S-symmetry the Yukawa-term Ψ̄LΦ̃ΨR is forbidden thus nR is

not the Dirac mass partner of νL. nR is termed as ‘scotino’ [195], i.e., dark

fermion and the lightest one is treated as a viable dark matter candidate. The

DM candidate is stable as an artifact of R-parity, under which it is odd. We

choose nµR ≡ χ, as the dark matter. The mass of DM is generated through

the term ΨRΨR∆R. Here, we assume that W±
R , Z

′ gauge bosons are considerably
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Figure 3.1: Feynman diagrams of all dominant annihilation and co-annihilation chan-

nels.

heavier than ∆+
R. Therefore, the dominant annihilation channel of χ into leptonic

final states (mainly µ+µ−) is through the t-channel exchange of ∆±R (as shown

in Fig.3.1(a)). Since, the triplet higgs does not couple with the quarks, the dark

matter in this model is mostly leptophilic. Also there is no constraint on DM

cross-section from direct detection experiments [11,13].

Using partial-wave expansion, the annihilation cross-section can be written as,

〈σv〉ann ' a + 6b/xf where, a and b are the s-wave and p-wave contribution

respectively. The s-wave part is helicity suppressed and is given by [205,206],

a ' c4
d

32πm2
χ

m2
f

m2
χ

1

(1 + z)2
, (3.2)

whereas the p-wave contribution can be expressed as [207],

b ' c4
d

48πm2
χ

(1 + z2)

(1 + z)4
, (3.3)

where, cd is the Yukawa-coupling between χ, µ− and ∆+
R. The ratio of RH-

charged triplet mass to DM mass is denoted by, z ≡ (m∆+
R
/mχ)2. Clearly, the

s-wave contribution is negligible compared to the later part, which is velocity-

suppressed today.

If the masses of dark matter and the charged higgs are nearly degenerate, i.e.,

δm ∼ Tf the coannihilations [205, 208, 209] become important and relic density
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Figure 3.2: Plot of relic abundance as a function of DM mass, for cd = 1.6 and with

different values of z = 1.01 (red), 1.5 (blue), 2.0 (green). The straight lines show the

present value of Ωh2 = 0.1199± 0.0027 from Planck experiments [9].

is no longer produced by thermal freeze-out. We have to take into account cross-

sections of processes like χ∆+ → µ+γ, ∆+∆− → γγ and ∆+∆− → µ+µ− (as

shown in Fig.3.1(b-f)). However, the contributions from the diagrams shown as

Fig.3.1(d) and Fig.3.1(g) are less important since those are helicity-suppressed.

The effective cross-section is given by,

σeffv =
∑

ij

neqi n
eq
j

(
∑

k n
eq
k )2

σijv, (3.4)

where, neqi = gi(
miT
2π

)3/2e−mi/T . The analytic expression of the relic abundance

can be formulated as [210,211]

Ω
CDM

h2 ' 〈σannv〉〈σeffv〉

(
Tf0

Tf

)(
m2
χ

c4
d

)
(1 + z)4

1 + z2
GeV−2, (3.5)

where, Tf0 ' mχ/20 is the temperature at the time of freeze-out and 〈σannv〉 is the

annihilation cross-section without taking into account coannihilation. To produce

the correct relic abundances, one can tune the coupling cd and the ratio z. In

Fig.(3.2), the relic abundance is plotted as a function of DM mass for cd = 1.6 but

with different values of z = 1.01 (red), 1.5 (blue), 2.0 (green). The straight lines

(solid and dashed) show the latest PLANCK data i.e., Ω
CDM

h2 = 0.1199±0.0027
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Figure 3.3: Plot of relic abundance as a function of coupling, for mχ = 800 GeV and

z = 1.02.

[9]. We observe that as the ratio z is increased, one requires lower values of dark

matter mass in order to satisfy correct relic abundance. We choose a specific set

of benchmark point as, mχ ∼ 800 GeV and z = 1.02. We plot relic abundance,

as shown in Fig.(3.3), for this particular choice of benchmark set. We obtain a

narrow allowed range of coupling, i.e., 1.343 < cd < 1.36, which is consistent with

relic abundance [9].

3.2.1 Explanation of AMS-02 positron excess

It has been shown that AMS-02 positron excess [1, 2] can be explained by DM

annihilation into µ+µ− if the annihilation cross-section is σv ∼ 10−24cm3sec−1 [27,

28] for a TeV scale DM. Such large cross-section needed to explain AMS-02 result

through DM annihilation into ‘radiation’ is constrained by recent Planck results

[29]. Therefore, the AMS-02 explanation necessarily requires an astrophysical

boost [30, 31]. In DLRM, we have Majorana fermionic DM which implies that

annihilation into fermionic final states is helicity suppressed by a factor of m2
f/m

2
χ.

As discussed earlier, the p-wave part of the annihilation cross-section is suppressed

by the velocity squared of the galactic DM particles today, which is typically

vtoday ∼ 10−3. One of the possibilities to evade the suppression is to make use
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Figure 3.4: Prediction of the cosmic-ray positron fraction from dark matter annihila-

tion into µ+µ− final state. The positron fraction spectrum is compared with the data

from AMS-02 [1, 2] and PAMELA [17].

of the IB mechanism, where the emission of associated vector boson lifts the

helicity suppression in the s-wave contribution to the annihilation cross-section

[204, 212]. The process of IB incorporates both virtual internal bremsstrahlung

(VIB) and the photons from final-state radiation (FSR). Therefore, we consider

the annihilation of DM into χχ → µ+µ−γ in the late universe (i.e. today), for

which the cross-section is given by [204,212],

〈σv〉µ+µ−γ '
αemc

4
d

64π2m2
χ

{
(1 + z)

[
π2

6
− ln2

(
z + 1

2z

)
− 2Li2

(
z + 1

2z

)]
(3.6)

+
4z + 3

z + 1
+

4z2 − 3z − 1

2z
ln

(
z − 1

z + 1

)}
,

where, αem is the fine-structure constant and Li2(x) =
∑∞

k=1 x
k/k2. As described

in previous chapter, for generating the positron spectrum, dN+
e /dE from muon

decay (mχ ∼ 800 GeV), we use the publicly available code PPPC4DMID [189,

190] and then we use GALPROP code [191, 192] for the propagation of charged

particles in the galaxy. The differential rate of production of primary positron

flux per unit energy per unit volume is given by,

Qe+(E,~r) =
ρ2

2m2
χ

〈σv〉µ+µ−γ
dNe+

dE
, (3.7)
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where 〈σv〉µ+µ−γ is the annihilation cross-section and ρ denotes the density of

dark matter particle in the Milky Way halo, which we assume to be described by

NFW profile [44]. In GALPROP code [191,192], we set D0 = 3.6× 1028 cm2s−1,

zh = 4 kpc and rmax = 20 kpc, which are the diffusion coefficient, the half-width

and maximum size of 2D galactic model respectively. We choose the nucleus in-

jection index breaking at 9 GeV and the values above and below its breaking are

2.36 and 1.82 respectively. Similarly in the case of electron, we choose injection

index breaking at 4 GeV and its spectral index above and below are 5.0 and

2.44 respectively with normalization flux 1.25 × 10−8cm−2s−1sr−1GeV−1 at 100

GeV. Taking into account the chosen parameters, GALPROP [191, 192] solves

the propagation equation, and we find the propagated positron flux.

In order to fit AMS-02 data [1, 2], the required annihilation cross-section in

GALPROP code [191, 192] is 〈σv〉µ+µ−γ = 8.8 × 10−25cm3s−1. But the inter-

nal bremsstrahlung process (χχ → µ+µ−γ) gives the annihilation cross-section

〈σv〉µ+µ−γ = 1.37 × 10−28cm3s−1, using the benchmark set mχ ∼ 800 GeV,

m∆±R
∼ 808 GeV and cd ∼ 1.36. It has been proposed in Ref. [30, 31] that local

clumping at scales of ∼ 20 kpc can enhance the positron flux (which arise from

distances < 20 kpc) without changing the γ-ray or anti-proton flux [213] signifi-

cantly. We have assumed that local clumping provides a boost factor ∼ 6400 to

the positron flux, which is needed to fit the observed AMS-02 data. In Fig.(3.4),

we plot the positron flux obtained from the GALPROP and compare it with ob-

served AMS-02 [1, 2] and PAMELA data [17]. From Fig.(3.4), we observe that

positron flux predicted from our model fits the data well. Since we are considering

the internal bremsstrahlung process to lift the helicity suppression in the dark

matter annihilation cross-section, there will be primary photons in the final state

as well as secondary photons from muons. We also check the consistency of the

predicted photon spectrum from this model with the observed data [214]. We have

generated the γ-ray spectrum, i.e., dNγ/dE using micrOMEGAs 3.3.9 code [218].

We compare the output γ spectrum with observed Fermi-LAT data [214], which is

shown in Fig.(3.5). The required cross-section for fitting AMS-02 positron excess,

obtained in this model is consistent with the latest Fermi-LAT 4-year measure-
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Figure 3.5: Predicted γ-ray spectrum is compared with Fermi LAT data [214]. HESS

measurement [215,216] of (e+ + e−) flux acts as upper bound on γ-ray flux in the 0.7-4

TeV range [217].

ment of the gamma-ray background (see Fig.8 of Ref. [214]). In Fig.(3.5), we

have also shown the HESS measurement [215,216] of (e+ +e−) flux, which acts as

an upper bound on γ-ray flux [217] and clearly the γ-ray spectrum of our model

is well below the upper limits. In this model, the dark matter does not annihilate

into hadronic final states. Hence, there is no predicted excess of antiprotons,

which makes it consistent with the PAMELA [179] and AMS-02 data [180].

3.3 Muon magnetic moment

The muon magnetic moment is calculated by the magnetic moment operator,

which is given as

LMDM =
e

2mµ

F2(q2)ψ̄µσµνψµF
µν , (3.8)

where mµ is the mass of the muon and F2(q2) is the magnetic form factor. Here

σµν = i
2
[γµ, γν ] and F µν is the field strength of the photon field. The anomalous

magnetic moment is related to F2 as ∆aµ = F2(0) for on-shell muon.

In DLRM [195], there exist diagrams containing additional gauge bosons and

charged triplet scalars which give contributions to the muon magnetic moment.
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Figure 3.6: Dominant Feynman diagrams of singly (c) and doubly (a,b) charged triplet

scalar loops contributing to muon (g − 2).

In the conventional left-right symmetric model [199–203] with gL = gR, there

are stringent bounds from LHC on the masses of SU(2)R gauge bosons (W±
R , Z

′),

such that MW±R
∼ 2.5 TeV, MZ′ ∼ 3 TeV [176]. Under these assumptions,

the contributions of heavy gauge bosons to muon (g − 2), has been neglected in

comparison to the charged scalars. Therefore, the interaction terms relevant to

muon (g − 2) are ψRψR∆R and ψLψL∆L. But, in the later term as the vev of

∆L gives rise to neutrino masses, the Yukawa couplings are constrained to be

sufficiently small. Whereas, the former interaction term has no such restriction

on the Yukawa coupling. Thus, we only consider the contribution from ∆+
R,∆

++
R

loops to the anomalous magnetic moment of muon, as shown in Fig.(3.7).

The contribution from the doubly charged triplet higgs (as shown in Fig. 3.7(a)-

3.7(b)) is given by [194],

[∆aµ]∆±± = 4×
[

2m2
µ

8π2

∫ 1

0

dx
f 2
µs(x

3 − x) + f 2
µp(x

3 − 2x2 + x)

m2
µ (x2 − 2x+ 1) +m2

∆±±x

− m2
µ

8π2

∫ 1

0

dx
f 2
µs(2x

2 − x3)− f 2
µpx

3

m2
µ x

2 +m2
∆±±(1− x)

]
, (3.9)

where fµs and fµp are the scalar and pseudoscalar couplings of charged triplet

higgs with the muon respectively. The factor of four in eq.(3.9) is a symmetry
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factor coming from the presence of two identical field in the interaction term

(ψRψR∆R). Similarly, the contribution from singly charged triplet higgs (∆±R),

which is shown in diagram 3.7.(c), given as [194],

[∆aµ]∆± =
m2
µ

8π2

∫ 1

0

dx
f 2
µs(x

3 − x2 + mχ
mµ

(x2 − x)) + f 2
µp(x

3 − x2 − mχ
mµ

(x2 − x))

m2
µx

2 + (m2
∆± −m2

µ)x+m2
χ(1− x)

,

(3.10)

The choice of relevant parameters, in order to obtain the observed magnetic

moment, has been depicted in Table.(3.3). Here, we would like to mention that

the same set of parameters is also required to explain the positron excess observed

by AMS-02 experiment [1, 2] and relic abundance of dark matter. After adding

mχ m∆± m∆±± fµs ' fµp ≡ cd

800 GeV 808 GeV 850 GeV 1.36

Table 3.3: Numerical values of the parameters.

the contributions from eq.(3.9) and eq.(3.10), we obtain

∆aµ = 2.9× 10−9, (3.11)

which is in agreement with the experimental result [3, 4] within 1σ.

3.4 Discussion

In dark left-right model, for explaining the AMS-02 positron excess, an astro-

physical boost factor of ∼ 6400 is required. The large boost factor of this or-

der is quite constrained in cold dark matter models [219]. In [219], authors

have studied the positron and γ flux from local dark matter clumps. They find

that a local DM clump at 1 kpc distance with DM mass ∼ 650 GeV and lu-

minosity L = 3.4 × 109 M2
� pc−3 can explain the PAMELA positron excess

(which is consistent with the AMS-02 positron excess). The calculated γ-flux

Φγ = 10−6 cm−2s−1 is an order of magnitude larger than Fermi-LAT observation,

which is Φγ = 10−7 cm−2s−1. The γ-flux observation is highly directional depen-

dent, whereas positron flux is isotropic. So the positrons from the ‘point sources’
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of DM clusters will be observed but γ-rays can be missed if the telescope is not

directed at the source. In this way it is possible to reconcile both the signals, but

still the probability of such a large astrophysical boost factor is low as estimated

from numerical simulation [219].

DLRM contains a number of singly and doubly charged scalars. According to

the parameter space considered in this model, the dominant decay channel for

∆±±R is into same sign di-leptons, which is an important signal from the LHC

perspective. The decay ∆±±R → l±l±, is constrained by CMS (ATLAS) collabo-

ration, which exclude m∆±± below 445 GeV (409 GeV) and 457 GeV (398 GeV)

for e±e± and µ±µ± channels respectively [220, 221]. The singly charged scalar

(∆±R) mass below 600 GeV (assuming, BR : ∆+ → τ+ντ = 1) is ruled out at 95%

confidence level [222, 223]. We considered m∆±± ∼ 808 GeV and, m∆±± ∼ 850

GeV for our calculations, which is above the exclusion limits.

Z ′ decays into SM fermions; Z ′ → `+`− (` = e, µ) have been searched by CMS

(ATLAS) collaboration, which put MZ′>2.6 TeV (2.9 TeV) [224,225]. In DLRM,

MZ′ and MW±R
are related as [195],

M2
WR

>
(1− 2x)

2(1− x)
M2

Z′ +
x

2(1− x)2
M2

WL
, (3.12)

which gives, MWR
>1.5 TeV (1.7 TeV). Therefore, the contributions of heavy

gauge bosons to relic density and muon (g − 2) will be small in comparison to

charged scalars. By choosing the coupling of ∆++ to e−e− to be much smaller than

the coupling with µ−µ−, we can evade the precession constraints from LEP [226].

We have assumed no flavor mixing through ∆R, otherwise it will give rise to large

contribution to µ→ eγ and µ→ eee process, which is not observed [176]. In this

chapter, we have claimed that we can accommodate both relic abundance and

observed magnetic moment of muon in the same benchmark set. In Fig.3.7, we

have shown the contours of muon (g− 2) and relic abundance in the plane of mχ

and m∆+ for cd = 1.36. The choice of particular coupling cd has been obtained

from Fig.3.2, where we have imposed constraints from relic abundance. The

contours of correct relic abundance, consistent with PLANCK result [29], shows

the allowed range of masses of mχ and m∆+ . Now we observe that the contours

of g− 2 (within 1σ) falls in the narrow band of parameter space favoured by relic
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Figure 3.7: Contours of (g − 2) and relic abundance in the plane of mχ and m∆+ for

cd = 1.36.

density of dark matter. Therefore, we find that there exist a common parameter

region (the shaded region in the middle as shown in Fig.3.7) of interest consistent

with both relic abundance and anomalous magnetic moment. We have chosen a

benchmark set, shown as a cross-mark, within the allowed region. However, the

cross-section required to fit the AMS-02 positron excess narrows the parameter

space as it requires mχ ∼ 800 GeV.

3.5 Conclusion and Outlook

We studied the DLRM model, in which the neutral component of RH-lepton

doublet is the dark matter candidate. The Majorana fermionic DM candidate

is stable as a consequence of a generalized R-parity. In this model, we explain

simultaneously the two experimental signatures viz. AMS-02 positron excess and

muon (g − 2) anomaly. The correct relic abundance of dark matter is obtained

through the coannihilation of the DM and the charged triplet higgs. But the
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annihilation cross-section is helicity suppressed by a factor of m2
f/m

2
χ. Therefore

we use the mechanism of internal bremsstrahlung to lift the helicity suppression.

In order to explain AMS-02 positron excess, we have considered the annihilation of

the dark matter into µ+µ−γ with an additional astrophysical boost factor ∼ 6400.

Here we would like to mention that the constraints from distant objects such as

dwarf galaxies, and distant epochs such as the cosmic microwave background have

been evaded by virtue of having a small underlying cross section and relying on

a large local boost factor. The prediction of positron excess of this model is in

good agreement with PAMELA and AMS-02 data. We also obtain the required

contribution to muon (g − 2) through the additional charged triplet higgs loops

by using the same set of parameters. We predict a downturn in the AMS-02

positron spectrum and a cut-off around 500 GeV. In addition as a signature of

internal bremsstrahlung there is a peak in the gamma rays spectrum at ∼ 0.8

TeV which is consistent with both Fermi-LAT gamma ray observations and HESS

upper bound.





Chapter 4

IceCube neutrino events and

Lorentz invariance violation

General relativity and quantum field theory are two fundamental tenets of physics,

which are still unrelated, because general relativity is not perturbatively renor-

malizable. However, it is speculated that at the Planck scale (∼ 1019 GeV)

both gravity and other three fundamental forces may be unified. In order to

provide a UV complete theory of general relativity, many quantum gravity theo-

ries are proposed in literature, which modify space-time structure at the Planck

scale [227, 228]. Lorentz symmetry violation is one of the interesting ideas pro-

posed as a result of modified space-time structure. There are many scenar-

ios where Lorentz symmetry violation is explored, like in string theory [229],

Hořava-Lifshitz gravity [230], loop quantum gravity and doubly special relativ-

ity [231,232].

The invincible gap between Planck scale and accelerators energies has made it

impossible to test Lorentz invariance violation (LIV) directly, but many lower

energy effects have been predicted that can be tested with the help of a high

precision measurement.

There are various astrophysical observations using X-ray, γ-ray and cosmic-ray

data that have been used to study Lorentz violation [232]. The diffuse flux of high

energy neutrinos produced in both our galaxy and intergalactic space is another

important probe to study Lorentz violation. But low energy neutrinos would

55
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be swamped by cosmic-ray neutrinos that have been produced by cosmic-ray

interactions in the atmosphere [233]. Until now there were no reported high en-

ergy neutrino events; but recently IceCube collaboration has observed neutrino

events of very high energies. IceCube has observed neutrinos at PeV energies

arising from pion and muon decays at AGNs and Blazers. The numerical rela-

tion m2
π −m2

µ ∼ PeV3/Mpl suggests that there may be an unique opportunity to

test the Planck suppressed Lorentz violation operators via observations of PeV

neutrinos. Basically 988-days IceCube data reveals 37 events, out of which 28

belongs to cascades and 9 are track events with energy between 60 TeV and 2

PeV [5–7]. Recently a new track event with energy ∼ 3 PeV is observed by the

collaboration [8].

The IceCube data in the energy range 60 TeV to ∼ 3 PeV is consistent with E−2
ν

neutrino spectrum following E2
νdNν/dEν ' 1.2× 10−8 GeVcm−2s−1sr−1 [6, 7]. A

neutrino spectrum sharper than E−2.3
ν does not give a good fit to the data [7].

There are no neutrino events observed above ∼ 3 PeV.

In particular, there is no evidence of Glashow resonance [167], ν̄e + e− → W− →
shower, which is expected at Eν = 6.3 PeV. Glashow resonance gives rise to an

enhanced cross-section for ν̄e at resonance energy Eν = M2
W/2me = 6.3 PeV,

which increases the detection rate of νe + ν̄e by a factor of ∼ 10 [6]. This implies

that at least three events should have been observed at Glashow resonance, but

none were.

The Glashow resonance gives rise to multiple energy peaks at different ener-

gies [168]. The first one is at 6.3 PeV and others lie at the Evis = E − EX ,

where EX is the energy in the W decay, which does not contribute to the visible

shower [169]. The decay of W into hadrons goes as W → q̄q, giving rise to a peak

at 6.3 PeV, while decay into leptons goes as W → ν̄l, which means W boson will

lose half of its energy and so a second peak at 3.2 PeV is expected. In case of τ

lepton in the final state, a further decay takes place producing a neutrino and thus

a third peak at 1.6 PeV. The events observed by IceCube [5–7] between 1 PeV

to ∼ 3 PeV range may be associated with the second (leptonic decay of W ) and

third peak (τ decay), but non-appearance of Glashow resonance hadronic shower
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from W → q̄q at 6.3 PeV (dominant peak) makes this idea less attractive. The

non-observation of the expected signature of Glashow resonance in the IceCube

data indicates a cutoff of neutrino energies between 2-6.3 PeV [169,234].

In this chapter, we propose a mechanism which can explain why neutrinos above

a certain energy may be suppressed in the astrophysical production processes like

π → µνµ, K → µνµ etc. We assume that Lorentz violating higher dimensional

operators [171, 172] give rise to a modified dispersion relation for the neutrinos

(antineutrinos) of the form E2 = p2 +m2
ν− (ξn/M

n−2
pl ) pn with n > 2. Depending

on the sign of ξn, the neutrinos (antineutrinos) can be either superluminal (ξn < 0)

or subluminal (ξn > 0). For the superluminal case, it has been shown [170, 235]

that the presence of the extra terms in the dispersion results in a suppression of

π and K decay widths. The phase space suppression for both the subluminal and

superluminal dispersions for meson decay and the Cerenkov process ν → νe+e−

has been noticed in [171, 236–239] with limits on Lorentz violation parameters

from IceCube events. A comprehensive listing of Lorentz and CPT violating op-

erators and their experimental constraints is given in [240]. In this chapter, we

calculate the π,K, µ and n decay processes in a fixed frame (the frame chosen be-

ing the one in which the CMBR is isotropic; although the Earth moves at a speed

vEarth ∼ 300 km/sec with respect to the CMBR, the Lorentz correction to the

neutrino energy is small as βEarth ∼ 10−3), where the neutrinos (antineutrinos)

dispersion relation is E2 = p2 + m2
ν − (ξ3/Mpl) p

3 [172, 241–243]. We will have

ξ3 > 0 for neutrinos and ξ3 < 0 for antineutrinos. In the π+ decay, we find that

the spin averaged amplitude square |M |2, is suppressed at neutrino energy Eν ,

where m2
π−m2

µ ' (ξ3/Mpl) p
3
ν . This implies that for the leading order Planck sup-

pression (n = 3) taking ξ3 ∼ 0.05, the π+ decay is suppressed at Eν ∼ 1.3 PeV.

Similarly K+ decay will be cutoff at Eν ∼ 2 PeV with m2
K − m2

µ ∼ (ξ3/Mpl)p
3

and neutron decay will be cutoff for p, where (mn −mp)
2 ∼ (ξ3/Mpl)p

3, which is

lower than the Glashow resonance energy. For the π− decay the |M |2 is enhanced

but the phase space is suppressed and therefor π− → µ−νµ is also suppressed. In

the case of µ− → e−ν̄eνµ decay, |M |2 is enhanced whereas the phase space sup-

pression is not significant, so the µ− decay rate is enhanced (while µ+ → e+νeν̄µ
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decay rate is suppressed). This enhancement is significant at µ− energies ∼ 2

PeV but since the primary source of µ− is π− decay which is already cutoff, there

will be no observable effect of this enhancement in the neutrino spectrum seen

at IceCube. Neutrinos from K− → µ−ν̄µ and K+ → µ+νµ decays will be cutoff

at slightly higher energies. Radiative π± decay with a single neutrino in the out-

going state are also suppressed. The three body kaon decay rate is determined

by the ξ3 dependence of |M |2 and we find that K+ → π0µ+νµ decay is sup-

pressed but K− → π0µ−ν̄µ decay is enhanced. Neutron beta-decay n → p+e−ν̄e

gets suppressed in the same way as µ+ decay. If the source of ν̄e is neutron beta-

decay [244] then the mechanism proposed in this paper can be used for explaining

the absence of Glashow resonance [167] at IceCube.

The rest of the chapter is organized as follows. In the upcoming section 4.1,

we discuss about the neutrino velocity with modified dispersion relation. In sec-

tion 4.2, we calculate the leptonic decay widths of pions and kaons using modified

dispersion relation of neutrino and compare them with their standard model coun-

terparts. In section 4.3, we study µ− → e−ν̄eνµ, K+ → π0e+νe and n → p+e−ν̄e

processes with modified neutrino dispersion. We then give conclusion and outlook

in section 4.4.

4.1 Neutrino velocity with modified dispersion

To calculate the decay widths of pion, kaon and muon, we use the following

dispersion relation,

E2 = p2 +m2
ν −

ξn

Mn−2
pl

pn, (4.1)

which is motivated by Lorentz violating higher dimensional operators [171, 172].

We will take ξn > 0 for neutrinos and ξn < 0 for antineutrinos. We use this

modified dispersion relation to get the neutrino (antineutrino) velocity, which

becomes

v =
∂E

∂p
= 1− n− 1

2

ξn

Mn−2
pl

pn−2. (4.2)

This is clear from eq.(4.2) that we have a subluminal neutrinos and superluminal

antineutrinos. In this work, we considered the leading order Planck suppressed



4.2. Two body decays 59

Π + ® Μ + Ν Μ

Π - ® Μ - Ν Μ

1 2 3 4 5
0.2

0.4

0.6

0.8

1.0

1.2

1.4

pΠ H PeV L

G
�G

SM

Ξ3= ±1.3 ´10- 2

Figure 4.1: The ratio Γ/ΓSM for π+ → µ+νµ and π− → µ−ν̄µ processes in Lorentz

invariance violating framework to its SM prediction for superluminal ν̄µ (ξ3 < 0) and

subluminal νµ (ξ3 > 0) final states as a function of pion momentum pπ. We considered

ξ3 = +1.3× 10−2 for neutrino and ξ3 = −1.3× 10−2 for antineutrino.

dispersion relation E2 = p2 +m2
ν−(ξ3/Mpl) p

3 to compute the primary decay pro-

cesses, which produce neutrinos and antineutrinos. In appendix.(A), we obtained

modified dispersion relations for neutrinos and antineutrinos using dimension-5

operator.

4.2 Two body decays

4.2.1 Pion Decay

We calculate the pion decay width using the modified dispersion relation for

neutrino by taking n = 3 case. The amplitude calculation of pion decay process

π+(q)→ µ+(p)νµ(k) gives

M = fπVud q
µū(k)

GF√
2
γµ(1− γ5)v(p), (4.3)
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Figure 4.2: The ratio Γ/ΓSM of π+ → µ+νµ process in Lorentz invariance violating

framework to its SM prediction for subluminal neutrino (ξ3 > 0) as a function of

neutrino energy kmax with different values of ξ3.

where fπ ≡ f(m2
π) is a constant factor, Vud is the CKM matrix element and GF

is the Fermi constant. The spin averaged amplitude squared is,

|M |2 = 2G2
Ff

2
π |Vud|2m2

µF (k)

[
m2
π −m2

µ − ξ′3k3

(
m2
π

m2
µ

+ 2

)]
, (4.4)

where ξ′3 ≡ ξ3/Mpl and the F (k) factor comes from the modified spinor relation

of neutrino, as described in eq.(B.9). The decay width of pion is then given by

Γ =
G2
Ff

2
π |Vud|2m2

µF (k)

8πEπ

∫
k2 dk d cos θ

Eν

√
|~q − ~k|2 +m2

µ

δ(Eνµ − Eπ +

√
|~q − ~k|2 +m2

µ)

×
[
m2
π −m2

µ − ξ′3k3

(
m2
π

m2
µ

+ 2

)]
, (4.5)

after using Eνµ = F (k)k, and writing |~p| = |~q − ~k|2 = k2 + q2 − 2kq cos θ, our

expression of eq.(4.5) takes the following form

Γ =
G2
Ff

2
π |Vud|2m2

µ

8πEπ

∫
k dk d cos θ√
|~q − ~k|2 +m2

µ

δ(Eνµ − Eπ +

√
|~q − ~k|2 +m2

µ)

×
[
m2
π −m2

µ − ξ′3k3

(
m2
π

m2
µ

+ 2

)]
, (4.6)
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from the argument of the delta function in eq.(4.6), we have

√
|~q − ~k|2 +m2

µ = Eπ − Eνµ , (4.7)

which gives,

cos θ =

(
m2
µ −m2

π + 2Eπk − Eπk2ξ′3 + k3ξ′3
)

2kq
. (4.8)

We reduce the δ-function in Eνµ to a δ-function in cos θ by taking,

∣∣∣∣
d

d cos θ
(Eνµ − Eπ +

√
|~q − ~k|2 +m2

µ)

∣∣∣∣ =
kq√

k2 + q2 − 2kq cos θ +m2
µ

, (4.9)

and substituting in eq.(4.6). We get the pion decay width,

Γ =
G2
Ff

2
π |Vud|2m2

µ

8πEπ

∫
dk

q

[
m2
π −m2

µ − ξ′3k3

(
m2
π

m2
µ

+ 2

)]
. (4.10)

We solve the integration in the limits of k, which are fixed by taking cos θ = ±1

in eq.(4.8),

kmax =
m2
π −m2

µ + ξ′3k
2
max(Eπ − kmax)

2(Eπ − q)
, (4.11)

kmin =
m2
π −m2

µ + ξ′3k
2
min(Eπ − kmin)

2(Eπ + q)
, (4.12)

solving these equations numerically, we get the allowed limits of neutrino momen-

tum. We solve eq.(4.10) and then compare our result with the SM result of pion

decay in a moving frame, which is

ΓSM(π → µν) =
G2
Ff

2
π |Vud|2m2

µm
2
π

8πEπ

(
1− m2

µ

m2
π

)2

. (4.13)

We compute the pion decay rate numerically for superluminal ν̄e (ξ3 < 0) and

subluminal νe (ξ3 > 0) final states and obtain the following :

• For subluminal neutrino final state (ξ3 > 0), the allowed phase space

(eq.4.11-eq.4.12) goes up but the |M |2 (eq.4.4) is suppressed. There is a

net suppression in Γ(π+ → µ+νµ) as shown in Fig.(4.1) for ξ3 = 1.3× 10−2.

• For superluminal antineutrino final state (ξ3 < 0), the phase space (eq.4.11-

eq.4.12) is suppressed but the |M |2 is enhanced. The net effect however is

a suppression in the Γ(π− → µ−ν̄µ) for this case also [235], as shown in

Fig.(4.1) for ξ3 = −1.3× 10−2.
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Figure 4.3: The maximum neutrino energy, kmax as a function of Lorentz invariance

violation parameter ξ3.

In Fig.(4.2), for the process π+ → µ+νµ, we show the maximum neutrino energy

for different values of ξ3 using the solution for q in terms of kmax and kmin from

eq.(4.11-4.12) in eq.(4.10). We see that for ξ3 = 5.0×10−2, the neutrino spectrum

cutoff is at kmax = 1.3 PeV. The upper limit of observed neutrino energy provides

bound on the Lorentz invariance violation parameter ξ3. In Fig.(4.3), we show

the maximum neutrino energy kmax, as a function of Lorentz invariance violation

parameter ξ3. This is clear from Fig.(4.3) that kmax goes down as ξ3 increases.

4.2.2 Kaon Decay

In the similar way like pion decay, we calculate the kaon decay width for the

process K+(q)→ µ+(p)νµ(k), using the modified dispersion relation for neutrinos

by taking n = 3 case. We get the kaon decay width,

Γ =
G2
Ff

2
K |Vus|2m2

µ

8πEK

∫
dk

q

[
m2
K −m2

µ − ξ′3k3

(
m2
K

m2
µ

+ 2

)]
. (4.14)
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Figure 4.4: The ratio Γ/ΓSM of K+ → µ+νµ process in Lorentz invariance violating

framework to its SM prediction for subluminal neutrino (ξ3 > 0) as a function of

neutrino energy kmax with different values of ξ3.

Similar to the case of pion, we solve the integration in the limits of k by taking

cos θ = ±1 which gives,

kmax =
m2
K −m2

µ + ξ′3k
2
max(EK − kmax)

2(EK − q)
, (4.15)

kmin =
m2
K −m2

µ + ξ′3k
2
min(EK − kmin)

2(EK + q)
, (4.16)

solving these equations numerically, we get the allowed limits of neutrino momen-

tum. We solve eq.(4.14) and then compare our result with the standard model

result of kaon decay in a moving frame, which is

ΓSM(K → µν) =
G2
Ff

2
K |Vus|2m2

µm
2
K

8πEK

(
1− m2

µ

m2
K

)2

. (4.17)

In Fig.(4.4), we show the maximum neutrino energy for different values of ξ3 using

the solution for q in terms of kmax and kmin from eq.(4.15-4.16) in eq.(4.14). We

see that for ξ3 = 5.0× 10−2 the neutrino spectrum cutoff is at kmax = 2 PeV.
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4.3 Three body decays

4.3.1 Muon Decay

We compute the muon decay width with subluminal neutrino and superlumi-

nal antineutrino in the final state, assuming the dispersion relation for the neu-

trino (antineutrino), E2
ν = k2 − ξ′3k

3, where ξ3 > 0 and ξ3 < 0 correspond

to subluminal neutrino and superluminal antineutrino respectively. We assume

identical ξ3 for all the species of ν (and ν̄) to avoid an extra source for neu-

trino oscillations which is not observed [239,245]. The amplitude for the process

µ−(p)→ e−(k′)ν̄e(k)νµ(p′) is given as,

M =
GF√

2
[ū(k′)γµ(1− γ5)v(k)][ū(p′)γµ(1− γ5)u(p)]. (4.18)

After squaring amplitude and solve it using trace technology, we get the spin

averaged amplitude,

|M |2 = 64G2
F (p · k)(p′ · k′). (4.19)

The differential decay width of muon is,

dΓ =
d3p′

(2π)32Eνµ

d3k′

(2π)32Ee

d3k

(2π)32Eν̄e

|M |2
2Eµ

(2π)4δ4(p− p′ − k′ − k), (4.20)

using the squared amplitude from eq.(4.19), we get

dΓ =
32 G2

F

8(2π)5Eµ

d3k′

Ee

d3p′

Eνµ

d3k

Eν̄e
δ4(p− p′ − k′ − k)(p · k)(p′ · k′), (4.21)

First we write the decay width in eq.(4.21) as,

Γ =
32 G2

F

8(2π)5Eµ

∫
d3k′

Ee
pαk′

β

Iαβ(p− k′), (4.22)

where

Iαβ(p− k′) ≡
∫
d3k

Eν̄e

d3p′

Eνµ
δ4(p− p′ − k′ − k)kαp

′
β, (4.23)

and then to find out Iαβ(p− k′), we use the generic phase space integral formula,

Iαβ ≡
∫

d3p√
m2

2 + ~p · ~p
d3q√

m2
1 + ~q · ~q

δ4(k − p− q)pαqβ

=
I

12k4
(k2[k2 − (m1 −m2)2][k2 − (m1 +m2)2]gαβ

+ 2[k4 + k2(m2
1 +m2

2)− 2(m2
1 −m2

2)2]kαkβ), (4.24)
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where

I =
2π

k2

√
[k2 − (m1 −m2)2][k2 − (m1 +m2)2]. (4.25)

Applying this to our scenario by putting m2
1 = m2

ν̄e = ξ′3k
3, m2

2 = m2
νµ = −ξ′3p′3

and taking k = p′/2 ∼ p/4, we find,

Iαβ(p− k′) =
π

6

[
1 +

7

64

ξ′3p
3

(p− k′)2

]
([(p− k′)2 +

7

32
ξ′3p

3]gαβ

+ 2

[
1− 7

64

ξ′3p
3

(p− k′)2

]
(p− k′)α(p− k′)β), (4.26)

after contracting Iαβ with the muon and electron momentums which respectively

are p and k′, we get,

pαk′
β

Iαβ(p− k′) =
π

6

[
1 +

7

64

ξ′3p
3

(p− k′)2

]
([(p− k′)2

+
7

32
ξ′3p

3](p · k′)

+ 2

[
1− 7

64

ξ′3p
3

(p− k′)2

]
(p · p− p · k′)(p · k′ − k′ · k′)) (4.27)

where,

p · p = m2
µ,

k′ · k′ = m2
e ≈ 0,

p · k′ = ~k′(Eµ − ~p cos θ),

(p− k′)2 = m2
µ − 2~k′(Eµ − ~p cos θ). (4.28)

The decay width from eq.(4.22) can be written as,

Γ =
32G2

F

8(2π)5

(2π)

Eµ

∫ 1

−1

d cos θ

∫ m2
µ/2(Eµ−k cos θ)

0

k′dk′pαk′
β

Iαβ, (4.29)

after solving it, we finally get,

Γ =
G2
Fm

4
µ

192π3Eµ

(
m2
µ +

17

80
ξ′3p

3

)
. (4.30)

We compare our result with the standard model prediction of muon decay in a

moving frame, which is

ΓSM(µ→ eν̄eνµ) =
G2
Fm

5
µ

192π3

mµ

Eµ
. (4.31)

We compute the muon decay rate for subluminal neutrino (ξ3 > 0) and superlu-

minal antineutrino (ξ3 < 0) and obtain the following:
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Figure 4.5: The ratio Γ/ΓSM of µ+ → e+νeν̄µ and µ− → e−ν̄eνµ processes in Lorentz

invariance violating framework to its SM prediction for superluminal antineutrino (ξ3 <

0) and subluminal neutrino (ξ3 > 0) final states as a function of muon momentum pµ.

We considered ξ3 = +5.0× 10−2 for neutrino and ξ3 = −5.0× 10−2 for antineutrino.

• The decay rate of the process Γ(µ− → e−ν̄eνµ) is enhanced, as shown in

Fig.(4.5) for ξ3 = +5.0 × 10−2 for neutrino, and ξ3 = −5.0 × 10−2 for

antineutrino.

• The decay rate of the process Γ(µ+ → e+νeν̄µ) is reduced, as shown in

Fig.(4.5) for ξ3 = +5.0 × 10−2 for neutrino, and ξ3 = −5.0 × 10−2 for

antineutrino.

4.3.2 Kaon Decay

We also calculate 3-body kaon decay width using the modified dispersion relation

for neutrino by taking n = 3 case. The amplitude calculation of kaon decay

process K+(pK)→ π0(pπ)e+(pe)νe(pν) gives,

|M |2 = 16G2
F |Vus|2f 2

+[m2
K(pK · pν + pπ · pν)− 2(pK · pν)(pK · pπ)

− 2(pK · pν)(pK · pν)−m2
Kξ
′
3p

3
ν ], (4.32)
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Figure 4.6: The ratio Γ/ΓSM forK+ → π0e+νe andK− → π0e−ν̄e processes in Lorentz

invariance violating framework to its SM prediction for superluminal ν̄e (ξ3 < 0) and

subluminal νe (ξ3 > 0) final states as a function of kaon momentum pK . We considered

ξ3 = +5.0× 10−2 for neutrino and ξ3 = −5.0× 10−2 for antineutrino.

where f+ is the kaon form factor. The differential decay width of kaon is,

dΓ =
d3pπ

(2π)32Eπ

d3pνe
(2π)32Eνe

d3pe
(2π)32Ee

|M |2
2EK

(2π)4δ4(pK − pπ − pνe − pe), (4.33)

which gives,

Γ ' G2
F |Vus|2f 2

+m
4
K

768π3EK

[
m2
K

(
1− 8m2

π

m2
K

)
− 4

9
p3
Kξ
′
3

(
1− m4

π

m4
K

)]
. (4.34)

It is clear from eq.(4.34) that the K+(K−) decay rate goes down (up) as kaon

momentum pK increases, which is shown in Fig.(4.6) for ξ3 = +5.0 × 10−2 for

neutrino and ξ3 = −5.0× 10−2 for antineutrino..

4.3.3 Neutron Decay

In the similar way like muon decay, we also calculate the neutron beta decay

width using the modified dispersion relation for antineutrino. The spin averaged

amplitude squared for the neutron decay process n(p)→ p+(k)e−(k′)ν̄e(p′) comes,

|M |2 = 64G2
F (p · p′)(k · k′) (4.35)



68 Chapter 4. IceCube neutrino events and Lorentz invariance violation

using eq.(4.35), we get the following differential decay width of neutron,

dΓ =
32 G2

F

8(2π)5En

d3k

Ep

d3k′

Ee

d3p′

Eν̄e
δ4(p− k − k′ − p′)(p · p′)(k · k′) (4.36)

we solve eq.(4.36) in the similar way like muon decay using generic phase space

integral formula (eq.4.24). Then we solve the final integral over the electron

energy, for which the minimum energy is the rest energy me of the electron while

the maximum energy is approximately,

Emax ≈ mn −mp (4.37)

which finally gives,

Γ ∼ G2
F (mn −mp)

3mn

15π3En

[
(mn −mp)

2 − 5

16
ξ′3p

3

]
. (4.38)

For ξ3 = 0.05 the neutron decay width goes down at neutrino momentum p '
0.1 PeV. This implies that antineutrino production from neutron decay will be

suppressed, and so in our model it is also possible to explain the absence of

Glashow resonance [167]. The decay rate of the charge conjugate process n̄ →
p̄e+νe is enhanced, but since only neutrons are produced in the p + γ → ∆ →
n + π+ processes at the source, the enhanced decay of n̄ is not relevant to the

IceCube events.

4.4 Conclusion and Outlook

In this chapter, we have provided a mechanism by which one can account for

the lack of antineutrino events at Glashow resonance (6.3 PeV) at IceCube. We

have shown that if the neutrino (antineutrino) dispersion is modified by leading

order Planck scale suppression E2 = p2 − (ξ3/MPl)p
3 (where ξ3 > 0 correspond

to neutrinos and ξ3 < 0 correspond to antineutrino), then there is a suppression

of the π+ decay width and corresponding neutrinos will be cutoff at energies

Eν = 1.3 PeV (with ξ3 = 0.05). The neutrinos from kaon decay K+ → µ+νµ will

be cutoff at 2 PeV.

• Three body decays like µ− → e−ν̄eνµ and K− → π0e−ν̄e get enhanced due

to different ξ3 dependence in their |M |2, whereas three body decay widths

of µ+ and K+ get suppressed.
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• Neutron decay n→ p+e−ν̄e gets suppressed in the similar way as µ+ decay.

So if the source of ν̄e is neutron beta-decay then the mechanism proposed

in this paper can be used to explain the absence of Glashow resonance at

IceCube.

• Radiative three body decays like π± → e±νγ and π± → µ±νγ are factorized

to the |M |2 for two body decays π± → e±ν and π± → µ±ν times αem

[176,246] and these are also suppressed like two body decay processes.

The enhancement in µ− decay will be significant at muon energies of 2 PeV and

if the primary source of µ− is π− decay then there will be no observable conse-

quence of this in IceCube events. However such enhancement of the µ− decay

rate would be observable for µ− produced not from π− decay but e.g. via pair

production like in e+e− → µ+µ−. The precise numerical values depend on the

choice of the parameter ξ3, but obviously a cutoff between ∼ 3 PeV and 6.3 PeV

can be easily obtained in this model. We conclude that if neutrinos at Glashow

resonance energies are not observed at IceCube then explanations in terms of new

physics such as Lorentz violating modified neutrino dispersion relation become

attractive. The fact that neutron decay into p+ e+ ν̄e is suppressed has the fol-

lowing implications. The conventional π/K decay neutrinos from astrophysical

sources have the cutoff in the range of ∼ 3 PeV. However the B-Z (Beresinsky-

Zatsepin) neutrinos [247] which arise in GZK (Greisen-Zatsepin-Kuzmin) process

(γ + p → ∆+ → p + π0; γ + p → ∆+ → n + π+) [248, 249] have two compo-

nents [250], which are from pion (higher energies) and neutron (lower energies)

decays; the higher energy neutrinos from π/K will be more suppressed compared

to the lower energy n decay to ν̄e. But both components of GZK process will

be suppressed at Eν > 3 PeV. Future observations at IceCube will provide an

important arena for testing theories of Lorentz violation at high energies.





Chapter 5

Future Directions and Discussion

The excess of the positron over cosmic ray background, discrepancy between the

SM value and experimental measurement of muon (g − 2), and non observation

of Glashow resonance in the PeV neutrino events at IceCube are some of the

experimental signals, which require theory beyond SM for their explanation. In

this thesis, we explored new particle physics models, which not only accommo-

date a suitable DM candidate addressing the observed positron excess, but also

give an adequate contribution to muon (g − 2). We also discussed about the

lack of Glashow resonance events at IceCube by considering a Lorentz invariance

violation model of particle physics.

Recently, international space station based AMS-02 experiment has observed sig-

nificant positron excess over cosmic ray background, but did not observe any

antiproton excess. There may be an astrophysical explanation of this positron

excess. For instance, it has been shown that the nearest pulsars can account

for the positrons between 100 to 400 GeV seen at the AMS-02 [19–22]. But

in the case of pulsars, an anisotropy is anticipated in the signal due to their

different positions, which falls nearly an order of magnitude below the current

constraints from both the AMS-02 and the Fermi-LAT experiments [23]. The lep-

tophilic dark matter can not only explain the observed positron excess but also

remain consistent with the absence of antiproton over cosmic ray background.

We constructed a SU(2)HV horizontal symmetry model, where we identified 4th

generation right-handed neutrino (cold relics) as DM. Our model not only ac-
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counts for the observed positron excess but also gives an adequate contribution

to muon (g − 2) through SU(2)HV gauge boson and scalars. We added a 4th

generation fermion family to SM, and connected it to the muon family through

a horizontal symmetry. As an artefact of SU(2)HV horizontal symmetry between

4th generation leptons and muon families, DM can only annihilate into leptonic

(µ+µ−, νcµνµ) final states and so lifts the constraints from antiproton absence over

cosmic ray background. In future, we wish to study the supersymmetric version

of this model and implement it in the numerical codes like micrOMEGAs [218]

and SARAH [251], which would enable us to study other DM and collider related

phenomenology.

In left-right model, it is not possible to accommodate a dark matter candidate.

Even though right-handed neutrino can be a good candidate, but it is not stable

due to gauge interactions. In dark left-right model, a new global symmetry S

is proposed which makes right-hand neutrino stable, and so a suitable candidate

of DM. We studied DLRM in details and employed it for explaining the AMS-

02 positron excess and the discrepancy in muon (g − 2) measurement. In this

model, we assume the right-handed gauge bosons (W±
R , Z

′
R) to be heavy enough

(∼ 2 TeV), so that DM annihilation dominantly takes place through the charged

scalar (∆±). As a result, DM annihilates into leptons and remains consistent with

stringent bounds from observed antiproton flux. We also find that the charged

scalars (∆±,∆±±) give adequate contributions to muon (g − 2).

Recently, the CMS collaboration has observed an excess of eejj [252]. Even

though the significance of the excess is small (2.8σ), but this can be a signal of

physics beyond SM. We are working on a variant of left-right model, in which

we can not only accommodate DM but also explain the observed eejj signature.

Here it is important to mention that in our SU(2)HV horizontal symmetry model,

it is not possible to accommodate the observed eejj excess. In the variant of left-

right model, it is possible to explain the flavor anomalies [253], which is reported

from the LHCb [254], BaBar [255] and Belle collaborations [256]. But in SU(2)HV

horizontal symmetry model, there are no additional interactions present between

quarks, so the flavor anomalies can not be addressed in this model.
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IceCube detector has observed the neutrino events of very high energy, which

goes upto PeV. The highest event observed by IceCube is ∼ 3 PeV, but IceCube

collaboration has not seen Glashow resonance which is expected at Eν = 6.3

PeV. Glashow resonance gives rise to an enhanced cross-section for ν̄e at res-

onance energy 6.3 PeV, which increase the detection rate of ν̄e by a factor of

∼ 10. The non-observation of this expected signature indicates a cutoff in the

neutrino spectrum, which lies between 2.6 − 6.3 PeV. In this thesis, we propose

a mechanism, by which it is possible to explain why neutrinos above certain en-

ergies may be suppressed in the astrophysical process like π → µν̄µ, K → ν̄µ

etc. We consider the Lorentz violating higher dimensional operator, which gives

rise to a modified dispersion relation for neutrinos (antineutrinos) of the form

E2 = p2 +m2
ν − (ξn/M

n−2
pl ) with n > 2. The presence of extra term in dispersion

results in a suppression of π and K decay widths and so a cutoff in the neutrino

spectrum is expected. In this way, we can explain the absence of Glashow res-

onance at IceCube. In future, we are planning to study the Lorentz invariance

violation in charged lepton sector, which can transfer from neutrino to charged

lepton sector through loop processes.

In future we would like to construct particle physics models, which can address

some of the recent observations in the context of DM : (1) Gamma-ray emis-

sion from the galactic center and inner galaxy regions as observed in Fermi-

LAT data and can be explained by 31-40 GeV DM annihilation into bb̄ final

state [79, 257–259], (2) X-ray line signal at about 3.5 KeV from the analysis of

XMN-Newton observatory data of Andromeda galaxy and Perseus galaxy clus-

ter [260,261], and (3) The alternative explanation of IceCube PeV neutrino event

using dark matter (for example see Ref. [152,153,156,262]) or using new particles

produced on shell like leptoquarks [263,264].





Appendix A

Neutrino modified dispersion

relation

The cubic dispersion relation we used for neutrinos and antineutrinos can be

obtained from the dimension 5 operator [171,172],

LLV =
1

Mpl

ψ̄(η1/n+ η2/nγ5)(n · ∂)2ψ, (A.1)

where nµ is a fixed four vector that specifies the preferred frame. Both the vector

and axial-vector terms in eq.(A.1) are CPT violating in addition to being Lorentz

violating. The Lagrangian gives the equation of motion,

i/∂ψ = − 1

Mpl

(η1/n+ η2/nγ5)(n · ∂)2ψ, (A.2)

where we have taken E � m. This leads to the following dispersion relation for

left and right handed particles ψ,

E2 = p2 + 2(η1 ± η2)
p3

Mpl

, (A.3)

where + and − signs correspond to ψR and ψL respectively. Now taking the

charge conjugation of eq.(A.1), we find

LLV =
1

Mpl

ψ̄c(−η1/n+ η2/nγ5)(n · ∂)2ψc, (A.4)

where we used charge conjugation properties viz. C−1γµC = −γµ and C−1γµγ5C =

γµγ5. The operator (eq.A.4) gives the following dispersion relation for left and
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right handed antiparticle ψc,

E2 = p2 + 2(−η1 ± η2)
p3

Mpl

, (A.5)

where the + sign is for ψcR and − sign is for ψcL. Therefor for the case of left-

handed neutrinos νL, we will have the dispersion relation,

E2 = p2 + 2(η1 − η2)
p3

Mpl

, (A.6)

and for antineutrinos νcR we have,

E2 = p2 − 2(η1 − η2)
p3

Mpl

. (A.7)

We have dispersion relation for neutrinos and antineutrinos E2 = p2−(ξ3/Mpl)p
3,

where ξ3 = −2(η1 − η2) for neutrinos and ξ3 = 2(η1 − η2) for antineutrinos.



Appendix B

Neutrino modified spinors

relation

We assume that all the particles expect neutrinos follow the standard energy-

momentum relation i.e,

Ei =
√
p2
i +m2

i , (B.1)

where mi and pi are the mass and momentum of different particles (i = e, µ, τ etc).

The neutrinos follow the modified dispersion relation given in eq.(4.1). There exist

very stringent bounds [245], which suggest that neutrino flavor is independent

of their dispersion relation, so we assumed the universal dispersion relation for

different flavor of neutrinos. We also define,

F (p) ≡ E

p
= 1− ξnp

n−2

2Mn−2
pl

, (B.2)

where the function F (p) is the measure of the deviation of neutrino dispersion

relation from the standard one [265]. In this framework, the modified Dirac

equation for neutrino can be written as,

(iγ0∂0 − iF (p)~γ · ~∂)ψ(x) = 0, (B.3)

where we have neglected the neutrino mass for simplification. Now we replace

the Dirac field ψ in terms of the linear combination of plane waves i.e,

ψ(x) = u(p)e−ip·x, (B.4)
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using it, we get the following form of Dirac equation,

(γ0E − F (p)~γ · ~p)u(p) = 0. (B.5)

Clearly, the positive energy solution of this equation will satisfy,

E(p) = F (p)p, (B.6)

we used these results in the derivation of the spinors sum of neutrinos, which

comes,

∑

s=1,2

us(p)ūs(p) =


 0 p̃ · σ
p̃ · σ̄ 0


 , (B.7)

where we assumed neutrino to be massless and defined p̃ = (E,F (p)p). Following

the Dirac algebra, we get the following result for spinor sum,

∑

s=1,2

us(p)ūs(p) = γµp̃µ ≡ F (p)γµpµ, (B.8)

where we used the result of eq.(B.6) for further simplification. For antiparticle

when m = 0, there is an overall negative sign in eq.(B.5) and following the same

procedure we obtain the same result,

∑

s=1,2

vs(p)v̄s(p) = F (p)γµpµ. (B.9)
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1 Introduction

There exist two interesting experimental signals namely the muon (g − 2), measured at

BNL [1, 2] and the excess of positrons measured by AMS-02 [20, 21], which may have a

common beyond standard model (SM) explanation.

There is a discrepancy at 3.6σ level between the experimental measurement [1, 2] and

the SM prediction [3–9] of muon anomalous magnetic moment,

∆aµ ≡ aExpµ − aSMµ = (28.7± 8.0)× 10−10 (1.1)

where aµ is the anomalous magnetic moment in the unit of e/2mµ. In the standard

model, contribution of W boson to the muon anomalous magnetic magnetic moment goes

as aWµ ∝ m2
µ/M

2
W and we have aSMµ = 19.48× 10−10 [10].

In minimal supersymmetric standard model (MSSM) [11, 12], we get contributions to

muon (g− 2) from neutralino-smuon and chargino-sneutrino loops. In all MSSM diagrams

there still exist a mµ suppression in (g− 2), arising from the following cases: (a) in case of

bino in the loop, the mixing between the left and right handed smuons is ∝ mµ (b) in case

of wino-higgsino or bino-higgsino in the loop, the higgsino coupling with smuon is ∝ yµ, so

there is a mµ suppression (c) in the case of chargino-sneutrino in the loop, the higgsino-

muon coupling is ∝ yµ, which again gives rise to mµ suppression. Therefor in MSSM

aMSSM
µ ∝ m2

µ/M
2
SUSY, where MSUSY is proportional to the mass of the SUSY particle in

the loop.

One can evade the muon mass suppression in (g−2) with a horizontal gauge symmetry.

In [13] a horizontal U(1)Lµ−Lτ symmetry was used in which muon (g − 2) is proportional

to mτ and aµ ∝ mµmτ/m
2
Z′ , where Lµ − Lτ gauge boson mass mZ′ ∝ 100GeV gives the

required aµ. A model independent analysis of the beyond SM particles which can give a

contribution to aµ is studied in [14]. The SM extension needed to explain muon (g−2) has

– 1 –
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also been related to dark matter [15, 16] and the implication of this new physics in LHC

searches has been studied [17]. An explanation of (g − 2) from the 4th generation leptons

has also been given in [18, 19].

The second experimental signal, which we address in this paper is the excess of positron

over cosmic-ray background, which has been observed by AMS-02 experiment [20] upto

energy ∼ 425GeV [21]. An analysis of AMS-02 data suggests that a dark matter (DM)

annihilation interpretation would imply that the annihilation final states are either µ or

τ [23, 24]. The dark matter annihilation into e± pairs would give a peak in positron signal,

which is not seen in the positron spectrum. The branching ratio of τ decay to e is only 17%

compared to µ, which makes µ as the preferred source as origin of high energy positrons.

The AMS-02 experiment does not observe an excess, beyond the cosmic-ray background,

in the antiproton flux [25, 26], indicating a leptophilic dark matter [27, 28, 33].

In this paper, we introduce a 4th generation of fermions and a SU(2)HV vector gauge

symmetry between the 4th generation leptons and the muon families. In our model, the

muon (g−2) has a contribution from the 4th generation charged lepton µ′, and the SU(2)HV

gauge boson θ+,

∆aµ ∝ mµmµ′

M2
θ+

(1.2)

and from the neutral higgs scalars (h,A),

∆aµ ∝ mµ

mµ′
(1.3)

and from the charged higgs H± the contribution is,

∆aµ ∝ −
mµmνµ′

m2
H±

(1.4)

In all these cases, there is no quadratic suppression ∝ m2
µ because of the horizontal sym-

metry. By choosing parameters of the model without any fine tunning, we can obtain the

required number ∆aµ = 2.87× 10−9 within 1σ.

In this model, the 4th generation right-handed neutrino νµ′R, is identified as dark

matter. The dark matter annihilates to the standard model particles through the SU(2)HV

gauge boson θ3 and with the only final states being (µ+µ−) and (νcµ νµ). The stability of

DM is maintained by taking the 4th generation charged lepton to be heavier than DM.

To explain the AMS-02 signal [20, 21], one needs a cross-section (CS), σvχχ→µ+µ− =

2.33×10−25 cm3/sec, which is larger than the CS, σvχχ→SM ∼ 3×10−26 cm3/sec, required

to get the correct thermal relic density Ωh2 = 0.1199 ± 0.0027 [29, 30]. In our model,

the enhancement of annihilation CS of DM in the galaxy is achieved by the resonant

enhancement mechanism [31–33], which we attain by taking Mθ3 ≃ 2mχ.

This paper is organized as follows: in section 2, we describe the model. In section 3

we discuss the dark matter phenomenology and in section 4, we compute the (g − 2)

contributions from this model and then give our conclusion in section 5.

– 2 –
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Particles GSTD × SU(2)HV quantum numbers

ψeLi ≡ (νe, e) (1, 2,−1, 1)

ΨLiα ≡ (ψµ, ψµ′) (1, 2,−1, 2)

ψτLi ≡ (ντ , τ) (1, 2,−1, 1)

ERα ≡ (µR, µ
′

R) (1, 1,−2, 2)

NRα ≡ (νµR, νµ′R) (1, 1, 0, 2)

eR, τR (1, 1,−2, 1)

νeR, ντR (1, 1, 0, 1)

φi (1, 2, 1, 1)

ηβiα (1, 2, 1, 3)

χα (1, 1, 0, 2)

Table 1. Representation of the various fields in the model under the gauge group GSTD×SU(2)HV.

2 Model

In addition to the three generations of quarks and leptons, we introduce the 4th generation

of quarks (c′, s′) and leptons (ν ′µ, µ
′) (of both chiralities) in the standard model. We

also add three right-handed neutrinos and extend the gauge group of SM by horizontal

symmetry denoted by SU(2)HV, between the 4th generation lepton and muon families.

Addition of three right-handed neutrinos ensures that the model is free from SU(2) Witten

anomaly [34]. We assume that the quarks of all four generations and the leptons of e and

τ families are singlet of SU(2)HV to evade the constraints from flavour changing processes.

The SU(2)HV symmetry can be extended to e and τ families by choosing suitable discrete

symmetries, however in this paper we have taken e and τ families to be singlet of SU(2)HV

for simplicity and discuss the most economical model, which can explain muon (g− 2) and

AMS-02 positron excess at the same time.

We denote the left-handed muon and 4th generation lepton families by ΨLiα and their

right-handed charged and neutral counterparts by ERα and NRα respectively (here i and α

are the SU(2)L and SU(2)HV indices respectively and run through the values 1 and 2). The

left-handed electron and tau doublets are denoted by ψeLi and ψτLi and their right-handed

counterparts by eR and τR respectively. The gauge fields of SU(2)L × U(1)Y × SU(2)HV

groups are denoted by Aaµ, Bµ and θaµ (a = 1, 2, 3) with gauge couplings g, g′ and gH
respectively.

The leptons transformations under the gauge group, SU(3)c × SU(2)L × U(1)Y ×
SU(2)HV ≡ GSTD × SU(2)HV are shown in table 1. From the assigned quantum num-

bers, it is clear that the SU(2)HV gauge bosons connect only the leptons pairs, ψµL ↔ ψµ′
L

and (µR, νµR) ↔ (µ′R, ν
′

µR). This assignment prevents the flavour changing process like

µ → eγ for which there are stringent bounds, and also ensures the contribution of heavy

lepton µ′ to the muon (g − 2) as shown in figure 4. In our GSTD × SU(2)HV model, the

– 3 –
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gauge couplings of the muon and 4th generation lepton families are,

Lψ = iΨ̄Liαγ
µ

(

∂µ −
i

2
gτ ·Aµ + ig′Bµ −

i

2
gHτ · θµ

)

ij;αβ

ΨLjβ

+ iĒRαγ
µ

(

∂µ + i2g′Bµ −
i

2
gHτ · θµ

)

αβ

ERβ + iN̄Rαγ
µ

(

∂µ −
i

2
gHτ · θµ

)

αβ

NRβ

(2.1)

The “neutral-current” of SU(2)HV contributes to the annihilation process, (νµ′νµ′) → θ∗3 →
(µ+µ−), (νcµ νµ), which is relevant for the AMS-02 and relic density calculations. The

“charge-changing” vertex µµ′θ+, contributes to the (g − 2) of the muon.

To evade the bounds on the 4th generation from the higgs production at LHC, we

extend the higgs sector (in addition to φi) by a scalar ηβiα, which is a doublet under SU(2)

and triplet under SU(2)HV. As a SU(2) doublet ηβiα evades 4th generation bounds from the

overproduction of higgs in the same way as [35, 36], in that the 125GeV mass eigenstate

is predominantly η which has no Yukawa couplings with the quarks. As ηβiα is a triplet

under SU(2)HV, its Yukawa couplings with the muon and 4th generation lepton families

split the masses of the muon and 4th generation leptons. We also introduce a SU(2)HV

doublet χα, which generates masses for SU(2)HV gauge bosons. The quantum numbers of

the scalars are shown in table 1. The general potential of this set of scalars (φi, η
β
iα, χα) is

given in [37]. Following [37], we take the vacuum expectation values (vevs) of scalars as,

〈φi〉 = 〈φ〉δi2
〈ηβiα〉 = 〈η〉δi2(δα1δβ1 − δα2δ

β2) (2.2)

|〈χ〉|2 = |〈χ1〉|2 + |〈χ2〉|2

where 〈φi〉 breaks SU(2)L, 〈χα〉 breaks SU(2)HV and 〈ηβiα〉 breaks both SU(2)L and SU(2)HV

and generate the TeV scale masses for SU(2)HV gauge bosons. The mass eigenstates of

the scalars will be a linear combination of φi, η
β
iα and χα. We shall assume that the lowest

mass eigenstate h1 with the mass ∼ 125GeV is primarily constituted by ηβiα. We shall also

assume that the parameters of the higgs potential [37] are tuned such that mixing between

h1 and φi is small,

〈h1|φi〉 ≃ 10−2 (2.3)

The Yukawa couplings of 4th generation quarks are only with φi, therefore the 125GeV

Higgs will have very small contribution from the 4th generation quarks loop.

The gauge couplings of the scalar fields φi, η
β
iα and χα are given by the Lagrangian,

Ls = |
(

∂µ −
i

2
gτ ·Aµ − ig′Bµ

)

φ|2 + |
(

∂µ −
i

2
gτ ·Aµ − ig′Bµ − igHT · θµ

)

η|2

+ |
(

∂µ −
i

2
gHτ · θ

)

χ|2 (2.4)

where τa/2 (a = 1, 2, 3) are 2 × 2 matrix representation for the generators of SU(2) and

Ta (a = 1, 2, 3) are 3×3 matrix representation for the generators of SU(2). After expanding

– 4 –
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Ls around the vevs defined in eq. (2.2), the masses of gauge bosons come,

M2
W =

g2

2
(2〈η〉2 + 〈φ〉2) , M2

Z =
g2

2
sec2 θW (2〈η〉2 + 〈φ〉2) , M2

A = 0 ,

M2
θ+ = g2H

(

4〈η〉2 + 1

2
〈χ〉2

)

, M2
θ3 =

1

2
g2H〈χ〉2 (2.5)

we tune the parameters in the potential such that the vevs of scalars are,

2〈η〉2 + 〈φ〉2 = (174GeV)2

〈χ〉 = 22.7TeV (2.6)

for the generation of large masses for 4th generation leptons µ′, νµ′ and SU(2)HV gauge

bosons θ+, θ3. The Yukawa couplings of the leptons are given by,

LY = −h1ψ̄eLiφieR − h̃1ǫijψ̄eLiφ
jνeR − h2Ψ̄LiαφiERα − h̃2ǫijΨ̄Liαφ

jNRα − k2Ψ̄Liαη
β
iαERβ

− k̃2ǫijΨ̄Liαη
jβ
α NRβ − h3ψ̄τLiφiτR − h̃3ǫijψ̄τLiφ

jντR + h.c. (2.7)

after corresponding scalars take their vevs as defined in eq. (2.2), we obtain

LY = −h1ψ̄eL2〈φ〉eR − h̃1ψ̄eL1〈φ〉νeR − Ψ̄L2α[h2〈φ〉+ k2〈η〉(δα1 − δα2)]ERα

− Ψ̄L1α[h̃2〈φ〉+ k̃2〈η〉(δα1 − δα2)]NRα − h3ψ̄τL2〈φ〉τR − h̃3ψ̄τL1〈φ〉ντR
− h1ψ̄eLiφ

′

ieR − h̃1ǫijψ̄eLiφ
′jνeR − Ψ̄Liα[h2φ

′

iδ
β
α + k2η

′β
iα]ERβ

− Ψ̄Liα[h̃2ǫijφ
′jδβα + k̃2ǫijη

′jβ
α ]NRβ − h3ψ̄τLiφ

′

iτR − h̃3ǫijψ̄τLiφ
′jντR + h.c. (2.8)

where φ′i and η′βiα are the shifted fields. From eq. (2.8), we see that the muon and 4th

generation leptons masses get split and are given by,

me = h1〈φ〉 , mτ = h3〈φ〉 , mνe = h̃1〈φ〉 , mντ = h̃3〈φ〉
mµ = h2〈φ〉+ k2〈η〉 , mνµ = h̃2〈φ〉+ k̃2〈η〉 , (2.9)

mµ′ = h2〈φ〉 − k2〈η〉 , mνµ′ = h̃2〈φ〉 − k̃2〈η〉

Thus by choosing the suitable values of Yukawas, the required leptons masses can be

generated.

3 Dark matter phenomenology

In our model, we identify the 4th generation right-handed neutral lepton (ν ′µR ≡ χ) as the

dark matter, which is used to fit AMS-02 data [20, 21]. The only possible channels for

DM annihilation are into (µ+µ−) and (νcµ νµ) pairs (figure 1). In this scenario for getting

the correct relic density, we use the Breit-Wigner resonant enhancement [31–33] and take

Mθ3 ≃ 2mχ. The annihilation CS can be tuned to be ∼ 10−26 cm3 s−1 with the resonant

enhancement, which gives the observed relic density. In principle the dark matter can

decay into the light leptons via SU(2)HV gauge boson θ+ and scalar ηβiα, but by taking the

mass of 4th generation charged leptons µ′ larger than χ, the stability of dark matter can

be ensured.
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Figure 1. Feynman diagram of dark matter annihilation with corresponding vertex factor.

3.1 Relic density

The dark matter annihilation channels into standard model particles are, χχ → θ∗3 →
µ+µ−, νcµνµ. The annihilation rate of dark matter σv, for a single channel, in the limit of

massless leptons, is given by

σv =
1

16π

g4Hm
2
χ

(s−M2
θ3
)2 + Γ2

θ3
M2
θ3

(3.1)

where gH is the horizontal gauge boson coupling, mχ the dark matter mass, Mθ3 and Γθ3
are the mass and the decay width of SU(2)HV gauge boson respectively. Since both of the

final states (νµ, µ) contribute in the relic density, the cross-section of eq. (3.1) is multiplied

by a factor of 2 for relic density computation. The contributions to the decay width of θ3
comes from the decay modes, θ3 → µ+µ−, νcµνµ. The total decay width is given by,

Γθ3 =
2g2H
48π

Mθ3 (3.2)

In the non-relativistic limit, s = 4m2
χ(1 + v2/4), then by taking into account the factor of

2, eq. (3.1) simplifies as,

σv =
2

256πm2
χ

g4H
(δ + v2/4)2 + γ2

(3.3)

where δ and γ are defined as M2
θ3

≡ 4m2
χ(1− δ), and γ2 ≡ Γ2

θ3
(1− δ)/4m2

χ. If δ and γ are

larger than v2 ≃ (T/Mχ)
2, the usual freeze-out takes place, on the other hand if δ and γ

are chosen smaller than v2 then there is a resonant enhancement of the annihilation CS

and a late time freeze-out. We choose δ ∼ 10−3 and γ ∼ 10−4, so that we have a resonant

annihilation of dark matter. The thermal average of annihilation rate is given as [31–33],

〈σv〉(x) = 1

n2EQ

mχ

64π4x

∫

∞

4m2
χ

σ̂(s)
√
sK1

(

x
√
s

mχ

)

ds (3.4)

where,

n2EQ =
gi
2π2

m3
χ

x
K2(x) (3.5)

σ̂(s) = 2g2imχ

√

s− 4m2
χ σv (3.6)
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and where x ≡ mχ/T ; K1(x), K2(x) represent the modified Bessel functions of second

type and gi is the internal degree of freedom of DM particle. Using eq. (3.3), eq. (3.5) and

eq. (3.6) in eq. (3.4), it can be written as,

〈σv〉(x) = g4H
512m2

χ

x3/2

π3/2

∫

∞

0

√
z Exp[−xz/4]

(δ + z/4)2 + γ2
dz (3.7)

where z ≡ v2. We solve the Boltzmann equation for Yχ = nχ/s,

dYχ
dx

= −λ(x)
x2

(

Y 2
χ (x)− Y 2

χeq(x)
)

(3.8)

where

λ(x) ≡
(

π

45

)1/2

mχMPl

(

g∗s√
g∗

)

〈σv〉(x) (3.9)

and where g∗ and g∗s are the effective degrees of freedom of the energy density and entropy

density respectively, with 〈σv〉 given in eq. (3.7). We can write the Yχ(x0) at the present

epoch as,
1

Yχ(x0)
=

1

Yχ(xf )
+

∫ xs

xf

dx
λ(x)

x2
(3.10)

where the freeze-out xf is obtained by solving nχ(xf )〈σv〉 = H(xf ). We find that xf ∼ 30

and the relic density of χ is given by,

Ω =
mχs0Yχ(x0)

ρc
(3.11)

where s0 = 2890 cm−3 is the present entropy density and ρc = h21.9× 10−29 gm/cm3 is the

critical density. We find that by taking gH = 0.087, δ ∼ 10−3 and γ ∼ 10−4 in eq. (3.7),

we obtain the correct relic density Ωh2 = 0.1199± 0.0027, consistent with Planck [29] and

WMAP [30] data. From gH and γ we can fixMθ3 ≃ 1400GeV and mχ ≃ 1
2
Mθ3 ≃ 700GeV.

There is a large hierarchy between the fourth generation charged fermion mass and the

other charged leptons masses. We do not have any theory for the Yukawa couplings and

we take the mµ′ mass which fits best the AMS-02 positron spectrum and muon (g− 2). A

bench mark set of values used in this paper for the masses and couplings is given in table 2.

3.2 Comparison with AMS-02 and PAMELA data

The dark matter in the galaxy annihilates into µ+µ− and the positron excess seen at

AMS-02 [20, 21] appears from the decay of muon. We use publicly available code

PPPC4DMID [38, 39] to compute the positron spectrum
dN

e+

dE from the decay of µ pairs

for 700GeV dark matter. We then use the GALPROP code [40, 41] for propagation, in

which we take the annihilation rate σvµ+µ− , and the positron spectrum
dN

e+

dE as an input

to the differential injection rate,

Qe+(E,~r) =
ρ2

2m2
χ

〈σv〉µ+µ−
dNe+

dE
(3.12)
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Parameters Numerical values

gH 0.087

yh 0.037

yA 0.020

yH± 0.1

mχ 700GeV

mµ′ 740GeV

Mθ3 1400GeV

Mθ+ 1400GeV

mH± 1700GeV

mh 125GeV

mA 150GeV

δ 10−3

γ 10−4

Table 2. Bench mark set of values used in the model.

where ρ denotes the density of dark matter in the Milky Way halo, which we take to be

the NFW profile [42],

ρNFW = ρ0
rs
r

(

1 +
r

rs

)−2

, ρ0 = 0.4GeV/cm3, rs = 20 kpc (3.13)

In GALPROP code [40, 41], we take the diffusion coefficient D0 = 3.6× 1028 cm2 s−1 and

Alfven speed vA = 15Kms−1. We choose, zh = 4kpc and rmax = 20 kpc, which are the

half-width and maximum size for 2D galactic model respectively. We choose the nucleus

spectral index breaks at 9GeV and spectral index above this is 2.36 and below is 1.82.

The normalization flux of electron at 100GeV is 1.25 × 10−8 cm−2 s−1 sr−1GeV−1 and

for the case of electron, we take breaking point at 4GeV and its injection spectral index

above 4GeV is γel1 = 2.44 and below γel0 = 1.6. After solving the propagation equation,

GALPROP [40, 41] gives the desired positron flux.

To fit the AMS-02 data, the input annihilation CS required in GALPROP is,

σvχχ→µ+µ− = 2.33 × 10−25 cm3 s−1. The annihilation CS for µ final state from eq. (3.1)

is, σv ≈ 2.8 × 10−25 cm3 s−1, which signifies that there is no extra “astrophysical” boost

factor needed to satisfy AMS-02 data. The annihilation rate required for relic density was

〈σv〉 ∼ 3 × 10−26 cm3/sec and the factor ∼ 10 increase in σv at the present epoch is due

to resonant enhancement by taking mχ ≃ 1
2
Mθ3 . In figure 2, we plot the output of GAL-

PROP code and compare it with the observed AMS-02 [20, 21] and PAMELA [22] data.

We see that our positron spectrum fits the AMS-02 data [20, 21] very well. We also check

the photon production from the decay of µ final state by generating the γ-ray spectrum

called
dNγ

dE from publicly available code PPPC4DMID [38, 39] and propagating it through

the GALPROP code [40, 41]. We then compare the output with the observed Fermi-LAT

data [43], as shown in figure 3, and find that the γ-ray does not exceed the observed limits.
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Figure 2. The positron flux spectrum compared with data from AMS-02 [20, 21] and PAMELA [22].

The contributions of different channels (µL, µR) are shown for comparison.
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Figure 3. The γ-ray spectrum compared with data from Fermi Lat [43].

There is no annihilation to hadrons, so no excess of antiprotons are predicted, consistent

with the PAMELA [25] and AMS-02 [26] data.

4 Muon magnetic moment

The SU(2)HV horizontal symmetry, which connects muon and 4th generation families, gives

extra contributions to muon (g − 2). The diagrams that contribute to muon (g − 2) with

SU(2)HV charged gauge boson θ+ and scalar ηβiα are shown in figure 4.
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Figure 4. Feynman diagrams of scalar ηβiα and SU(2)HV gauge boson θ+, which give contributions

to muon (g − 2).

We first calculate the contribution from SU(2)HV gauge boson θ+, which is shown in

figure 4(c). For this diagram the vertex factor of the amplitude µ(p′)Γµµ(p)ǫ
µ is,

Γµ =
eg2H
2

∫

d4k

(2π)4
γβ

(/p′ + /k +mµ′)

(p′ + k)2 −m2
µ′
γµ

(/p+ /k +mµ′)

(p+ k)2 −m2
µ′
γα

gαβ
k2 −M2

θ+
(4.1)

we perform the integration and use the Gorden identity to replace,

(pµ + p′µ) = 2mµγµ + iσµνqν (4.2)

and identify the coefficient of the iσµνqν as the magnetic form factor. The contribution to

∆aµ is,

[∆aµ]θ+ =
m2
µ

16π2

∫ 1

0

dx
g2H

(

2m′
µ

mµ
(x− x2)− (x− x3)

)

(1− x)m2
µ′ − x(1− x)m2

µ + xM2
θ±

(4.3)

In the limit of M2
θ+ ≫ m2

µ′ , we get the anomalous magnetic moment,

[∆aµ]θ+ =
g2H
8π2

(

mµmµ′ − 2/3m2
µ

M2
θ+

)

(4.4)

we note that in eq. (4.4), the first term is dominant which shows mµmµ′ enhancement in

the muon (g − 2).

In our model, the contribution from the neutral higgs η (CP-even h and CP-odd A) is

shown in figure 4(a). The (g − 2) contribution of this diagram is [44],

[∆aµ]h,A =
m2
µ

8π2

∫ 1

0

dx
y2h

(

x2 − x3 +
mµ′

mµ
x2

)

m2
µx

2 + (m2
µ′ −m2

µ)x+m2
h(1− x)

+
m2
µ

8π2

∫ 1

0

dx
y2A

(

x2 − x3 − mµ′

mµ
x2

)

m2
µx

2 + (m2
µ′ −m2

µ)x+m2
A(1− x)

(4.5)
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where yh, yA represent the Yukawa couplings of neutral CP-even and odd higgs respec-

tively and their masses are denoted by mh and mA respectively. We shall calculate the

contributions from the lightest scalars only, which give the larger contributions in compare

to heavy scalars. In the limits m2
µ′ ≫ m2

h, m
2
µ′ ≫ m2

A, doing the integration in eq. (4.5)

we get the anomalous magnetic moment,

[∆aµ]h,A =
1

8π2

(

3mµmµ′(y
2
h − y2A) +m2

µ(y
2
h + y2A)

6m2
µ′

)

(4.6)

In a similar way, the contribution from the mass eigenstate H± of charged higgs η±,

shown in figure 4(b), is given by [44],

[∆aµ]H± =
m2
µ

8π2

∫ 1

0

dx
y2H±

(

x3 − x2 +
mν

µ′

mµ
(x2 − x)

)

m2
µx

2 + (m2
H± −m2

µ)x+m2
νµ′

(1− x)
(4.7)

where yH± and mH± are the Yukawa coupling and mass of the charged higgs respectively.

We perform the integration (eq. (4.7)) in the limit m2
H± ≫ m2

νµ′
, and get the anomalous

magnetic moment,

[∆aµ]H± = −y
2
H±

8π2

(

3mµmνµ′ +m2
µ

6m2
H±

)

(4.8)

So the complete contribution to muon (g − 2) in our model is given as,

∆aµ = [∆aµ]θ+ + [∆aµ]h,A + [∆aµ]H± (4.9)

As discussed before, in our model the lightest CP-even scalar h1 is mainly composed of η,

so we can write,

yh ∼ k2 cosα1 (4.10)

where α1 is the mixing angle between CP-even mass eigenstate h1 and gauge eigenstate

η, and k2 is the Yukawa coupling defined in eq. (2.8). In the similar way, we assume that

lightest pseudoscalar A and charged higgs H± are also mainly composed of η, so that we

can write

yA ∼ k2 cosα2 , yH± ∼ k̃2 cosα3 (4.11)

where α2 is the mixing angle between CP-odd scalars and α3 is the mixing angle between

the charged scalars. k̃2 denotes the Yukawa coupling defined in eq. (2.8).

In the SU(2)H gauge boson sector, we take gH = 0.087,Mθ+ ≈ 1400GeV (Mθ3 ≈Mθ+),

which are fixed from the requirement of correct relic density and we take mµ′ = 740GeV,

coming from the stability requirement of dark matter (mµ′ > mχ). After doing numerical

calculation, we get [∆a]θ+ = 3.61× 10−9.

The contribution from (h,A) scalars depend on the parameter k22 (cos
2 α1 − cos2 α2),

which we assume to be ≃ 10−3 and obtain [∆aµ]h,A = 0.82× 10−9. For the charged scalar

contribution, we assume k̃2 cosα3 = 0.1 and mH± = 1700GeV and obtain [∆aµ]H± =

−1.53× 10−9. Adding the contributions from θ+, (h,A) and H±, we get

∆aµ = 2.9× 10−9 (4.12)
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which is in agreement with the experimental result [1, 2] within 1σ. To get the desired

value of muon (g − 2), we have to consider a large hierarchy between the neutral higgs

(mh ∼ 125GeV, mA ∼ 150GeV) and the charged higgs mH± ∼ 1700GeV. These masses

have to arise by appropriate choices of the couplings in the higgs potential of (φi, η
β
iα, χα).

5 Result and discussion

We studied a 4th generation extension of the standard model, where the 4th generation

leptons interact with the muon family via SU(2)HV gauge bosons. The 4th generation right-

handed neutrino is identified as the dark matter. We proposed a common explanation to the

excess of positron seen at AMS-02 [20, 21] and the discrepancy between SM prediction [3–

9] and BNL measurement [1, 2] of muon (g − 2). The SU(2)HV gauge boson θ+ with

4th generation charged lepton µ′ and charged higgs H±, give the required contribution

to muon (g − 2) to satisfy the BNL measurement [1, 2] within 1σ. The LHC constraints

on 4th generation quarks is evaded by extending the higgs sector as in [35, 36]. In our

horizontal SU(2)HV gauge symmetry model, we also explain the preferential annihilation

of dark matter to µ+µ− channel over other leptons and predict that there is no antiproton

excess, in agreement with PAMELA [25] and AMS-02 [26] data. Since the dark matter

has gauge interactions only with the muon family at tree level, we can evade the bounds

from direct detection experiments [45, 46] based on scattering of dark matter with the first

generation quarks.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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1 Introduction

IceCube collaboration has observed the neutrinos of very high energy going to beyond

2.6 PeV [1–4]. The IceCube data in the energy range 60 TeV to ∼ 3 PeV is consistent with

E−2
ν neutrino spectrum following E2

νdNν/dEν ' 1.2 × 10−8 GeVcm−2s−1sr−1 [2, 3]. A

neutrino spectrum sharper than E−2.3 does not give a good fit to the data [3]. There are

no neutrino events observed above ∼ 3 PeV.

In particular, there is no evidence of Glashow resonance [5], ν̄e + e− →W− → shower,

which is expected at E = 6.3 PeV. Glashow resonance gives rise to an enhanced cross-

section for ν̄e at resonance energy E = M2
W /2me = 6.3 PeV, which increases the detection

rate of νe + ν̄e by a factor of ∼ 10 [2]. This implies that at least three events should have

been observed at Glashow resonance, but none were.

The Glashow resonance gives rise to multiple energy peaks at different energies [6].

The first one is at 6.3 PeV and others lie at the Evis = E − EX , where EX is the energy

in the W decay, which does not contribute to the visible shower [7]. The decay of W into

hadrons goes as W → q̄q, giving rise to a peak at 6.3 PeV, while decay into leptons goes as

W → ν̄l, which means W boson will lose half of its energy and so a second peak at 3.2 PeV

is expected. In case of τ lepton in the final state, a further decay takes place producing a

neutrino and thus a third peak at 1.6 PeV. The events observed by IceCube [1–4] between

1 PeV to ∼ 3 PeV range may be associated with the second (leptonic decay of W ) and third
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peak (τ decay), but non-appearance of Glashow resonance hadronic shower from W → q̄q

at 6.3 PeV (dominant peak) makes this idea less attractive. The non observation of the

expected signature of Glashow resonance in IceCube data indicates a cutoff of neutrino

energies between 2–6.3 PeV [7, 8].

In this paper, we propose a mechanism which can explain why neutrinos above a certain

energy may be suppressed in the astrophysical production processes like π → µνµ, K →
µνµ etc. We assume that Lorentz violating higher dimensional operators [9, 10] give rise

to a modified dispersion relation for the neutrinos (antineutrinos) of the form E2 = p2 +

m2
ν− (ξn/M

n−2
Pl ) pn with n > 2. Depending on the sign of ξn, the neutrinos (antineutrinos)

can be either superluminal (ξn < 0) or subluminal (ξn > 0). For the superluminal case,

it has been shown [11, 12] that the presence of the extra terms in the dispersion results

in a suppression of π and K decay widths. The phase space suppression for both the

subluminal and superluminal dispersions for meson decay and the Cerenkov process ν →
νe+e− has been noticed in [9, 13–16] with limits on Lorentz violation parameters from

IceCube events. A comprehensive listing of Lorentz and CPT violating operators and their

experimental constraints is given in [17]. In this paper, we calculate the π,K, µ and n decay

processes in a fixed frame (the frame chosen being the one in which the CMBR is isotropic;

although the Earth moves at a speed vEarth ∼ 300 km/sec with respect to the CMBR, the

Lorentz correction to the neutrino energy is small as βEarth ∼ 10−3), where the neutrinos

(antineutrinos) dispersion relation is E2 = p2 +m2
ν − (ξ3/MPl) p

3 [10, 18–20]. We will have

ξ3 > 0 for neutrinos and ξ3 < 0 for antineutrinos. In the π+ decay, we find that the |M |2 is

suppressed at neutrino energy Eν , where m2
π−m2

µ ' (ξ3/MPl) p
3
ν . This implies that for the

leading order Planck suppression (n = 3) taking ξ3 ∼ 0.05, the π+ decay is suppressed at

Eν ∼ 1.3 PeV. Similarly K+ decay will be cutoff at Eν ∼ 2 PeV with m2
K−m2

µ ∼ (ξ3/MPl)p
3

and neutron decay will be cutoff for p, where (mn−mp)
2 ∼ (ξ3/MPl)p

3, which is lower than

the Glashow resonance energy. For the π− decay the |M |2 is enhanced but the phase space

is suppressed and therefor π− → µ−νµ is also suppressed. In the case of µ− → e−ν̄eνµ
decay, |M |2 is enhanced whereas the phase space suppression is not significant, so the µ−

decay rate is enhanced (while µ+ → e+νeν̄µ decay rate is suppressed). This enhancement

is significant at µ− energies ∼ 2 PeV but since the primary source of µ− is π− decay which

is already cutoff, there will be no observable effect of this enhancement in the neutrino

spectrum seen at IceCube. Neutrinos from K− → µ−ν̄µ and K+ → µ+νµ decays will

be cutoff at slightly higher energies. Radiative π± decay with a single neutrino in the

outgoing state are also suppressed. The three body kaon decay rate are determined by the ξ3

dependence of |M |2 and we find that K+ → π0µ+νµ decay is suppressed but K− → π0µ−ν̄µ
decay is enhanced. Neutron beta decay n→ p+e−ν̄e gets suppressed in the same way as µ+

decay. If the source of ν̄e is neutron beta-decay [21] then the mechanism proposed in this

paper can be used for explaining the absence of Glashow resonance [5] at IceCube. The

value of (ξ3/MPl) ∼ 0.05 M−1
pl used in this paper to explain the cutoff in PeV neutrinos is

much smaller than the bound on the dimension-five coefficient, (a
(5)
of )00 < 3.5×10−10 GeV−1

from SN1987A dispersion [13].

The rest of the paper is organized as follows. In section 2, we calculate the leptonic

decay widths of pions and kaons using modified dispersion relation of neutrino and com-
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pare them with their standard model counterparts. In section 3 we study µ− → e−ν̄eνµ,

K+ → π0e+νe and n→ p+e−ν̄e processes with modified neutrino dispersion. We give our

conclusion in section 4.

2 Two body decays

2.1 Neutrino velocity with modified dispersion

To calculate the decay widths of pion, kaon and muon, we use the following dispersion

relation,

E2 = p2 +m2
ν −

ξn

Mn−2
Pl

pn (2.1)

which is motivated by Lorentz violating higher dimensional operators [9, 10]. We will take

ξn > 0 for neutrinos and ξn < 0 for antineutrinos. We use this modified dispersion relation

to get the neutrino (antineutrino) velocity, which becomes

v =
∂E

∂p
= 1− n− 1

2

ξn

Mn−2
Pl

pn−2 . (2.2)

This is clear from eq. (2.2) that we have a subluminal neutrinos and superluminal an-

tineutrinos. In this paper, we will consider the leading order Planck suppressed dispersion

relation E2 = p2+m2
ν−(ξ3/MPl) p

3 to compute the primary decay processes which produce

neutrinos and antineutrinos. In appendix A, we obtained modified dispersion relations for

neutrinos and antineutrinos using dimension 5 operator.

2.2 π+ → µ+νµ

We calculate the pion decay width using the modified dispersion relation for neutrino by

taking n = 3 case. The amplitude calculation of pion decay process π+(q) → µ+(p)νµ(k)

gives,

M = fπVud q
µū(k)

GF√
2
γµ(1− γ5)v(p) (2.3)

where fπ ≡ f(m2
π) is a constant factor and Vud is the CKM matrix element. The spin

averaged amplitude squared is,

|M |2 = 2G2
Ff

2
π |Vud|2m2

µF (k)

[
m2
π −m2

µ − ξ′3k3

(
m2
π

m2
µ

+ 2

)]
(2.4)

where ξ′3 ≡ ξ3/MPl and the F (k) factor comes from the modified spinor relation of neutrino,

as described in eq. (B.9). The decay width of pion is then given by,

Γ =
G2

Ff
2
π |Vud|2m2

µF (k)

8πEπ

∫
k2 dk d cos θ

Eν

√
|~q − ~k|2 +m2

µ

δ(Eνµ − Eπ +
√
|~q − ~k|2 +m2

µ)

×
[
m2
π −m2

µ − ξ′3k3

(
m2
π

m2
µ

+ 2

)]
(2.5)
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after using Eνµ = F (k)k, and writing |~p| = |~q−~k|2 = k2 + q2− 2kq cos θ, our expression of

eq. (2.5) takes the following form

Γ =
G2

Ff
2
π |Vud|2m2

µ

8πEπ

∫
k dk d cos θ√
|~q − ~k|2 +m2

µ

δ(Eνµ − Eπ +
√
|~q − ~k|2 +m2

µ)

×
[
m2
π −m2

µ − ξ′3k3

(
m2
π

m2
µ

+ 2

)]
(2.6)

from the argument of the delta function in eq. (2.6), we have

√
|~q − ~k|2 +m2

µ = Eπ − Eνµ (2.7)

which gives,

cos θ =

(
m2
µ −m2

π + 2Eπk − Eπk2ξ′3 + k3ξ′3
)

2kq
. (2.8)

We reduce the δ function in Eνµ to a δ function in cos θ by taking,

∣∣∣∣
d

d cos θ
(Eνµ − Eπ +

√
|~q − ~k|2 +m2

µ)

∣∣∣∣ =
kq√

k2 + q2 − 2kq cos θ +m2
µ

(2.9)

and substituting in eq. (2.6). We get the pion decay width,

Γ =
G2

Ff
2
π |Vud|2m2

µ

8πEπ

∫
dk

q

[
m2
π −m2

µ − ξ′3k3

(
m2
π

m2
µ

+ 2

)]
. (2.10)

We solve the integration in the limits of k, which are fixed by taking cos θ = ±1 in eq. (2.8),

kmax =
m2
π −m2

µ + ξ′3k
2
max(Eπ − kmax)

2(Eπ − q)
(2.11)

kmin =
m2
π −m2

µ + ξ′3k
2
min(Eπ − kmin)

2(Eπ + q)
(2.12)

solving these equations numerically, we get the allowed limits of neutrino momentum. We

solve eq. (2.10) and then compare our result with the standard model result of pion decay

in a moving frame, which is

ΓSM(π → µν) =
G2

Ff
2
π |Vud|2m2

µm
2
π

8πEπ

(
1−

m2
µ

m2
π

)2

. (2.13)

We compute the pion decay rate numerically for superluminal ν̄e (ξ3 < 0) and subluminal

νe (ξ3 > 0) final states and obtain the following:

• For subluminal neutrino final state (ξ3 > 0), the allowed phase space (eq. (2.11)–

eq. (2.12)) goes up but the |M |2 (eq. (2.4)) is suppressed. There is a net suppression

in Γ(π+ → µ+νµ) as shown in figure 1 for ξ3 = 1.3× 10−2.

– 4 –
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Figure 1. The ratio Γ/ΓSM for π+ → µ+νµ and π− → µ−ν̄µ processes in Lorentz invariance

violating framework to its standard model prediction for superluminal ν̄µ (ξ3 < 0) and subluminal

νµ (ξ3 > 0) final states as a function of pion momentum pπ. We considered ξ3 = ±1.3 × 10−2 for

corresponding processes.

• For superluminal antineutrino final state (ξ3 < 0), the phase space (eq. (2.11)–

eq. (2.12)) is suppressed but the |M |2 is enhanced. The net effect however is a

suppression in the Γ(π− → µ−ν̄µ) for this case also [11], as shown in figure 1 for

ξ3 = −1.3× 10−2.

In figure 2, for the process π+ → µ+νµ, we show the maximum neutrino energy for different

values of ξ3 using the solution for q in terms of kmax and kmin from eq. (2.11)–(2.12) in

eq. (2.10). We see that for ξ3 = 5.0×10−2, the neutrino spectrum cutoff at kmax = 1.3 PeV.

The upper limit of observed neutrino energy provides bound on the Lorentz invariance

violation parameter ξ3. In figure 3, we show the maximum neutrino energy kmax, as a

function of Lorentz invariance violation parameter ξ3. This is clear from figure 3 that kmax

goes down as ξ3 increases.

2.3 K+ → µ+νµ

In the similar way like pion decay, we calculate the kaon decay width for the process

K+(q)→ µ+(p)νµ(k), using the modified dispersion relation for neutrinos by taking n = 3

case. We get the kaon decay width,

Γ =
G2

Ff
2
K |Vus|2m2

µ

8πEK

∫
dk

q

[
m2
K −m2

µ − ξ′3k3

(
m2
K

m2
µ

+ 2

)]
. (2.14)

In the same way like pion, we solve the integration in the limits of k by taking cos θ = ±1

which gives,

kmax =
m2
K −m2

µ + ξ′3k
2
max(EK − kmax)

2(EK − q)
(2.15)
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Figure 2. The ratio Γ/ΓSM of π+ → µ+νµ process in Lorentz invariance violating framework to its

standard model prediction for subluminal neutrino (ξ3 > 0) as a function of neutrino energy kmax

with different values of ξ3.
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Figure 3. The maximum neutrino energy, kmax as a function of Lorentz invariance violation

parameter ξ3.

kmin =
m2
K −m2

µ + ξ′3k
2
min(EK − kmin)

2(EK + q)
(2.16)

solving these equations numerically, we get the allowed limits of neutrino momentum. We

solve eq. (2.14) and then compare our result with the standard model result of kaon decay
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Figure 4. The ratio Γ/ΓSM of K+ → µ+νµ process in Lorentz invariance violating framework to

its standard model prediction for subluminal neutrino (ξ3 > 0) as a function of neutrino energy

kmax with different values of ξ3.

in a moving frame, which is

ΓSM(K → µν) =
G2

Ff
2
K |Vus|2m2

µm
2
K

8πEK

(
1−

m2
µ

m2
K

)2

. (2.17)

In figure 4, we show the maximum neutrino energy for different values of ξ3 using the

solution for q in terms of kmax and kmin from eq. (2.15)–(2.16) in eq. (2.14). We see that

for ξ3 = 5.0× 10−2 the neutrino spectrum cutoff at kmax = 2 PeV.

3 Three body decays

3.1 µ− → e−ν̄eνµ

We compute the muon decay width with subluminal neutrino and superluminal anti-

neutrino in the final state, assuming the dispersion relation for the neutrino (antineutrino),

E2
ν = k2 − ξ′3k3, where ξ3 > 0 and ξ3 < 0 correspond to subluminal neutrino and superlu-

minal antineutrino respectively. We assume identical ξ3 for all the species of ν (and ν̄) to

avoid an extra source for neutrino oscillations which is not observed [16, 22]. The amplitude

for the process µ−(p)→ e−(k′)ν̄e(k)νµ(p′) is given as,

M =
GF√

2
[ū(k′)γµ(1− γ5)v(k)][ū(p′)γµ(1− γ5)u(p)] (3.1)

where GF is the Fermi constant. After squaring amplitude and solve it using trace tech-

nology, we get the spin averaged amplitude,

|M |2 = 64G2
F(p · k)(p′ · k′) . (3.2)
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The decay width of muon is,

dΓ =
d3p′

(2π)32Eνµ

d3k′

(2π)32Ee

d3k

(2π)32Eν̄e

|M |2
2Eµ

(2π)4δ4(p− p′ − k′ − k) (3.3)

using the squared amplitude from eq. (3.2), we get

dΓ =
32 G2

F

8(2π)5Eµ

d3k′

Ee

d3p′

Eνµ

d3k

Eν̄e
δ4(p− p′ − k′ − k)(p · k)(p′ · k′) . (3.4)

First we write eq. (3.4) as,

Γ =
32 G2

F

8(2π)5Eµ

∫
d3k′

Ee
pαk′

β
Iαβ(p− k′) (3.5)

where

Iαβ(p− k′) ≡
∫
d3k

Eν̄e

d3p′

Eνµ
δ4(p− p′ − k′ − k)kαp

′
β (3.6)

and then to find out Iαβ(p− k′), we use the generic phase space integral formula,

Iαβ ≡
∫

d3p√
m2

2 + ~p · ~p
d3q√

m2
1 + ~q · ~q

δ4(k − p− q)pαqβ =
I

12k4
(k2[k2 − (m1 −m2)2]

[k2 − (m1 +m2)2]gαβ + 2[k4 + k2(m2
1 +m2

2)− 2(m2
1 −m2

2)2]kαkβ) (3.7)

where

I =
2π

k2

√
[k2 − (m1 −m2)2][k2 − (m1 +m2)2]. (3.8)

Applying this to our scenario by putting m2
1 = m2

ν̄e = ξ′3k
3, m2

2 = m2
νµ = −ξ′3p′3 and taking

k = p′/2 ∼ p/4, we find

Iαβ(p− k′) =
π

6

[
1 +

7

64

ξ′3p
3

(p− k′)2

]
(3.9)

([
(p− k′)2 +

7

32
ξ′3p

3

]
gαβ + 2

[
1− 7

64

ξ′3p
3

(p− k′)2

]
(p− k′)α(p− k′)β

)

after contracting Iαβ with the muon and electron momentums which respectively are p and

k′, we get

pαk′
β
Iαβ(p−k′)=

π

6

[
1 +

7

64

ξ′3p
3

(p− k′)2

]
(3.10)

([
(p−k′)2+

7

32
ξ′3p

3

]
(p·k′)+2

[
1− 7

64

ξ′3p
3

(p−k′)2

]
(p·p−p·k′)(p·k′−k′ ·k′)

)

where,

p · p = m2
µ

k′ · k′ = m2
e ≈ 0

p · k′ = ~k′(Eµ − ~p cos θ)

(p− k′)2 = m2
µ − 2~k′(Eµ − ~p cos θ). (3.11)

– 8 –



J
H
E
P
1
1
(
2
0
1
5
)
0
2
2

Μ+®e+ΝeΝΜ

Μ-®e-ΝeΝΜ

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

pΜHPeVL

G
�G

S
M

Ξ3=±5.0´10
-2

Figure 5. The ratio Γ/ΓSM for µ+ → e+νeν̄µ and µ− → e−ν̄eνµ processes in Lorentz invariance

violating framework to its standard model prediction for superluminal antineutrino (ξ3 < 0) and

subluminal neutrino (ξ3 > 0) final states as a function of muon momentum pµ. Here we considered

ξ3 = ±5.0× 10−2.

The decay width from eq. (3.5) can be written as,

Γ =
32G2

F

8(2π)5

(2π)

Eµ

∫ 1

−1
d cos θ

∫ m2
µ/2(Eµ−k cos θ)

0
k′dk′pαk′

β
Iαβ (3.12)

after solving it, we finally get,

Γ =
G2

Fm
4
µ

192π3Eµ

(
m2
µ +

17

80
ξ′3p

3

)
. (3.13)

We compare our result with the standard model prediction of muon decay in a moving

frame, which is

ΓSM(µ→ eν̄eνµ) =
G2

Fm
5
µ

192π3

mµ

Eµ
. (3.14)

We compute the muon decay rate for subluminal neutrino (ξ3 > 0) and superluminal

antineutrino (ξ3 < 0) and obtain the following:

• The decay rate of the process Γ(µ− → e−ν̄eνµ) is enhanced, as shown in figure 5 for

ξ3 = ±5.0× 10−2.

• The decay rate of the process Γ(µ+ → e+νeν̄µ) is reduced, as shown in figure 5 for

ξ3 = ±5.0× 10−2.
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Figure 6. The ratio Γ/ΓSM for K+ → π0e+νe and K− → π0e−ν̄e processes in Lorentz invariance

violating framework to its standard model prediction for superluminal ν̄e (ξ3 < 0) and subluminal

νe (ξ3 > 0) final states as a function of kaon momentum pK . We considered ξ3 = ±5.0 × 10−2 for

corresponding processes.

3.2 K+ → π0e+νe

We also calculate 3-body kaon decay width using the modified dispersion relation for neu-

trino by taking n = 3 case. The amplitude calculation of kaon decay process K+(pK) →
π0(pπ)e+(pe)νe(pν) gives,

|M |2 = 16G2
F|Vus|2f2

+[m2
K(pK ·pν+pπ ·pν)−2(pK ·pν)(pK ·pπ)−2(pK ·pν)(pK ·pν)−m2

Kξ
′
3p

3
ν ]

(3.15)

where f+ is the kaon form factor. The Decay width of kaon is,

dΓ =
d3pπ

(2π)32Eπ

d3pνe
(2π)32Eνe

d3pe
(2π)32Ee

|M |2
2EK

(2π)4δ4(pK − pπ − pνe − pe) (3.16)

which gives,

Γ ' G2
F|Vus|2f2

+m
4
K

768π3EK

[
m2
K

(
1− 8m2

π

m2
K

)
− 4

9
p3
Kξ
′
3

(
1− m4

π

m4
K

)]
. (3.17)

It is clear from eq. (3.17) that the K+(K−) decay rate goes down (up) as kaon momentum

pK increases, which is shown in figure 6 for ξ3 = ±5.0× 10−2.

3.3 n → p+e−ν̄e

In the similar way like muon decay, we also calculate the neutron beta decay width using

the modified dispersion relation for antineutrino. The spin averaged amplitude squared for

the neutron decay process n(p)→ p+(k)e−(k′)ν̄e(p′) comes,

|M |2 = 64G2
F(p · p′)(k · k′) (3.18)
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using eq. (3.18), we get the following decay width of neutron,

dΓ =
32 G2

F

8(2π)5En

d3k

Ep

d3k′

Ee

d3p′

Eν̄e
δ4(p− k − k′ − p′)(p · p′)(k · k′) (3.19)

we solve eq. (3.19) in the similar way like muon decay using generic phase space integral

formula (eq. (3.7)). Then we solve the final integral over the electron energy, for which

the minimum energy is the rest energy me of the electron while the maximum energy is

approximately,

Emax ≈ mn −mp (3.20)

which finally gives,

Γ ∼ G2
F(mn −mp)

3mn

15π3En

[
(mn −mp)

2 − 5

16
ξ′3p

3

]
. (3.21)

For ξ3 = 0.05 the neutron decay width goes down at neutrino momentum p ' 0.1 PeV.

This implies that antineutrino production from neutron decay will be suppressed and so in

our model, it is also possible to explain the absence of Glashow resonance [5]. The decay

rate of the charge conjugate process n̄ → p̄e+νe is enhanced, but since only neutrons are

produced in the p+ γ → ∆→ n+ π+ processes at the source, the enhanced decay of n̄ is

not relevant to the IceCube events.

4 Conclusion

In this paper we provide a mechanism by which one can account for the lack of an-

tineutrino events at Glashow resonance (6.3 PeV) at IceCube. We show that if the neu-

trino (antineurino) dispersion is modified by leading order Planck scale suppression E2 =

p2 − (ξ3/MPl)p
3 (where ξ3 > 0 correspond to neutrinos and ξ3 < 0 correspond to antineu-

trino), then there is a suppression of the π+ decay width and corresponding neutrinos will

be cutoff at energies Eν = 1.3 PeV (with ξ3 = 0.05). The neutrinos from Kaon decay

K+ → µ+νµ will be cutoff at 2 PeV.

• Three body decays like µ− → e−ν̄eνµ and K− → π0e−ν̄e get enhanced due to different

ξ3 dependence in their |M |2, whereas three body decay widths of µ+ and K+ get

suppressed.

• Neutron decay n→ p+e−ν̄e gets suppressed in the similar way as µ+ decay. So if the

source of ν̄e is neutron beta-decay then the mechanism proposed in this paper can

be used to explain the absence of Glashow resonance at IceCube.

• Radiative three body decays like π± → e±νγ and π± → µ±νγ are factorized to the

|M |2 for two body decays π± → e±ν and π± → µ±ν times αem [23, 24] and these are

also suppressed like two body decay processes.

The enhancement in µ− decay will be significant at muon energies of 2 PeV and if the

primary source of µ− is π− decay then there will be no observable consequence of this in
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IceCube events. However such enhancement of the µ− decay rate would be observable for

µ− produced not from π− decay but e.g. via pair production e.g. in e+e− → µ+µ−. The

precise numerical values depend on the choice of the parameter ξ3, but obviously a cutoff

between ∼ 3 PeV and 6.3 PeV can be easily obtained in this model. We conclude that if

neutrinos at Glashow resonance energies are not observed at IceCube then explanations

in terms of new physics such as Lorentz violating modified neutrino dispersion relation

become attractive. The fact that neutron decay into p + e + ν̄e is suppressed has the

following implications. The conventional π/K decay neutrinos from astrophysical sources

have cutoff in the range of ∼ 3 PeV. However the B-Z neutrinos which arise in GZK process

have two components [25], the higher energy neutrinos from π/K will be more suppressed

compared to the lower energy n decay to ν̄e. But both components of GZK process will be

suppressed at Eν > 3 PeV.
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A Dispersion relation

The cubic dispersion relation we used for neutrinos and antineutrinos can be obtained from

the dimension 5 operator [9, 10],

LLV =
1

MPl
ψ̄(η1/n+ η2/nγ5)(n · ∂)2ψ (A.1)

where nµ is a fixed four vector that specifies the preferred frame. Both the vector and

axial-vector terms in eq. (A.1) are CPT violating in addition to being Lorentz violating.

The Lagrangian gives the equation of motion,

i/∂ψ = − 1

MPl
(η1/n+ η2/nγ5)(n · ∂)2ψ (A.2)

where we have taken E � m. This leads to the following dispersion relation for left and

right handed particles ψ,

E2 = p2 + 2(η1 ± η2)
p3

MPl
(A.3)

where + and − signs correspond to ψR and ψL respectively. Now taking the charge conju-

gation of eq. (A.1), we find

LLV =
1

Mpl

ψ̄c(−η1/n+ η2/nγ5)(n · ∂)2ψc (A.4)

where we used charge conjugation properties viz. C−1γµC = −γµ and C−1γµγ5C = γµγ5.

The operator (eq. (A.4)) gives the following dispersion relation for left and right handed
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antiparticle ψc,

E2 = p2 + 2(−η1 ± η2)
p3

MPl
(A.5)

where the + sign is for ψcR and − sign is for ψcL. Therefor for the case of left-handed

neutrinos νL, we will have the dispersion relation,

E2 = p2 + 2(η1 − η2)
p3

MPl
(A.6)

and for antineutrinos νcR we have,

E2 = p2 − 2(η1 − η2)
p3

MPl
. (A.7)

We have dispersion relation for neutrinos and antineutrinos E2 = p2 − (ξ3/MPl)p
3, where

ξ3 = −2(η1 − η2) for neutrinos and ξ3 = 2(η1 − η2) for antineutrinos.

B Spinors relation

We assume that all the particles expect neutrinos follow the standard energy-momentum

relation i.e.,

Ei =
√
p2
i +m2

i , (B.1)

where mi and pi are the mass and momentum of different particles (i = e, µ, τ etc.).

The neutrinos follow the modified dispersion relation given in eq. (2.1). There exist very

stringent bounds [22], which suggest that neutrino flavor is independent of their dispersion

relation, so we assumed the universal dispersion relation for different flavor of neutrinos.

We also define,

F (p) ≡ E

p
= 1− ξnp

n−2

2Mn−2
Pl

, (B.2)

where the function F (p) is the measure of the deviation of neutrino dispersion relation

from the standard one [26]. In this framework, the modified Dirac equation for neutrino

can be written as,

(iγ0∂0 − iF (p)~γ · ~∂)ψ(x) = 0 (B.3)

where we have neglected the neutrino mass for simplification. Now we replace the Dirac

field ψ in terms of the linear combination of plane waves i.e.,

ψ(x) = u(p)e−ip·x (B.4)

using it, we get the following form of Dirac equation,

(γ0E − F (p)~γ · ~p )u(p) = 0. (B.5)

Clearly, the positive energy solution of this equation will satisfy,

E(p) = F (p)p, (B.6)
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we used these results in the derivation of the spinors sum of neutrinos, which comes,

∑

s=1,2

us(p)ūs(p) =

(
0 p̃ · σ

p̃ · σ̄ 0

)
(B.7)

where we assumed neutrino to be massless and defined p̃ = (E,F (p)p). Following the Dirac

algebra, we get the following result for spinor sum,

∑

s=1,2

us(p)ūs(p) = γµp̃µ ≡ F (p)γµpµ (B.8)

where we used the result of eq. (B.6) for further simplification. For antiparticle when

m = 0, there is an overall negative sign in eq. (B.5) and following the same procedure we

obtain the same result, ∑

s=1,2

vs(p)v̄s(p) = F (p)γµpµ . (B.9)
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