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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
3.60 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)py 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 (u* ™, I/ﬁl/u) 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)gy 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 7,



iv ABSTRACT

at resonance energy 6.3 PeV which increases the detection rate of 7, 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 :

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

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

e The 3.60 discrepancy between measurement of muon (g —2) by Brookhaven

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

e 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 ~-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 u*p~ final state is ov ~ 1072 cm3sec™! [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. ete™ and 7777, has also been considered [32-34]. In case
of ete™ final state, a hard positron spectrum is expected which is not consistent
with the observed data. For 717~ final state, it is possible to satisfy the observed
positron excess with somewhat high (compared to p™p~ final state) mass of DM
! 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

!The branching ratio of 7 decay to e is only 17% in compared to p, so the required dark

matter mass for 7 final state is larger than pu.
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 1/4/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) o r,

200 ' 1 1 I [ L ljl T T T I ] T 1 I—|—l T I

NGC 3198

150

100

Var (km/s)

50 H

0 10 20 30 40 50
Radius (kpc)

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) = [ 4mp(r)r?dr and p(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
Q,, =~ 0.29 [48]. The data from the Big Bang Nucleosynthesis, in short BBN, pre-
dict baryon density €2, ~ 0.04. If we combine the measurements from large-scale
structure and BBN, we find Q,¢maining = 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 2, = 0.686 & 0.020 and Q,,h? =
0.14234-0.0029 by which Q,h? = 0.02207£0.00033 and Qg,h? = 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:

e 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.

e 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.

e It should be long-lived, with life-time larger than age of the Universe, which
is ~ 10" sec. DM should also be massive enough to be consistent with

measured py.

e [t 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 (7" > m,; m, = 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,

dn
d_tx +3Hn, = — (ov) (n} —n ), (1.1)

where n, is the number density of WIMPs, H is the expansion rate of the Uni-
verse, and (ov) is thermally averaged annihilation cross-section (multiplied by
WIMPs relative velocity). At high temperature (7" > m, ), WIMPs density is
given by n, .., but as the Universe expands, temperature goes down and number
density falls exponentially. For sufficiently small value of n,, 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,

Q.2 = 1.1 x 10° i 1 1.2
x R TATE (12)

where x; = m, /Ty and Ty is the freeze-out temperature. Mp; 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, (00) yeak = 2 X 10720em3s™, (ov) gy = 2 x 107 em?s ™!
and <Uv>strong =2 x 107Pcm3s~!. 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]).

zy = 20 and ¢g* = 100 (considering g* to be constant with temperature), the relic

density can be expressed in a more popular form,

(1.3)

Ok ~ 01 (2.2 X 10_26cm3sec_1)

Co
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 (0 ~ a®/m?) 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
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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 ogr, and spin-dependent one ogp. The interaction for og; takes place
between WIMPs and all nucleons, whereas for osp 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 x 107*cm? for m, ~ 55 GeV [11].
Recently, LUX collaboration has pushed this limit by one more order i.e ~

7.6 x 107%%cm? 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 bb 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.
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Figure 1.7: Spin-independent (left) and spin-dependent (right) WIMP-nucleon scat-
tering cross-section as function of WIMP mass m,, 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)+287 (14)

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 ®,. Since the singlet
scalar ®; mixes with the SM higgs doublet ®, 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(107?) 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, yx — ptp~. 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 (i 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,
i=9(3-)% (1.5)
It is clear that ¢ 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.

(@ (b) ©

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 a, and defined as,

N )
I 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,
o
= — ~0.0016. 1.7
a’# o ( )

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

troweak and strong interactions,

SM __ _QED Weak Had
a,” =a;"" +a, " +a, " (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 (x10~) UNITS
QED 116 584 718.951 4 0.009 + 0.019 = 0.007 == 0.077
HVP(lo) [97) 6923 + 42
HVP(ho) [97] —98.4+0.7
HLDBL 105 + 26
EW 154 + 1
Total SM [97] | 116 591 802 £ 42, o + 26410 & 2umer (£49,..)

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

muon (g — 2),

a™' = (116 592 089 4 63) x 107, (1.9)

"

which gives a difference of,

Aa,(E821 - SM) = (287 £80) x 107" [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 3.60. The deviation of 3.60
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 tanf (= vq/v,) 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 m,, suppression i.e. a}’®" o mi /M2, where Mgy is proportional to the

p SUsY?
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)z,—r, symmetry. In the Section.2.1, we described a
SU(2)uv 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 3.60 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 5.7¢ [7]). The energy expected from atmospheric neu-
trinos (coming from 7/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;? neutrino spectrum following E2dN,, /dE, ~ 1.2x 1078 GeVem?s~!sr™! [6,7].
But spectrum sharper than E~%3 does not provide a good fit to the data [7]. Tt 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], 7, + e~ — W~ — shower, is absent which is otherwise
expected at 6.3 PeV. As a result of Glashow resonance, the cross-section for 7,
gets enhanced at neutrino energy F = M3, /2m, = 6.3 PeV, which increases the
detection rate of v, + 7, by a factor of ~ 10 [6]. Taking into account the increment
in detection rate and declination in the neutrino energy spectrum from £~2, one
would expect about 3 events at Glashow resonance. Even without Glashow reso-
nance, there should be some events from the extension of £~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 F,;; = F — Ey,
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 — gq, giving rise to a peak
at 6.3 PeV, while decay into leptons goes as W — [, which means W boson will
lose half of its energy and so a second peak at 3.2 PeV is expected. In case of
7 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 (7 decay) peak, but non-appearance of Glashow resonance hadronic shower
from W — gq 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
T — [y, [ — ever, etc. One explanation of the absence of Glashow resonance

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

PeV?
2 2
—m2 ~ 1.11
m; —ms, — (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 E? = p* 4 m? — (& /My ?) p* with
n > 2. Depending on the sign of §,, the neutrinos (antineutrinos) can be either
superluminal (§, < 0) or subluminal (£, > 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
[ceCube 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)gy 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)py
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gauge symmetry, we have new contributions to muon (g —2) from SU(2)yy 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 m; —m2, ~
PeV? /My, 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);, x U(1)y. In
combination with symmetry group SU(3)¢, 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 3.60 level between the experimental measurement [3,4]

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

Aay, = a,® —aM = (28.7£8.0) x 1077, (2.1)

where @, is the anomalous magnetic moment in the unit of e/2m,,. In SM, con-
tribution of gauge bosons to the muon anomalous magnetic magnetic moment
goes as a)) o< m? /Mg, , and we have aj™ = 19.48 x 107'° [176]. In minimal su-
persymmetric standard model (MSSM) [103,104], we get contributions to muon
(g9 — 2) from neutralino-smuon and chargino-sneutrino loops. In all MSSM dia-
grams there still exist the m,, suppression in (g — 2), arising from the following

cases:

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

smuons 1s o< 1.

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

with smuon is o y,, so there is a m, suppression.

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

is o< y,, which again gives rise to m, suppression.

Therefore in MSSM ai\fSSM o< m,/Mgysy, where Msygy 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) L,—L, Symmetry was used to lift m,, suppression [119].
Here muon (g — 2) is proportional to m, and a, x m,m,/m%,, where L, — L,
gauge boson mass myz o 100 GeV gives the required a,, but myz 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 p or 7 [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 7 decay to e is only 17% compared to u, this
makes p 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)ygy 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 p/, SU(2)yy gauge boson
6*, and from the neutral (h, A) and charged H* higgs. In all these cases, there is
no quadratic suppression o mi because of the horizontal symmetry. By choosing
parameters of the model without any fine tunning, we can obtain the required
number Aa, = 2.87 x 107 within 1o.

In this model, we identify the 4th generation right-handed neutrino v, g, as
dark matter. The dark matter annihilates to SM particles through the SU(2)gy
gauge boson ¢3 and with the only final states being (u*u~) and (vg v,). 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), <ov>,\ - = 2.33 x 107*cm? /sec, which is larger than the CS,
U —sm ~ 3 X 107%cm? /sec, required to get the correct thermal relic density
Qh? = 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 My, ~ 2m,,.

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 (¢, s’) and leptons (v, ) (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)yy, 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 7 families are
singlet of SU(2)gy to evade the constraints from flavor changing processes. The
SU(2)py symmetry can be extended to e and 7 families by choosing suitable
discrete symmetries, however for this work we have taken e and 7 families to be
singlet of SU(2)yy 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 ¥;, and
their right-handed charged and neutral counterparts by Er, and Ng, respectively
(here ¢ and « are the SU(2)p, and SU(2)yy indices respectively and run through
the values 1 and 2). The left-handed electron and tau doublets are denoted by
Yer; and Y, r; and their right-handed counterparts by er and 7r respectively.
The gauge fields of SU(2), x U(1)y x SU(2)uy groups are denoted by Af, B, and
05 (a=1,2,3) with gauge couplings g, g" and gy respectively.

The leptons transformations under the gauge group, SU(3). x SU(2);, x U(1)y x
SU(2)uv = Gsrp (SM gauge group) x SU(2)gy are shown in Table.(2.1). From
the assigned quantum numbers, it is clear that the SU(2)yy gauge bosons connect
only the lepton pairs, ¢, <> ¥, and (ur,vur) <> (g, V,p). This assignment
ensures the contribution of heavy lepton p' to the muon (¢ — 2) as shown in
Fig.(2.4). In our Gsrp x SU(2)gy model, the gauge couplings of the muon and

4th generation lepton families are,
Ly =iVria" (@ — %gT A, +1i9'B, — %gHT . Hu)ij.aﬁ Upis
+ i Egay" (au +12¢'B, — %gHT : eu) y Egg
+ iNpa " (au — %gHT . 0u> y Ngp (2.2)
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Particles Gstp X SU(2)py Quantum numbers
Veri = (e, €) (1,2,-1,1)
Viia = (Y, Ypr) (1,2,-1,2)
Ve = (W, T) (1,2,-1,1)
Era = (ir: 1Vg) (1,1,-2,2)
Nra = (Vur, VwR) (1,1,0,2)
€Rr, TR (1,1,-2,1)
VeR, UrR (1,1,0,1)
Oi (1,2,1,1)
n (1,2,1,3)
Xa (1,1,0,2)

Table 2.1: Representation of the various fields in the model under the gauge group
Gstp x SU(2)nv

The “neutral-current” of SU(2)gy contributes to the annihilation process, (v v,/) —
03 — ("), (v vu), which is relevant for the AMS-02 and relic density calcu-
lations. The “charge-changing” vertex pp/'0", 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 ¢;) by a scalar nfa (¢ and « are the
SU(2), and SU(2)gy indices respectively and run through the values 1 and 2),
which is a doublet under SU(2) and triplet under SU(2)gy. As an SU(2) doublet
7751 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 1 which
has no Yukawa couplings with the quarks. As nfa is a triplet under SU(2)qy,
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)py
doublet x,, which generates masses for SU(2)yy gauge bosons. The quantum
numbers of the scalars are shown in Table.(2.1). The general potential of this

set of scalars (¢, 7., xa) is given in [188]. Following [188], we take the vacuum



28 Chapter 2. Gauged horizontal symmetric model

expectation values (vevs) of these scalars as,

(i) = (#)0iz,
(i) = ()0i2(0610”" = 5020™), (2.3)

10O = [0 + 1),

where (¢;) breaks SU(2)L, (xa) breaks SU(2)gy and (n”) breaks both SU(2)y,
and SU(2)py and generate the TeV scale masses for SU(2)yy gauge bosons. The
mass eigenstates of the scalars will be a linear combination of ¢;, 77%8@ and x,o. We
shall assume that the lowest mass eigenstate h; with the mass ~ 125 GeV is
primarily constituted by nfa. We shall also assume that the parameters of the
higgs potential [188] are tuned such that mixing between h; and ¢; is small. The
Yukawa couplings of 4th generation quarks are only with ¢;, therefore the 125
GeV Higgs will have very small contribution from the 4th generation quark loops.

The gauge couplings of the scalar fields ¢;, nfa and x, are given by the Lagrangian,

l l

Ls=|(0, 597 A, - z'g’BM)gzﬂ2 + (0, 597 A, —ig'B, —iguT - Qu)n|2
1
+ 10 = SgnT O)XI, (2.4)

where 7,/2 (a = 1,2,3) are 2 x 2 matrix representation for the generators of
SU(2), and T, (a = 1,2,3) are 3 x 3 matrix representation for the generators of
SU(2)py. After expanding £, around the vevs defined in Eq.(2.3), the masses of

gauge bosons come,

2

My = T @(0) +(0)), Mg = Tsec®by (2(n)* + (9)°). Mj =0,

M3 = gy(an)? + 5007, M3, = Lo (25)

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

2(n)?% + ()% = 174 GeV,
(x) =22.7 TeV, (2.6)
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for the generation of large masses for 4th generation leptons p/, v, and SU(2)py

gauge bosons 67, 05. The Yukawa couplings of the leptons are given by,

Ly = _hI@EeLiCbieR - ;LlﬁiﬂzfeLiWVeR - hz‘I’LiaCbiERa
- ;L2€ijquia¢jNRa - k?Q‘I’LiamﬁaERﬁ - EQEij\I/LianZyﬁNRﬁ

— h3rLiiTR — ﬁ3€ij1/77Li¢jVTR + h.c.
after corresponding scalars take their vevs as defined in Eq.(2.3), we obtain,

Ly = —hterz(d)er — htberi(9)ver — Uizalha(d) + ka(n) (a1 — a2)] Era
— Upia[ha(8) + ka(n)(0a1 — 6a2)]Nra — hatrra($)Tr — hatrr1($)vrr
— Weridier — hi€ijerid”Ver — Uialhad}d + kan0) Egs
— U pialhocij 8708 + koeijn?® I Nrg — hathy i — haeijthr1id” veg + hic.

(2.7)

where ¢ and 7.° 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 = hi(¢), m, = hz(p), m, = B1<¢>a my, = B3<¢>7
my, = ha(@) + ka(n), my, = ha(d) + ka(n), (2.8)
My = ha(d) — ka(m), My, = ha(9) — ka(n),

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 (VLR =
X) as the dark matter, which is used to fit AMS-02 data [1,2]. The only possible
channels for DM annihilation are into (u*p~) and (v v,) pairs (Fig.2.1). In this
scenario for getting the correct relic density, we use the Breit-Wigner resonant
enhancement [182-184] and take My, ~ 2m,. The thermally averaged annihila-
tion CS can be tuned to be ~ 10~26cm?3s~! 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
g 0.087
Yn 0.037
Ya 0.020
Y+ 0.1
My 700 GeV
My 740 GeV
Mo, 1400 GeV

My+ 1400 GeV
my+ 1700 GeV
my, 125 GeV
ma 150 GeV
o 1073
¥ 1074

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

light leptons via SU(2)gy gauge boson 61 and scalar nfa, but by taking the mass
of 4th generation charged leptons y’ larger than y, the stability of dark matter

can be ensured.

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, xx — 03 — u*u=, viv,.

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

1 Iumy,
_ 2.9
7Y T T6m (s — M2 )2+ T2 M2 (29)

where gy is the horizontal gauge boson coupling, m, the dark matter mass, Moy,
and I'p, are the mass and the decay width of SU(2)xy gauge boson respectively.
Since both of the final states (v,,p) 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 83 comes from the decay modes, 63 —
pFp, vy, The total decay width is given by,

29H

Loy = Zar

“ZH Dy, (2.10)

In the non-relativistic limit, s = 4m?(1 + v*/4), then by taking into account the

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

2 gir
ov = , 2.11
256mm?2 (6 + v2/4)? + 2 (211)

where ¢ and v are defined as Mg, = 4m3(1 —6), and v* =T (1 —6)/4m2. 1f §
and v are larger than v? ~ (T'/M,)?, the usual freeze-out takes place, on the other
hand if § and v are chosen smaller than v? then there is a resonant enhancement
of the annihilation CS and a late time freeze-out. We choose § ~ 1073 and
v ~ 107*, so that we have a resonant annihilation of dark matter. The thermal
average of annihilation rate is given as [182-184],

(o0)(z) = X /:O 5 (5)VEK (x 5) ds, (2.12)

4
N 6440 Jym2 My

where,
3

gi m
Ny = QWZTXKQ(@, (2.13)

(s) = 2g7my/s —4m2 ov, (2.14)

and where © = m,/T; K;(z), Ky(z) represent the modified Bessel functions

of second type and g; 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,

4 I3/2 Z exXp|l—xz
(ov) () = —JH / vz expl Mdz (2.15)

p12m2 /2 Jy (5 + 2/4)?
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where z = v We solve the Boltzmann equation for Y, = n,/s,

D A ya) —v2 () (2.16)

dx 2 VX

where

ANz) = (415)1/ S M ( \g/g_ ) (ov) () (2.17)

and where g, and g,s are the effective degrees of freedom of the energy density
and entropy density respectively, with (ov) given in Eq.(2.15). We can write the
Y, (zo) at the present epoch as,

Lo__ L, [MgA
Yi(zo)  Yi(zp) +/xf : 22 (2.18)

where the freeze-out x; is obtained by solving n, (xs){ov) = H(xy). We find that

xy ~ 30 and the relic density of x is given by,

_ My, SoYy (70)
Pec

Q (2.19)

where sy = 2890 cm ™3 is the present entropy density and p. = h*1.9x1072% gm /cm?
is the critical density. We find that by taking gy = 0.087, 6 ~ 1073 and v ~ 1074
in Eq.(2.15), we obtain the correct relic density QA% = 0.119940.0027, consistent
with WMAP [49] and Planck [9] data. From gy and v we can fix My, ~ 1400
GeV and m, ~ %Mg3 ~ 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 m,
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 u* = 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 dgg from the decay

of p pairs for 700 GeV dark matter. We then use the GALPROP code [191,192]



2.2. Dark Matter Phenomenology 33

for propagation, in which we take the annihilation rate ov,+,-, and the positron

spectrum dgg as an input to the differential injection rate,
P> dNg+
Qe+(E,F) = R<O’U>H+ufﬁ (220)

where p denotes the density of dark matter in the Milky Way halo, which we take
to be the NFW profile [44],

s

-2
PNFW = poE (1 + L) , po = 0.4 GeV/cm®, r, = 20 kpc, (2.21)
r r

In GALPROP code [191,192], we take the diffusion coeflicient Dy = 3.6 x
10%8cm?s~! and Alfven speed vy = 15 kms™!. We choose, 2, = 4 kpc and
Tmaz = 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 x 107 8cm 257 'sr !GeV~! and for the case of electron, we
take breaking point at 4 GeV and its injection spectral index above 4 GeV is
¢ = 2.44 and below ¢ = 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
I8, <oU>yy - = 2.33 X 107%*cm?s™!. The annihilation CS for p final state
from Eq.(2.9) is, ov &~ 2.8 x 107*cm?®s™!, which signifies that there is no extra
“astrophysical” boost factor needed to satisfy AMS-02 data. The annihilation
rate required for relic density was (ov) ~ 3 x 107*°cm®s™!, and the factor ~ 10
increase in ov at the present epoch is due to resonant enhancement by taking
My %Mgs. 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 p final state by generating the 7-ray spectrum
called % 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 ~-

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 (ur,, ;1r) 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)gy 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)yy charged gauge boson % and scalar niﬁa are shown
in Fig.(2.4).

We first calculate the contribution from SU(2)gy gauge boson 6, which is shown
in Fig.2.4(c). For this diagram the vertex factor of the amplitude p(p’)I', p(p)e”

is,

T, =

egy / d'k s P HF+my)  PrErme) o e (2.22)

2 ) o R ekl WM

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

u(p')(pp + p)ulp) = u(p")(2myy, — io" g, )u(p), (2.23)
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Figure 2.3: The ~-ray spectrum compared with data from Fermi Lat [193].

and identify the coefficient of the 10#”q, as the magnetic form factor. The con-

tribution to Aa, is,

Ay — /01 da; g (G (%) — (e =) L 229)

1672 1 —aym?, — a(1 — x)ym2 + z M2

2
I

In the limit of M, >> m?,, we get the anomalous magnetic moment,

2 2
g m,m,, — 2/3m
[Aaylor = 8_71;12( n MM; AN (2.25)

we note that in Eq.(2.25), the first term is dominant which shows m,m, en-
hancement in the muon (g — 2).

In our model, the contribution from the neutral higgs n (CP-even h and CP-odd
A) is shown in Fig.2.4. The (g — 2) contribution of this diagram is [194],

N R s
’ 872 Jo  miz?+ (mZ, —m2)z +mp(l — )
e g A ot = ) (2.26)
872 Jo  mZa? + (m2, —m2)z +mi(l — )’ '

where yy, ya represent the Yukawa couplings of neutral CP-even and -odd higgs
respectively and their masses are denoted by mj, and m4 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 n;. and SU(2)gy gauge boson 07, which give

[ Xel
contributions to muon (g — 2).

contributions in compare to heavy scalars. In the limits m>, > mj, m2, > m3,

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

Aa,] 1By (Y — yA) + mp(vi + va)
ulih,A 6m?, '

(2.27)

T 82

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

n*, shown in Fig.2.4, is given by [194],

m2 Y. <x3 — 2% 4 7::”' (2% — a:))
Aa,lgr = —5 | dx - , 2.28
[Aauln 872 Jo  mia? + (mfL —m2)x + m%ﬂ/ (1—2) (2:28)

where yy+ and mpy+ are the Yukawa coupling and mass of the charged higgs

respectively. We perform the integration (Eq.2.28) in the limit m?,. > m2 , and
n
get the anomalous magnetic moment,
2 3m,m, , +m?
yHi BTV ©
Aa = — £ . 2.29
Aaulme = =505 ( 6m2,. ) (2.29)
So the complete contribution to muon (g — 2) in our model is given as,
Aa,, = [Aaylo+ + [Aaylpa + [Aay]p= (2.30)

As discussed before, in our model the lightest CP-even scalar h; is mainly com-
posed of 1, so we can write,

Yn ~ ko cOsaq, (2.31)
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where «; is the mixing angle between CP-even mass eigenstate h; and gauge
eigenstate 7, and ks 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 7, so that we can write,
ya ~ ky cosag, ypg= ~ ko cosas, (2.32)

where a5 is the mixing angle between CP-odd scalars and «aj is the mixing angle
between the charged scalars. ks denotes the Yukawa coupling defined in Eq.(2.7).
In the SU(2) gy gauge boson sector, we take gy = 0.087, My+ ~ 1400 GeV (Mg, ~
My+), which are fixed from the requirement of correct relic density and we
take m,, = 740 GeV, coming from the stability requirement of dark matter
(my > m,). After doing numerical calculation, we get [Aalp+ = 3.61 x 107°.

The contributions from (h, A) scalars depend on the parameter k3 (cos®a; —
cos® ap), which we assume to be ~ 1072 and obtain [Aa,]p 4 = 0.82 x 107°. For
the charged scalar contribution, we assume l~€2 cosaz = 0.1 and mpy+ = 1700 GeV

and obtain [Aa,]g+ = —1.53 x 107°. Adding the contributions from 6%, (h, A)
and H*, we get

Aa, =29 x 1077, (2.33)

which is in agreement with the experimental result [3,4] within 1o. To get the
desired value of muon (g — 2), we have to consider a large hierarchy between the
neutral higgs (my, ~ 125 GeV, my ~ 150 GeV) and the charged higgs mpy+ ~
1700 GeV. These masses have to arise by appropriate choices of the couplings in

the higgs potential of (¢;, 77;-3&, Xa)-

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)gy
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)gy gauge boson 07 with 4th generation
charged lepton 4/ and charged higgs H*, give the required contribution to muon
(g — 2) to satisfy the BNL measurement within 1o. The LHC constraints on 4th
generation quarks is evaded by extending the higgs sector as in [186, 187].

In this horizontal SU(2)gy gauge symmetry model, we also explain the prefer-
ential annihilation of dark matter to u™p~ 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 (¢—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)gr break-
ing scale can be low and hence allows a possibility for Wﬁ,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 ng carries zero generalized lepton
number (L) 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 (Ag) has been introduced to give mass to ng. The anni-

39
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hilation of ng into muonic final states takes place through the t-channel exchange
of charged triplet higgs (A}). 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 WRi, 7' bosons heavier than the
AR, 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(10?), 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 WzARrV g, 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 Aa,, = (2.87+0.8) x 10~ within 1o
of the experimental value [3,4]. DLRM contains a number of singly and doubly
charged scalars. The decay of Aﬁi 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
(9 — 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 x SU(2)r x SU(2), x U(1) x S. Here an additional global U(1)! symme-
try S has been introduced such that after the spontaneous breaking of SU(2)g x S
the generalized lepton number L (defined as, L=25- T3r) remains unbroken.
The scalar sector of this model consists of a bi-doublet ®, two doublets (@, Pg)

and two hypercharge ‘+1’ triplets (Ap, Ar), denoted as,

AJr
o oF OL.r % ALk
¢ = , Prr = ’ and Ap g = V2 At
¢ P i LR T
1 2 L,R LR V2

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)¢ x SU(2)r, x SU(2)g x U(1) | S
d (1,2,2,0) 1/2
P (1,2,2,0) —1/2
dp, (1,2,1,1/2) 0
Dy (1,1,2,1/2) —-1/2
Ap (1,3,1,1) —2
AR (1,1,3,1) ~1

Table 3.1: Scalar content of DLRM model. Note that ® = o9 P*0s.

ditional SU(2)g lepton (V) and quark doublet (Qg). Also it contains a quark
singlet (), which carries a generalized lepton number, L = 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,
Vo= (m20Td 4+ m2el o, + midldg + m2AT AL+ m2ALAR) +
OLARDR 4+ O 0D, + Tr(BTALPAL) + (quartic — terms).  (3.1)

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

a solution with (¢9) = v; = 0. The leptons and the up type quarks get mass

Lwhich is different from the dark left-right U(1) group.
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Fermion SUB)c x SU(2), x SU(2)g x U(1) | S L
U, =(ve) (1,2,1,-1/2) 1| (1,1)
Up = (n,e)r (1,1,2,-1/2) 1/2 | (0,1)
Qr = (u,d);, (3,2,1,1/6) 0 |(0,0)
Qn = (u,2) (3,1,2,1/6) 1/2] (0.1

dgp (3,1,1,-1/3) 01 0
T (3,1,1,-1/3) 1| 1

Table 3.2: Fermion content of DLRM model.

through the Yukawa terms U;®U, and QPQp respectively, when the neutral
component of the bi-doublet gets vacuum expectation value (vev), i.e., (¢9) = vs.
Similarly the down type quark gets mass through the interaction Q;®;dg. The
triplet higgses (A r) give masses to v and n respectively. Due to S-symmetry,
terms like U, ®Wp and Q1 PQpr 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)*3+L+2) is imposed on this model, since L is
broken to (—1)’i when neutrinos acquire Majorana masses. This implies n, x,
Wf;f, q)}?, Aﬁ are odd under R-parity. One interesting feature of this model is
that Wj?t—boson also carries generalized lepton number L = F1, which forbids it
from mixing with W¥-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 U;®Wp is forbidden thus ng is
not the Dirac mass partner of v,. ng 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 nf, = x, as the dark matter. The mass of DM is generated through

the term WrVrAg. Here, we assume that Wﬁ, 7' gauge bosons are considerably
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Figure 3.1: Feynman diagrams of all dominant annihilation and co-annihilation chan-

nels.

heavier than AE. Therefore, the dominant annihilation channel of x into leptonic
final states (mainly p*p~) is through the t-channel exchange of A% (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,
(0V)ann =~ @ + 6b/x; 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 omi 1

~ 3.2
32rm2 m2 (14 2)?’ (3:2)

whereas the p-wave contribution can be expressed as [207],
(1427 (3.3)

= 48mm?2 (1 + )%

where, ¢4 is the Yukawa-coupling between x, u~ and Af. The ratio of RH-
charged triplet mass to DM mass is denoted by, z = (m NS /my)?. 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.,

dm ~ T}y 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 ¢; = 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 Qh? = 0.1199 4 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 YAT — puty, ATA™ — vy and ATA™ — ptpu™ (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,

€q,,¢cq

. n
_ L)
1= 2 T 34

ij
where, nj? = g;("L)3/2¢=™/T The analytic expression of the relic abundance

can be formulated as [210,211]

T m2\ (14 z)*
O g2 e (Gamt) (Tro) (100 (L4 2)7 0 oo 35
opM <O'eff1)> Tf Ci 14 22 ¢ ’ ( )

where, Ty >~ m, /20 is the temperature at the time of freeze-out and (o,,,,v) is the
annihilation cross-section without taking into account coannihilation. To produce
the correct relic abundances, one can tune the coupling ¢; and the ratio z. In
Fig.(3.2), the relic abundance is plotted as a function of DM mass for ¢; = 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., ., h% = 0.119940.0027

CDM
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Figure 3.3: Plot of relic abundance as a function of coupling, for m, = 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, m, ~ 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 < ¢4 < 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 p ™ if the annihilation cross-section is ov ~ 10™**cm3sec™! [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 m?c / mi.
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 ~ 1073. 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 pu*p~ 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 xx — p*p 7 in the late universe (i.e. today), for
which the cross-section is given by [204,212],

(OV) ity %{(1 + 2) [%2 — In? (22—21> — 2Liy <22—21> } (3.6)

X
4>4+3 422 —-3z—1 z—1

+ + In ,
z4+1 2z z4+1

where, @y, is the fine-structure constant and Lis(z) = Y77, 2%/k?. As described

in previous chapter, for generating the positron spectrum, dN."/dE from muon
decay (m, ~ 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,

2
p AN+
Q€+ (E7f> = 2m2 <O”U>M+M_’Y dE ) (37)
X
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where (ov),+,-~ is the annihilation cross-section and p 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 Dy = 3.6 x 10%® cm?s™!,
zn = 4 kpc and 7., = 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 x 10~ 8cm 25 !sr~!GeV ! 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 (0v),+,-, = 8.8 x 107*’cm®s~'. But the inter-
nal bremsstrahlung process (xx — ptp~) gives the annihilation cross-section
(o0) ity = 1.37 x 10728cm3s™!, using the benchmark set m, ~ 800 GeV,
mpx ~ 808 GeV and ¢q ~ 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 y-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 y-ray spectrum, i.e., dN,/dE using micrOMEGAs 3.3.9 code [218].
We compare the output 7 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-



48 Chapter 3. Dark left-right gauge model

T
DM Signal v
107 F ) v v J
~ _e— Fermi v
' v HESS v
[74]
-
100 Y _ ¥
o \
g e e L
> 107 . 5 i
é ¢ 9
5 *
3 .
) ~ A
KR O108 - ' .
1079 | | | |
10 50 100 500 1000 5000

E(GeV)

Figure 3.5: Predicted ~-ray spectrum is compared with Fermi LAT data [214]. HESS
measurement [215,216] of (e™ +e7) flux acts as upper bound on ~-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 (et +¢7) flux, which acts as
an upper bound on 7-ray flux [217] and clearly the y-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
e

2my,

where m,, is the mass of the muon and Fy(¢?) is the magnetic form factor. Here

F2(q2)7vz_’uauvl/}uFWv (3.8)

£MDM =

O = 2[4, ] and F* is the field strength of the photon field. The anomalous
magnetic moment is related to F, as Aa, = F5(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 g;, = gg, there
are stringent bounds from LHC on the masses of SU(2)g gauge bosons (Wx, Z'),
such that ng ~ 2.5 TeV, My ~ 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 YrtpAgr and ¥ Ap. But, in the later term as the vev of
Ap 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 A%, AL*
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],

om2 ! 2 (23 —a)+ 2 (2 =222 + 2
s = [ 25 [ =0 2
0

872 m2 (v2 =22 + 1) + misex
m2 [l 2 (92 _ 43) _ 2 43
- [ dz o ) = (3.9)

)
8n2 Jo  omZ x4 mi.(1 - )

where f,, and f,, 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
(VrrAR). Similarly, the contribution from singly charged triplet higgs (A%),

which is shown in diagram 3.7.(c), given as [194],

omd ps(20 — 2?4+ DX (2% — x)) + [, (2% — 2? = X (2® — 7))
[Aaulaz = o5 [ de 2,2 2 2 2 ’
812 Jo m2a? + (m3s —m2)r +m2(1 — )

(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

My MAE e fus = fup = ca

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
Aa, =2.9x 1077, (3.11)

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

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 v 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 x 10° M% pc™® can explain the PAMELA positron excess
(which is consistent with the AMS-02 positron excess). The calculated ~-flux
¢, = 107% cm~2s7! is an order of magnitude larger than Fermi-LAT observation,
which is @, = 1077 ecm~2s™!. The -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 ~-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
Aﬁi is into same sign di-leptons, which is an important signal from the LHC
perspective. The decay ALT — [*[*, is constrained by CMS (ATLAS) collabo-
ration, which exclude ma++ below 445 GeV (409 GeV) and 457 GeV (398 GeV)
for efe* and pFp* channels respectively [220,221]. The singly charged scalar
(AF) mass below 600 GeV (assuming, BR : A* — 77v, = 1) is ruled out at 95%
confidence level [222,223]. We considered ma++ ~ 808 GeV and, ma++ ~ 850
GeV for our calculations, which is above the exclusion limits.

Z' decays into SM fermions; Z' — (¢~ (¢ = e, 1) have been searched by CMS
(ATLAS) collaboration, which put Mz >2.6 TeV (2.9 TeV) [224,225]. In DLRM,
Mz and My+ are related as [195],

;1(1 —23 2t 2(1 f )2 Miy,.
which gives, My,>1.5 TeV (1.7 TeV). Therefore, the contributions of heavy

My, > (3.12)

gauge bosons to relic density and muon (g — 2) will be small in comparison to
charged scalars. By choosing the coupling of A** to e"e™ to be much smaller than
the coupling with u~ ™, we can evade the precession constraints from LEP [226].
We have assumed no flavor mixing through Ag, otherwise it will give rise to large
contribution to y — ey and pu — 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 m,,
and ma+ for ¢4 = 1.36. The choice of particular coupling ¢; 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 m, and ma+. Now we observe that the contours

of g —2 (within 1o) 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 m, and ma+ for

cqg = 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 m, ~ 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 m? / mi. 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 p+ ™ 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 (~ 10 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],
Hotava-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, v-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

25
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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-

2

tion m; — mi ~ PeV?/ M, 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
neutrino spectrum following E2dN, /dE, ~ 1.2 x 1078 GeVem2s1sr™! [6,7]. A
neutrino spectrum sharper than E %3 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], 7. + e~ — W~ —
shower, which is expected at E, = 6.3 PeV. Glashow resonance gives rise to an
enhanced cross-section for 7, at resonance energy F, = MVQV /2m, = 6.3 PeV,
which increases the detection rate of v, + 7. 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 E,;; = F — Ey,
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 — gq, giving rise to a peak
at 6.3 PeV, while decay into leptons goes as W — ©l, which means W boson will
lose half of its energy and so a second peak at 3.2 PeV is expected. In case of 7
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 (7 decay), but non-appearance of Glashow resonance hadronic shower
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from W — Gq 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
T — pv,, K — pv, 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 E? = p*+m?2 — (&MM;}’Q) p™ with n > 2. Depending
on the sign of &,, the neutrinos (antineutrinos) can be either superluminal (&, < 0)
or subluminal (¢, > 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
m and K decay widths. The phase space suppression for both the subluminal and
superluminal dispersions for meson decay and the Cerenkov process v — vete™
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 7, K, u 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 Bgqqn ~ 1073), where the neutrinos (antineutrinos)
dispersion relation is E? = p* + m2 — (&/My) p* [172,241-243]. We will have
& > 0 for neutrinos and & < 0 for antineutrinos. In the 7 decay, we find that
the spin averaged amplitude square W, is suppressed at neutrino energy F,,
where m2 —m? ~ (£3/M,y) pj. This implies that for the leading order Planck sup-
pression (n = 3) taking & ~ 0.05, the 7" decay is suppressed at E, ~ 1.3 PeV.
Similarly K decay will be cutoff at E, ~ 2 PeV with mj — m? ~ (&3/Mpy)p®
and neutron decay will be cutoff for p, where (m,, —m,)? ~ (&3/M,)p*, which is
lower than the Glashow resonance energy. For the 7~ decay the \]\/[—|2 is enhanced
but the phase space is suppressed and therefor 7= — v, is also suppressed. In
the case of = — e 7.1, decay, W is enhanced whereas the phase space sup-

pression is not significant, so the = decay rate is enhanced (while p* — e*r.p,
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decay rate is suppressed). This enhancement is significant at p~ energies ~ 2
PeV but since the primary source of 1~ is 7~ decay which is already cutoff, there
will be no observable effect of this enhancement in the neutrino spectrum seen
at IceCube. Neutrinos from K~ — p~ v, and KT — putv, decays will be cutoff
at slightly higher energies. Radiative 7 decay with a single neutrino in the out-
going state are also suppressed. The three body kaon decay rate is determined
by the & dependence of [M|? and we find that K+ — muty, decay is sup-
pressed but K~ — 7u~ 1, decay is enhanced. Neutron beta-decay n — pte™ i,
gets suppressed in the same way as u™ decay. If the source of 7, 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 p~ — e v, KT — 7ty and n — pTe i,
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,

E? :pQ—I—mi—%p”, (4.1)

pl
which is motivated by Lorentz violating higher dimensional operators [171,172].
We will take &, > 0 for neutrinos and &, < 0 for antineutrinos. We use this
modified dispersion relation to get the neutrino (antineutrino) velocity, which

becomes
or 1= 1 &,

op 2 M;}l_z

v P2 (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
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Figure 4.1: The ratio I'/T'gy for 77 — ptv, and 7~ — p~ i, processes in Lorentz
invariance violating framework to its SM prediction for superluminal 7, ({3 < 0) and
subluminal v, (§3 > 0) final states as a function of pion momentum p,. We considered

&3 = +1.3 x 1072 for neutrino and 3 = —1.3 x 1072 for antineutrino.

dispersion relation E? = p?+m?2 — (£3/M,;) p* 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

7 (q) = u(p)ru(k) gives

M= f Vg qﬂu(zo%ml —a)(). (4.3)
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Figure 4.2: The ratio I'/T'sp of 7™ — p'v, process in Lorentz invariance violating
framework to its SM prediction for subluminal neutrino (§3 > 0) as a function of

neutrino energy k;,q, with different values of £3.

where f; = f(m?2) is a constant factor, V4 is the CKM matrix element and G

is the Fermi constant. The spin averaged amplitude squared is,

N = 263 PP ) [ m2 = = 6 (22 +2) | ()

o
where & = £3/M,; 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

2
k dkdfose 5(E,, — Ey + /|€7_ k|2+mi)
E /|G

|§— K[> +m2

2 _m? —ei? M 2 4.5
XMy mp, §3 m2+ ) ()

o

p GHEVlTi) f
8TE,

after using £,, = F(k)k, and writing |p] = |¢ — k]2 = k2 + ¢ — 2kqcos b, our

expression of eq.(4.5) takes the following form
2| Vial*m, k dk d cos 6 >
[ f ’ d’ / cos 5(E,, — Ex+ ra F2 4+ m2)
7 — k2 +m2
L [ m?
X |:m — m — 53]{7 (W + 2):| , (46)

1w
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from the argument of the delta function in eq.(4.6), we have
VIT— k2 +m2 =E,— E,, (4.7)

2 _m2 +2E.k — E k%6, + k3¢l
cosf = (e = m oF & &) : (4.8)
q

We reduce the o-function in E,, to a d-function in cos @ by taking,

which gives,

d > kq
E, —E.+\/|{—Ek|?+m?2)| = , 4.9
dcose( " 7= kPP +mi) V4 q* — 2kqcos§ +m? (4.9)
and substituting in eq.(4.6). We get the pion decay width,
G f2\Vaal*my [ dk m?
=0 0 Zm?—m? -4k —Z +2)]. 4.1
87TE7|- / q |im7r mu £3k (mi + ):| ( 0)

We solve the integration in the limits of k, which are fixed by taking cosf = +1

in eq.(4.8),
mz —m2 + &k7 0 (Bx — Emaz)

by = T maz : 4.11
2(Fjrr - CI) ( )
mz —m?, + k2 (Ex — Kmin
kmin _ s “w 63 mm( ) : (412)
2(Ex +q)

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

2

Pop(m — pv) =

GZ 2Vu 2, 120,2 2
e[Vl T e (1 - ﬂ) (4.13)

8Tl m2

We compute the pion decay rate numerically for superluminal 7, (3 < 0) and

subluminal v, (& > 0) final states and obtain the following :

e For subluminal neutrino final state (5 > 0), the allowed phase space
(eq.4.11-eq.4.12) goes up but the |M|? (eq.4.4) is suppressed. There is a

net suppression in (7" — p*v,) as shown in Fig.(4.1) for & = 1.3 x 1072

e For superluminal antineutrino final state ({3 < 0), the phase space (eq.4.11-
eq.4.12) is suppressed but the |M|? is enhanced. The net effect however is
a suppression in the I'(7~ — p~7,) for this case also [235], as shown in

Fig.(4.1) for & = —1.3 x 1072
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Figure 4.3: The maximum neutrino energy, k.. as a function of Lorentz invariance

violation parameter £3.

In Fig.(4.2), for the process 7* — p*v,, we show the maximum neutrino energy
for different values of &5 using the solution for ¢ in terms of k., and k,,;, from
eq.(4.11-4.12) in eq.(4.10). We see that for &3 = 5.0 x 1072, the neutrino spectrum
cutoff is at k., = 1.3 PeV. The upper limit of observed neutrino energy provides
bound on the Lorentz invariance violation parameter ;. In Fig.(4.3), we show
the maximum neutrino energy k..., as a function of Lorentz invariance violation

parameter &. This is clear from Fig.(4.3) that k.. goes down as &3 increases.

4.2.2 Kaon Decay

In the similar way like pion decay, we calculate the kaon decay width for the
process K (q) — p*(p)v,(k), using the modified dispersion relation for neutrinos

by taking n = 3 case. We get the kaon decay width,

GE [l Vs’ m?, [ dk m3
= e mE om? R =K o). 4.14
e {mK b (mi " 1
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Figure 4.4: The ratio I'/T'sys of KT — p'v, process in Lorentz invariance violating
framework to its SM prediction for subluminal neutrino (3 > 0) as a function of

neutrino energy k., with different values of £3.

Similar to the case of pion, we solve the integration in the limits of k£ by taking

cos ) = +1 which gives,

o m%( B mi + gékgnax<EK - kmax)

Kmaz = , 4.15
2 Frx —q) (4.15)

m%( - mi + gékfnm(EK — Kmin)
2(Ex +q) 7

(4.16)

kmin =

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

2
oy (K — pv) =

oy gy

In Fig.(4.4), we show the maximum neutrino energy for different values of 3 using
the solution for ¢ in terms of k4, and ki, from eq.(4.15-4.16) in eq.(4.14). We

see that for & = 5.0 x 1072 the neutrino spectrum cutoff is at k., = 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), E? = k% — &k3, where & > 0 and & < 0 correspond
to subluminal neutrino and superluminal antineutrino respectively. We assume
identical &3 for all the species of v (and ) to avoid an extra source for neu-
trino oscillations which is not observed [239,245]. The amplitude for the process
p(p) — e (K)v(k)v,(p') is given as,

M = %[_(k’)v“(l — 5 o(k)[a(p) . (1 — ~5)u(p)). (4.18)

After squaring amplitude and solve it using trace technology, we get the spin

averaged amplitude,

M2 = 64G%(p - k)(p' - k). (4.19)
The differential decay width of muon is,

&y e Bk M2

dl =
(27)32E,, (27)32E, (27)32E;, 2B,

2m)*otp—p — kK —k),  (4.20)

using the squared amplitude from eq.(4.19), we get

32 G2 K & dPk

dl’ =
8(2r)°E, E. E,, Ey,

tp—p —K =k k)@ K, (4.21)

First we write the decay width in eq.(4.21) as,

32 G2 A3k 5
I= F K Lp(p — K 4.22
sy | FE Talo =), (1.22)
where
d3k‘ d3p/
Lslp—K)= | ——==0"p—p — kK — k)kap) 4.2
oo =)= [ GG K Wk, (1.23)
and then to find out I,5(p — k'), we use the generic phase space integral formula,
d’p d’q
IaﬁE/ —————0"(k — P — )Pals
Vs P/ mi G g

B I
12k
+ 2[k4 + k2(m§ + m%) = 2(m% — mg)z]kakg), (4.24)

(kz [k2 — (m1 — mz)QHkQ — (my + mz)Q]gaﬁ
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where
21
I= 5 VIR = (ma = ma)?|[k? — (my +mo)?). (4.25)
Applying this to our scenario by putting m? = m??e = %]&7 m3 = mEM = ¢ p/3

and taking k = p'/2 ~ p/4, we find,

Loslp =) = 5 [+ S0 (0= K+ 6
r21- L - - K. a2

after contracting /,g with the muon and electron momentums which respectively
are p and k/, we get,
TGy’
ak/ﬁ[a —k'/:zl o 3 —k/2
P Lalp = ) = 5 |14 g1 S| (- )
7 /.3 !
8o K)
7 fil’)p?) / / / /
21— ——2>— p—p-K)p-kK -k -k 4.27
r2fi- G S - ) (a27)

where,

(p— K')? = m? — 2K (E,, — peosb). (4.28)

The decay width from eq.(4.22) can be written as,

32G% (2 1 m?2 /2(Ep,—k cos 0)
I'= F ( W)/ dCOS@/ k/dk/pakyﬁ]&/& (429)
8(2m)> E, J_, o
after solving it, we finally get,
Grmy (5 17, 4
B 0 : 4.30
1923 E,, (m“ + 8053}7 > (4.30)

We compare our result with the standard model prediction of muon decay in a
moving frame, which is

G, my,
1927° B,

Cop(pe — every,) = (4.31)

We compute the muon decay rate for subluminal neutrino (3 > 0) and superlu-

minal antineutrino (§3 < 0) and obtain the following:
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Figure 4.5: The ratio I'/T'sa of p* — eTvep, and p~ — e~ v, processes in Lorentz
invariance violating framework to its SM prediction for superluminal antineutrino (£3 <
0) and subluminal neutrino ({3 > 0) final states as a function of muon momentum p,.

We considered &3 = 45.0 x 1072 for neutrino and & = —5.0 x 10~2 for antineutrino.

e The decay rate of the process I'(u~ — e"7.v,) is enhanced, as shown in
Fig.(4.5) for & = +5.0 x 1072 for neutrino, and & = —5.0 x 1072 for

antineutrino.

e The decay rate of the process I'(u* — e*v.1,) is reduced, as shown in
Fig.(4.5) for & = +5.0 x 1072 for neutrino, and & = —5.0 x 1072 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 KT (px) — 7°(pr)eT (pe)ve(p,) gives,

| M2

16GH Vs |* F2[m3e (prc - Dv + pr - 2v) — 2(pxc - o) (PEc * D)

— 2(px - p) (DK - o) — MEELD]), (4.32)
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Figure 4.6: The ratio I'/T'sps for KT — 7%t v, and K~ — 7V~ 7, processes in Lorentz
invariance violating framework to its SM prediction for superluminal 7. ({3 < 0) and
subluminal v, (3 > 0) final states as a function of kaon momentum py. We considered

&3 = +5.0 x 1072 for neutrino and &3 = —5.0 x 1072 for antineutrino.

where f, is the kaon form factor. The differential decay width of kaon is,

py d3py, d*p. | M|?
(27)32F, (27)%2E,, (27)%2E, 2Ex

dl' = (271')454(]9[{ — Pr — Pv. — pe)7 (433)

which gives,

G| Vs |2 f2m 8m? 4 m
[~ Wl K2 (11— — ) —=p2e(1—-—=)]|. 4.34
T68m3 Ex [mK ( mi) 9101(53 mi (4.34)

It is clear from eq.(4.34) that the KT(K~) decay rate goes down (up) as kaon
momentum px increases, which is shown in Fig.(4.6) for & = +5.0 x 1072 for

neutrino and &3 = —5.0 x 1072 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')v.(p’) comes,

[M]* = 64GT(p - p')(k - K) (4.35)
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using eq.(4.35), we get the following differential decay width of neutron,
32 G% Bk &K &y’

dr = ==
8(2n)E, E, E. Ey,

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 m. of the electron while

the maximum energy is approximately,
Eraw = My —my, (4.37)

which finally gives,

N GE(mp —my)>my,
15m3E,

For &3 = 0.05 the neutron decay width goes down at neutrino momentum p ~

r

)
(mn = my)* = 7560°| (4.38)

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 n —
pet v, is enhanced, but since only neutrons are produced in the p +~v — A —
n + 7w processes at the source, the enhanced decay of 7 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 E? = p? — (£3/Mp;)p® (where &3 > 0 correspond
to neutrinos and &3 < 0 correspond to antineutrino), then there is a suppression
of the 71 decay width and corresponding neutrinos will be cutoff at energies
E, = 1.3 PeV (with & = 0.05). The neutrinos from kaon decay K+ — p*v, will
be cutoff at 2 PeV.

e Three body decays like u= — e 7., and K~ — 7¢I, get enhanced due
to different &3 dependence in their |M|?, whereas three body decay widths
of ut and Kt get suppressed.
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e Neutron decay n — pte~ 1, gets suppressed in the similar way as u* decay.
So if the source of 7, is neutron beta-decay then the mechanism proposed
in this paper can be used to explain the absence of Glashow resonance at

IceCube.

e Radiative three body decays like 7% — ey and 7% — p*vy are factorized

+ +

to the |M|? for two body decays 7& — e*v and 7% — pFv times aep,

[176,246] and these are also suppressed like two body decay processes.

The enhancement in p~ decay will be significant at muon energies of 2 PeV and
if the primary source of u~ is 7~ decay then there will be no observable conse-
quence of this in IceCube events. However such enhancement of the pu~ decay
rate would be observable for = produced not from 7~ decay but e.g. via pair
production like in ete™ — pTp~. The precise numerical values depend on the
choice of the parameter &3, 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 4 7, is suppressed has the fol-
lowing implications. The conventional 7/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
(v+p = AT = p+7a% y+p = AT — n+ ") [248,249] have two compo-
nents [250], which are from pion (higher energies) and neutron (lower energies)
decays; the higher energy neutrinos from 7 /K will be more suppressed compared
to the lower energy n decay to 7,. But both components of GZK process will
be suppressed at E, > 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 (¢ — 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)gy 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)py 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)yy horizontal symmetry between
4th generation leptons and muon families, DM can only annihilate into leptonic
(u*p~,viy,) 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 (Wi, Z%) to be heavy enough
(~ 2 TeV), so that DM annihilation dominantly takes place through the charged
scalar (A%). As a result, DM annihilates into leptons and remains consistent with
stringent bounds from observed antiproton flux. We also find that the charged
scalars (A%, A**) 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 (2.8¢), 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 eej;j signature.
Here it is important to mention that in our SU(2)gy 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)uy
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 F, = 6.3
PeV. Glashow resonance gives rise to an enhanced cross-section for v, at res-
onance energy 6.3 PeV, which increase the detection rate of 7, 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 7 — uv,, K — v,
etc. We consider the Lorentz violating higher dimensional operator, which gives
rise to a modified dispersion relation for neutrinos (antineutrinos) of the form
E? =p?+m? — (§n/M;fl_2) with n > 2. The presence of extra term in dispersion
results in a suppression of m 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 bb 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],

1
M,

pl

(i + nappys) (n - 0)*4), (A1)

Lry =

where n,, 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,

wwz—]'mm+nm%xWafw (A.2)

My
where we have taken E > m. This leads to the following dispersion relation for
left and right handed particles 1),

3

E? = p? 4 20 + mp)——, (A.3)
M,

where + and — signs correspond to ¥z and v respectively. Now taking the

charge conjugation of eq.(A.1), we find

1 -
Lry = i O (—muh + maphys) (- 9)%°, (A4)
pl
where we used charge conjugation properties viz. C~1v,C' = —v, and C~17,75C =

vuYs- The operator (eq.A.4) gives the following dispersion relation for left and
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right handed antiparticle ¢,
P

E* =p*+2(=m £ m) 5 (A.5)

!

p
where the + sign is for 9% and — sign is for ¢§. Therefor for the case of left-
handed neutrinos v, we will have the dispersion relation,
P
E2 = p2 + 2(7]1 — 772)M—, (A6)

pl
and for antineutrinos v we have,
3

E2 = p? — 2(n; — no) 2 . AT
P =2 = m) (A7)

We have dispersion relation for neutrinos and antineutrinos E? = p? — (&3 /M,,)p?,

where &5 = —2(n; — 12) for neutrinos and &3 = 2(n; — n7) for antineutrinos.



Appendix B

Neutrino modified spinors

relation

We assume that all the particles expect neutrinos follow the standard energy-

E; = \/p? + m2, (B.1)

where m; and p; are the mass and momentum of different particles (i = e, u, T etc).

momentum relation i.e,

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,

E_y_ & (B.2)

FpE_— 9

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,

(179 — iF(p)7 - Tyi(a) = 0, (B.3)

where we have neglected the neutrino mass for simplification. Now we replace

the Dirac field ¢ in terms of the linear combination of plane waves i.e,

(@) = up)e™™", (B.4)
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using it, we get the following form of Dirac equation,

('E — F(p)7 - pu(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,
Suwwe=| . (B.7)
s=1,2 p-a 0
where we assumed neutrino to be massless and defined p = (E, F((p)p). Following
the Dirac algebra, we get the following result for spinor sum,
> W () (p) = "By = F(0)V*Pus (B.8)
s=1,2
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,

> v (0)o°(p) = F(0)7 Dy (B.9)
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1 Introduction

There exist two interesting experimental signals namely the muon (¢ — 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 3.60 level between the experimental measurement [1, 2] and
the SM prediction [3-9] of muon anomalous magnetic moment,

Aay = a® —aSM = (28.7 £ 8.0) x 1071 (1.1)

where a,, is the anomalous magnetic moment in the unit of e/2m,. In the standard
model, contribution of W boson to the muon anomalous magnetic magnetic moment goes
as CLEV o< m?, /My, and we have CLEM =19.48 x 10710 [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 m,, 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 oc m,, (b) in case
of wino-higgsino or bino-higgsino in the loop, the higgsino coupling with smuon is o y,,, so
there is a m,, suppression (c) in the case of chargino-sneutrino in the loop, the higgsino-
muon coupling is oc y,, which again gives rise to m, suppression. Therefor in MSSM
a%SSM x mz /MSQUsy, where Mgygy 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)z, 1, symmetry was used in which muon (g — 2) is proportional
to m; and a, mumT/mQZ,, where L, — L, gauge boson mass myz oc 100 GeV gives the
required a,. A model independent analysis of the beyond SM particles which can give a

contribution to a,, is studied in [14]. The SM extension needed to explain muon (g —2) has



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 (¢ — 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 u or
7 [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 7 decay to e is only 17%
compared to u, which makes p 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)py 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 p/, and the SU(2)pv

gauge boson 67,
My

Aay, o« 5 (1.2)
o+
and from the neutral higgs scalars (h, A),
m
Aay, oc —- (1.3)
O
and from the charged higgs H* the contribution is,
m,my
Aay, o ——— (1.4)
1 2
M.

In all these cases, there is no quadratic suppression o mz because of the horizontal sym-
metry. By choosing parameters of the model without any fine tunning, we can obtain the
required number Aa, = 2.87 x 10~? within 1o.

In this model, the 4th generation right-handed neutrino v, g, is identified as dark
matter. The dark matter annihilates to the standard model particles through the SU(2)my
gauge boson 63 and with the only final states being (up~) and (v, vu). 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), ovy\_y,+,- =
2.33 x 1072° cm? /sec, which is larger than the CS, OVyy—SM ~ 3 X 10720 cm? /sec, required
to get the correct thermal relic density Qh? = 0.1199 4 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 My, ~ 2m,,.

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.



Particles Ggrp x SU(2 )HV quantum numbers
Veri = (Ve, ) (1, 1)
Vi = (wmwu’) ( )
Yrri = (V7 7) (1, 1)
ERra = (NR:MR) (1’ 1? )
NRra = (Vur, VwR) (1, 1,0,2)
€Rs TR (1,1,-2,1)
VeRs VrR (1,1,0,1)
i (1,2,1,1)
n (1,2,1,3)
Xa (1,1,0,2)

Table 1. Representation of the various fields in the model under the gauge group Gstp X SU(2)uv

2 Model

In addition to the three generations of quarks and leptons, we introduce the 4th generation
of quarks (c/,s’) and leptons (v}, 1) (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)my, 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
7 families are singlet of SU(2)yy to evade the constraints from flavour changing processes.
The SU(2)gy symmetry can be extended to e and 7 families by choosing suitable discrete
symmetries, however in this paper we have taken e and 7 families to be singlet of SU(2)yy
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 W;, and their
right-handed charged and neutral counterparts by Er, and Ng, respectively (here i and «
are the SU(2)7, and SU(2)yy indices respectively and run through the values 1 and 2). The
left-handed electron and tau doublets are denoted by v.r; and v;7; and their right-handed
counterparts by er and 7g respectively. The gauge fields of SU(2) x U(1)y x SU(2)nv
groups are denoted by Af, B, and 0 (a = 1,2,3) with gauge couplings g, ¢’ and gy
respectively.

The leptons transformations under the gauge group, SU(3). x SU(2); x U(1)y x
SU(2)pv = Gstp x SU(2)py are shown in table 1. From the assigned quantum num-
bers, it is clear that the SU(2)pyv gauge bosons connect only the leptons pairs, 1, 1/1%
and (ug,vur) ¢ (Wg,v,g). This assignment prevents the flavour changing process like
u — ey for which there are stringent bounds, and also ensures the contribution of heavy
lepton 1’ to the muon (g — 2) as shown in figure 4. In our Ggrp x SU(2)gy model, the



gauge couplings of the muon and 4th generation lepton families are,
£¢ = i\I/Lia’}/“ (8 — gT A —i—ng gHT'9u> \I/ng
2 ijiof

= ) 1 - 1
+ iERay" <8u + z2g’BM — igHT . 9#) Erg + iNga" <8M — §gHT . 9M> Nrg
afs af
(2.1)

The “neutral-current” of SU(2)py contributes to the annihilation process, (v vy ) — 05 —
(*p™), (vf vu), which is relevant for the AMS-02 and relic density calculations. The
“charge-changing” vertex pu/6%, 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 ¢;) by a scalar 77? .,» which is a doublet under SU(2)
and triplet under SU(2)gy. As a SU(2) doublet nfa evades 4th generation bounds from the
overproduction of higgs in the same way as [35, 36], in that the 125 GeV mass eigenstate
is predominantly 1 which has no Yukawa couplings with the quarks. As nfa is a triplet
under SU(2)py, 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)yy
doublet x4, which generates masses for SU(2)yy gauge bosons. The quantum numbers of
the scalars are shown in table 1. The general potential of this set of scalars (¢, niﬁ o Xa) 1s
given in [37]. Following [37], we take the vacuum expectation values (vevs) of scalars as,

(6i) = (¢)dia
() = (M)6:2(80107" — §026°2) (2.2)
10O = [0a)® + ()

where (¢;) breaks SU(2)1, (xa) breaks SU(2)gy and <77§a> breaks both SU(2) 7, and SU(2)xy
and generate the TeV scale masses for SU(2)iy gauge bosons. The mass eigenstates of

the scalars will be a linear combination of ¢;, nfa and y,. We shall assume that the lowest
mass eigenstate h; with the mass ~ 125 GeV is primarily constituted by nfa. We shall also
assume that the parameters of the higgs potential [37] are tuned such that mixing between
h1 and ¢; is small,

(hi|¢i) ~ 1072 (2.3)

The Yukawa couplings of 4th generation quarks are only with ¢;, therefore the 125 GeV
Higgs will have very small contribution from the 4th generation quarks loop.
The gauge couplings of the scalar fields ¢;, niﬁ ., and x, are given by the Lagrangian,

Ls =] <8M — 597 Ay — zg’BM> b|* + | <8M — 597 A, —ig'B, —iguT - Qu)n|2

7
+1(0— joum ) (2.4)

where 7,/2 (a = 1,2,3) are 2 X 2 matrix representation for the generators of SU(2) and
T, (a = 1,2,3) are 3 x 3 matrix representation for the generators of SU(2). After expanding



L around the vevs defined in eq. (2.2), the masses of gauge bosons come,

2 2
My =@+, M= sl ow)® +{0),  Mi=0,
M= gy (10 + 5007) . M = gt0? 25)

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

2n)2 + (p)2 = (174 GeV)?
(x) = 22.7TeV (2.6)

for the generation of large masses for 4th generation leptons 4/, v,y and SU(2)py gauge
bosons 67, 63. The Yukawa, couplings of the leptons are given by,

Ly = —hieridier — hi€ijiberid’ ver — ha¥ Lin®i Era — ho€ij VU Lind’ Nro — kQ\I/LianiﬁaERB
— koeij VU ian?P Npg — hath, 1idiTR — ha€ijrrid’ vor + hec. (2.7)
after corresponding scalars take their vevs as defined in eq. (2.2), we obtain

Ly = —htera(d)er — htber1(®)ver — Vr2alh2(d) + k2 () (Ja1 — da2)] ERa
— Up1alh2(6) + k2(n) (a1 — 0a2)]Nra — hathrL2(d)TR — hathrr1(d)vrr
— hateridier — hicijberid”ver — Viialhad}0l + kan/o] Erg
— Upialho€i; @76 + koeijnl”|Nrp — hathr1idiTr — hseijthrrid?vrr + he. (2.8)
where ¢} and "7;5 are the shifted fields. From eq. (2.8), we see that the muon and 4th
generation leptons masses get split and are given by,

Mme = hl <¢> s mr = h3<¢> ) my, = Bl <¢> 5 my, = ]~7f3<¢>
my, = ha(¢) + ka(n) my, = ha () + ka(n) (2.9)
e = hald) — kaln), mu, = Fald) — o)

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 (ULR = x) as the
dark matter, which is used to fit AMS-02 data [20, 21]. The only possible channels for
DM annihilation are into (¢ ™) and (vj; v,) pairs (figure 1). In this scenario for getting
the correct relic density, we use the Breit-Wigner resonant enhancement [31-33] and take
My, =~ 2m,,.. The annihilation CS can be tuned to be ~ 10725 cm3s~! with the resonant
enhancement, which gives the observed relic density. In principle the dark matter can
decay into the light leptons via SU(2)py gauge boson 0 and scalar nfa, but by taking the
mass of 4th generation charged leptons u’ larger than y, the stability of dark matter can
be ensured.



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, xx — 65 —
W, v,V The annihilation rate of dark matter ov, for a single channel, in the limit of
massless leptons, is given by

1 gj%]mi

~ 16m (s — Mg )2+ M7

ov (3.1)

where gy is the horizontal gauge boson coupling, m, the dark matter mass, My, and I'y,
are the mass and the decay width of SU(2)py gauge boson respectively. Since both of the
final states (v, 1) 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 03
comes from the decay modes, 03 — u*u=, v,V The total decay width is given by,

(3.2)

In the non-relativistic limit, s = 4m>2<(1 +v%/4), then by taking into account the factor of
2, eq. (3.1) simplifies as,
2 9ir

ov =
256mm2 (6 +v?/4)% 4 ~2

(3.3)

where § and ~ are defined as M923 = 4mi(1 —4), and 72 = Fgg(l - 5)/4mi. If § and v are
larger than v? ~ (T'/M,)?, the usual freeze-out takes place, on the other hand if ¢ and v
are chosen smaller than v? then there is a resonant enhancement of the annihilation CS
and a late time freeze-out. We choose § ~ 1073 and v ~ 10™%, so that we have a resonant
annihilation of dark matter. The thermal average of annihilation rate is given as [31-33],

1 my © /s
= — K| — )d 3.4
o0)e) = s ginty [ OV (25 )as (3.4
where,
2 gi ™My

6(s) = 2g7my /5 — 4m? ov (3.6)



and where x = m, /T; Ki(z), Ko(x) represent the modified Bessel functions of second
type and g; 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,

gy 2% [ JiBxpl-z/4]

TN = S o2 7 Jy (64 /AR 2 (3.7)

where z = v?. We solve the Boltzmann equation for Yy = ny/s,

—X = (Y2 (x) — Y2, () (3.8)

where

M) = (IS)WmXMm( jg») (70) () (39)

and where g, and g.s are the effective degrees of freedom of the energy density and entropy
density respectively, with (ov) given in eq. (3.7). We can write the Y, (z¢) at the present

epoch as,
1 s N(x)

1
Yy(zo)  Yy(xy) +/x, dr—5" (3.10)

where the freeze-out x s is obtained by solving n, (zs)(ov) = H(xy). We find that zy ~ 30

and the relic density of x is given by,

my50Yy (7o)
Pc

Q= (3.11)

where sg = 2890 cm ™3 is the present entropy density and p. = h?1.9 x 1072 gm/ cm® is the
critical density. We find that by taking gy = 0.087, § ~ 1073 and v ~ 10~% in eq. (3.7),
we obtain the correct relic density Qh? = 0.1199 4 0.0027, consistent with Planck [29] and
WMAP [30] data. From gy and y we can fix My, ~ 1400 GeV and m,, ~ %Mgg ~ 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 theory for the Yukawa couplings and
we take the m,, 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 u*pu~ 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 dgg’ from the decay of u pairs

for 700 GeV dark matter. We then use the GALPROP code [40, 41] for propagation, in

and the positron spectrum —; 5’ as an input

which we take the annihilation rate ov

prp=
to the differential injection rate,

2 dN, +

Que(B7) = 5 (0~ (3.12)



Parameters | Numerical values
JH 0.087
Yh 0.037
im 0.020

Y+ 0.1

My 700 GeV
My 740 GeV
My, 1400 GeV
Mo+ 1400 GeV
M+ 1700 GeV
my 125 GeV
ma 150 GeV

1073

vy 10-*

Table 2. Bench mark set of values used in the model.

where p denotes the density of dark matter in the Milky Way halo, which we take to be
the NF'W profile [42],

-2
mmwsz<y+:>, po = 0.4GeV/ecm®, 7, =20kpc (3.13)

S

In GALPROP code [40, 41], we take the diffusion coefficient Dy = 3.6 x 10?8 cm?s~! and

Alfven speed vy = 15Kms™L

We choose, z, = 4kpc and rpax = 20kpe, which are the
half-width and maximum size for 2D galactic model respectively. We choose the nucleus
spectral index breaks at 9 GeV and spectral index above this is 2.36 and below is 1.82.
The normalization flux of electron at 100 GeV is 1.25 x 10~ 8cm2s 'sr~! GeV~! and
for the case of electron, we take breaking point at 4 GeV and its injection spectral index
above 4 GeV is fyfl = 2.44 and below 781 = 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,
Oyt~ = 233 x 107% em?s™!. The annihilation CS for y final state from eq. (3.1)
is, ov ~ 2.8 x 1072 cm®s™!, which signifies that there is no extra “astrophysical” boost
factor needed to satisfy AMS-02 data. The annihilation rate required for relic density was
(ov) ~ 3 x 10725 cm?/sec and the factor ~ 10 increase in ov at the present epoch is due
to resonant enhancement by taking m, ~ %M93. 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 u final state by generating the ~-ray spectrum
called % 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 y-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 (p,, ugr) are shown for comparison.
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Figure 3. The y-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)py 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)py charged gauge boson 6+ and scalar nfa are shown in figure 4.
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Figure 4. Feynman diagrams of scalar nfa and SU(2)gy gauge boson 67, which give contributions
to muon (g — 2).

We first calculate the contribution from SU(2)gy gauge boson 0", which is shown in
figure 4(c). For this diagram the vertex factor of the amplitude p(p/)I',p(p)e is,

r :eg%,/ d'k 5P HE+my)  PHE+me) o gap (4.1)
e ) et R mE M kR —m2 | R MR, '
we perform the integration and use the Gorden identity to replace,
(Pu + p;) = 2my "y, +i0"qy (4.2)

and identify the coefficient of the i0/”q, as the magnetic form factor. The contribution to

Aay, is,
mi o ay (G —a?) (o)
A _ J 4.3
[Aa]g+ = /0 = wym?, — (1 — z)ym? + aMJ. -

In the limit of Mg+ > mi,, we get the anomalous magnetic moment,

2 2
g% ((mumyy — 2/3mg,
A = == 4.4
[ a#]9+ 871'2 < 7‘[92+ < )

we note that in eq. (4.4), the first term is dominant which shows m,m,, enhancement in
the muon (g — 2).

In our model, the contribution from the neutral higgs 7 (CP-even h and CP-odd A) is
shown in figure 4(a). The (g — 2) contribution of this diagram is [44],

m,,r
SRR b i (" — o+ )
aulh A = 5
" 872 Jo — m2a?+ (mi, —m2)x+mi(l —x)
m,,r
2 .1 2 (42 _ 03 _ ux2>
Ya my,

+ L x
872 Jo  mZa?+ (m

— 10 —



where yp, ya represent the Yukawa couplings of neutral CP-even and odd higgs respec-
tively and their masses are denoted by my and my respectively. We shall calculate the
contributions from the lightest scalars only, which give the larger contributions in compare
to heavy scalars. In the limits mi, > m2, mi, > m?, doing the integration in eq. (4.5)
we get the anomalous magnetic moment,

_ b 3%%/(!/2 —y3) + mi(ylzz +y3)
872 6me,

[Aau]n,a (4.6)

In a similar way, the contribution from the mass eigenstate H* of charged higgs n=,
shown in figure 4(b), is given by [44],

2l V2 <x3 R g m))
[Aay)pe = 4 [ da 5 o (4.7)
872 Jo  m2a? + (mZ. —m2)z + mgu,(l — )

where yy+ and mpy+ are the Yukawa coupling and mass of the charged higgs respectively.
We perform the integration (eq. (4.7)) in the limit m?,. > 'mg“,, and get the anomalous
magnetic moment,

2 /3mum, , +m?
yHi wrev o
A ke 5 4.8
Aoyl = =225 (T (45)
So the complete contribution to muon (g — 2) in our model is given as,
Aay = [Aaylp+ + [Aaylna + [Aay] g+ (4.9)

As discussed before, in our model the lightest CP-even scalar hy is mainly composed of 7,
SO we can write,
Yn ~ ko cosay (4.10)

where o is the mixing angle between CP-even mass eigenstate h; and gauge eigenstate
n, and ko 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 7, so that we
can write

ya ~ ko cosas, Y+ ~ ko cos ais (4.11)

where «g is the mixing angle between CP-odd scalars and a3 is the mixing angle between
the charged scalars. ks denotes the Yukawa coupling defined in eq. (2.8).

In the SU(2) g gauge boson sector, we take g = 0.087, My+ ~ 1400 GeV (My, ~ My+),
which are fixed from the requirement of correct relic density and we take m, = 740 GeV,
coming from the stability requirement of dark matter (m,, > m,). After doing numerical
calculation, we get [Aaly+ = 3.61 x 1077.

2oy — cos? ag),

The contribution from (h, A) scalars depend on the parameter k3 (cos
which we assume to be ~ 1073 and obtain [Aa,]p 4 = 0.82 x 107%. For the charged scalar
contribution, we assume kp cosaz = 0.1 and my+ = 1700 GeV and obtain [Aa,|y+ =

—1.53 x 107Y. Adding the contributions from 8%, (h, A) and H*, we get

Aa, =2.9%x107° 4.12
I

— 11 —



which is in agreement with the experimental result [1, 2] within 1lo. To get the desired
value of muon (g — 2), we have to consider a large hierarchy between the neutral higgs

(mp, ~ 125GeV, mg ~ 150 GeV) and the charged higgs mpy+ ~ 1700 GeV. These masses
have to arise by appropriate choices of the couplings in the higgs potential of (¢;, T]Z-Ba, Xa)-

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)yy 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)gy gauge boson 61 with
4th generation charged lepton u/ and charged higgs H*, give the required contribution
to muon (g — 2) to satisfy the BNL measurement [1, 2] within 1lo. The LHC constraints
on 4th generation quarks is evaded by extending the higgs sector as in [35, 36]. In our
horizontal SU(2)py gauge symmetry model, we also explain the preferential annihilation
of dark matter to up~ 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 neutrino spectrum following E2dN,/dE, ~ 1.2 x 1078 GeVem™2?s~!sr™! [2, 3]. A
neutrino spectrum sharper than E~23 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], 7. + e~ — W~ — shower,
which is expected at £ = 6.3 PeV. Glashow resonance gives rise to an enhanced cross-
section for U, at resonance energy E = MI%V /2m. = 6.3 PeV, which increases the detection
rate of v, + 7. 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 Fyis = 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 — gq, giving rise to a peak at 6.3 PeV, while decay into leptons goes as
W — pl, which means W boson will lose half of its energy and so a second peak at 3.2 PeV
is expected. In case of 7 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
1PeV to ~ 3PeV range may be associated with the second (leptonic decay of W) and third



peak (7 decay), but non-appearance of Glashow resonance hadronic shower from W — gq
at 6.3PeV (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, §].

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 7 — pv,, K —
pv,, 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 E? = p? +
m?2 — (&,/Mg?) p* with n > 2. Depending on the sign of &,, the neutrinos (antineutrinos)
can be either superluminal (£, < 0) or subluminal (&, > 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 m and K decay widths. The phase space suppression for both the
subluminal and superluminal dispersions for meson decay and the Cerenkov process v —
vete™ 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 7, K, ;1 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 vgartn ~ 300 km/sec with respect to the CMBR, the
Lorentz correction to the neutrino energy is small as Bgarth ~ 10*3), where the neutrinos
(antineutrinos) dispersion relation is E? = p? +m2 — (&3/Mpy) p? [10, 18-20]. We will have
&3 > 0 for neutrinos and &3 < 0 for antineutrinos. In the 7 decay, we find that the |M|? is

suppressed at neutrino energy E,, where m2 — mi ~ (&3/Mpy) p3. This implies that for the
leading order Planck suppression (n = 3) taking &3 ~ 0.05, the 7% decay is suppressed at
E, ~ 1.3PeV. Similarly K decay will be cutoff at E, ~ 2 PeV with mf —m? ~ (£3/Mp1)p®

and neutron decay will be cutoff for p, where (m,, —m,)? ~ (£3/Mp))p?®, which is lower than

the Glashow resonance energy. For the 7~ decay the |M|? is enhanced but the phase space
is suppressed and therefor 7= — p~v, is also suppressed. In the case of u= — e 7.1,
decay, W is enhanced whereas the phase space suppression is not significant, so the p~
decay rate is enhanced (while ut — etv.v, decay rate is suppressed). This enhancement
is significant at p~ energies ~ 2 PeV but since the primary source of = is 7~ decay which
is already cutoff, there will be no observable effect of this enhancement in the neutrino
spectrum seen at IceCube. Neutrinos from K~ — p~ 7, and KT — pty, decays will
be cutoff at slightly higher energies. Radiative 7% decay with a single neutrino in the
outgoing state are also suppressed. The three body kaon decay rate are determined by the &3

dependence of |M|? and we find that K+ — 7r0,u+l/u decay is suppressed but K~ — 770,11_17“
decay is enhanced. Neutron beta decay n — pTe™ i, gets suppressed in the same way as ™
decay. If the source of 7, 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 (§3/Mpy) ~ 0.05 M, ! used in this paper to explain the cutoff in PeV neutrinos is
much smaller than the bound on the dimension-five coefficient, (a(()}r)) Joo < 3.5x10719GeV !
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-



pare them with their standard model counterparts. In section 3 we study pu~ — e v,
Kt — n%%y, and n — pTe™ 1, 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,

5D (2.1)

which is motivated by Lorentz violating higher dimensional operators [9, 10]. We will take
&, > 0 for neutrinos and &, < 0 for antineutrinos. We use this modified dispersion relation
to get the neutrino (antineutrino) velocity, which becomes

_aE_l_TL—]. én n—2

_9E _ 2.9
op 2 mn2? (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 E? = p?+m?2 —(&3/Mpy) p? 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.

22 7wt = uty,

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 77 (q) — p*(p)v(k)

gives,

M = £,V qﬂu(kﬁgml - (2.3)

where fr = f(m?2

£) is a constant factor and V,4 is the CKM matrix element. The spin

averaged amplitude squared is,

mz
M2 = 2G% f2|Via|*m % F (k) [mi —my, — &k (mz + 2)] (24)
7

where & = £3/Mp) 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,

G2 2|\ Vyal>Pm2 F(k 2 / -
r = Ff7r| d’ w ( )/ k“dk dcos0 5(El, —Eﬂ-—I— |§— k‘\Q—l—m?)
8mE, E " ®
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after using £, = F(k)k, and writing |p] = [¢— E|? = k2 4 ¢% — 2kq cos 0, our expression of
eq. (2.5) takes the following form

G2 f2|Vya|*m? k dk dcos 6 —

G— k2 +m3

2 > s (M
- - &k — +2 2.
X [m7r my, — &3 <mz + )] (2.6)

from the argument of the delta function in eq. (2.6), we have
V17— E2+m2 = E. — E,, (2.7)

m2 —m2 + 2Ek — E k*¢h + k3¢,
cosf = ( = = & §3). (2.8)

2kq

We reduce the ¢ function in E,, to a § function in cos 6 by taking,

which gives,

d / = kq
(EI/ — Er+ ’q_'_ k’2+m2) = (29)
dcos ™ ! \/k2+q2—2kq0089+m3
and substituting in eq. (2.6). We get the pion decay width,
G2\ Vaal®m}, [ dk m2
=—— — £ — 2om? g =—=4+2])]. 2.1
8TE, / q [mﬂ M~ C m/% + (2.10)

We solve the integration in the limits of k, which are fixed by taking cos§ = £1 in eq. (2.8),

m2 mi + fékZ (E7r - kmax)

i

kmax = max 2.11
2Er—a) 211)
2 2 1 1.2
T + kz . Err - kmin
b — " i ) (2.12)
2(E: +q)

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

(2.13)

2
G2 21V 1 12m2m2 m2
Pspm(m — pv) = r/x[Vud ET11 2.

ST, ~ 2

We compute the pion decay rate numerically for superluminal 7, ({3 < 0) and subluminal
ve (€3 > 0) final states and obtain the following:

e For subluminal neutrino final state (§3 > 0), the allowed phase space (eq. (2.11)—

eq. (2.12)) goes up but the |M|? (eq. (2.4)) is suppressed. There is a net suppression
in I'(7* — ptv,) as shown in figure 1 for & = 1.3 x 1072
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Figure 1. The ratio I'/Tsy for 7© — pty, and 7= — p~ 7, processes in Lorentz invariance
violating framework to its standard model prediction for superluminal 7,, (£3 < 0) and subluminal
v, (€3 > 0) final states as a function of pion momentum p,. We considered &5 = £1.3 x 1072 for
corresponding processes.

e For superluminal antineutrino final state ({3 < 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 I'(m~ — p~7,) for this case also [11], as shown in figure 1 for
€3 =—1.3x1072.

In figure 2, for the process 7+ — 71, we show the maximum neutrino energy for different
values of &3 using the solution for ¢ in terms of kpax and kpyin from eq. (2.11)—(2.12) in
eq. (2.10). We see that for &3 = 5.0 x 1072, the neutrino spectrum cutoff at kyay = 1.3 PeV.
The upper limit of observed neutrino energy provides bound on the Lorentz invariance
violation parameter £3. In figure 3, we show the maximum neutrino energy kmax, as a
function of Lorentz invariance violation parameter £3. This is clear from figure 3 that kpyax
goes down as &3 increases.

23 Kt = u"‘u“

In the similar way like pion decay, we calculate the kaon decay width for the process
K*(q) — ut(p)vu(k), using the modified dispersion relation for neutrinos by taking n = 3
case. We get the kaon decay width,

GrfaWVauslPmy, [ dk [ 9 m2
=— = — — —ag =K 4+2)]. 2.14
StEx / . [mK my, — &3 <mi + >] ( )

In the same way like pion, we solve the integration in the limits of k by taking cosf = +1

which gives,

m%{ B mi + fékgjax(EK - kmax)
2(Ex —q)

(2.15)

kmax =



-= &3=+2.0x1071
- E3=+5.0x1072

' —-£,=+2.5x10™2

1.0

o g ; -
5‘ ~

0.8

I'/Tsm

0.6

0.4

0.2

7’
T T B TS S T I S B

=3
wn
—
=}
—
W
g
=
(o]
wn
W
=}

kmax(PeV)

Figure 2. The ratio I'/T'sy of 7™ — ptv, process in Lorentz invariance violating framework to its
standard model prediction for subluminal neutrino (¢35 > 0) as a function of neutrino energy kpax
with different values of &3.
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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

(2.16)

kmin =
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Figure 4. The ratio I'/T'sy of K+ — ptv, process in Lorentz invariance violating framework to
its standard model prediction for subluminal neutrino ({5 > 0) as a function of neutrino energy
kmax with different values of £3.

in a moving frame, which is

FSM(K — ,w/) = (2.17)

2
G%f12<|vus|2mim%( <1 B mi) .

87TEK m%(

In figure 4, we show the maximum neutrino energy for different values of &3 using the
solution for ¢ in terms of kmax and kmin from eq. (2.15)—(2.16) in eq. (2.14). We see that
for &3 = 5.0 x 102 the neutrino spectrum cutoff at ky.x = 2 PeV.

3 Three body decays

3.1 pu= — e ey,

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 = k? - fgk‘g, where £3 > 0 and £3 < 0 correspond to subluminal neutrino and superlu-
minal antineutrino respectively. We assume identical &3 for all the species of v (and ) to

avoid an extra source for neutrino oscillations which is not observed [16, 22]. The amplitude
for the process p~ (p) — e~ (K')ve(k)vu(p') is given as,

M= igwwu — s B[ (L = 5)u(p)] (3.1)

where Gy is the Fermi constant. After squaring amplitude and solve it using trace tech-
nology, we get the spin averaged amplitude,

[M]? = 64GR(p- k) (' - K') . (3.2)



The decay width of muon is,

d3p/ a3k’ Bk M2

dl' = 2m) st — K~k :
(27)32E,,, (27)32E, (27)%2E;, 2B, (2m) "0 p — ) (3:3)
using the squared amplitude from eq. (3.2), we get
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SeriE. B B B, 0P B K) (3.4)
First we write eq. (3.4) as
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and then to find out I,3(p — k'), we use the generic phase space integral formula,
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T
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Applying this to our scenario by putting m? = mf =&k, mi = =&y 3 and taking
k=p'/2~p/4, we find
7 5/ 3
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after contracting I3 with the muon and electron momentums which respectively are p and

k', we get
o m T &p
K Lg(p—k)= 6[ +6(p/<:’)} (3.10)
b )42 |1 LS pp k) ook k)
64 (p k)
where,
p-p=m,
Kk =ml~
p-k =K (E,—pcosb)
(p—k)* = mi — ZE'(E“ — p'cosB). (3.11)
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Figure 5. The ratio I'/T'sy for p* — etv.i, and p~ — e~ Dev, processes in Lorentz invariance
violating framework to its standard model prediction for superluminal antineutrino ({5 < 0) and
subluminal neutrino (§3 > 0) final states as a function of muon momentum p,,. Here we considered
& =+5.0 x 1072

The decay width from eq. (3.5) can be written as,

2G2 (9 1 m?2 /2(E,—k cos )
_ 83(2%5(? / deos /0 S K dk'pok” Log (3.12)
lL —

after solving it, we finally get,

Gim’ 17

M 2 /.3

= — — . 3.13
19273, (m“ T 50%P ) (3:.13)
We compare our result with the standard model prediction of muon decay in a moving
frame, which is

Grmy, my,
19273 E,°

Csm(p — every) = (3.14)

We compute the muon decay rate for subluminal neutrino ({3 > 0) and superluminal
antineutrino (€3 < 0) and obtain the following:

e The decay rate of the process I'(u~ — e~ 7,1,) is enhanced, as shown in figure 5 for
€3 =45.0 x 1072,

e The decay rate of the process I'(u* — e*r.p,) is reduced, as shown in figure 5 for
€3 =+5.0 x 1072,
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Figure 6. The ratio I'/T'gy for K+ — meTv, and K~ — 7%~ . processes in Lorentz invariance
violating framework to its standard model prediction for superluminal 7. ({3 < 0) and subluminal
ve (&3 > 0) final states as a function of kaon momentum pr. We considered 3 = 45.0 x 1072 for
corresponding processes.

3.2 Kt — wletr,

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 (px) —

WO(Pw)6+(Pe)Ve(p,,) gives,

|M[? = 16GE|Vus | £2 [mF (P -po+Pr Do) — 20K D) P D) — 2P Py) (Prc ) — 3 €53

(3.15)

where fy is the kaon form factor. The Decay width of kaon is,

d®pr d®p, d®pe  |M|? .
dl’ = E 2m)*8 — P — Py, — 3.16
@m)2E, (2n)P2E,, (3n)P2E, 2By o) O PK = Pr = Pu —pe) (8.16)
which gives,
G2|Vius|? f2m4 8m? 4 ma

D~ 0 20 K 2 (1 — ) - St (11— —= ). 3.17
76873 By [mK m2 oPKEs i (3.17)

It is clear from eq. (3.17) that the K+ (K ~) decay rate goes down (up) as kaon momentum
px increases, which is shown in figure 6 for &3 = £5.0 x 1072,

33 n—pre i
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')v.(p’) comes,

[M]? = 64GR(p - ') (k - ') (3.18)
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using eq. (3.18), we get the following decay width of neutron,

32 G2 Bk Bk d3p’
ar = 8(27r)5FE E, E. Ej =k =k =) Pk k) (3.19)
n P e Ve

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 m, of the electron while the maximum energy is
approximately,

Erax = my, —my (3.20)

which finally gives,

T ~

5
(mn — mp)2 - T(jﬁépg . (3.21)

For &3 = 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 . — petv, is enhanced, but since only neutrons are
produced in the p ++ — A — n + 7" processes at the source, the enhanced decay of 7 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 E? =
p? — (&3/Mp))p? (where €3 > 0 correspond to neutrinos and 3 < 0 correspond to antineu-
trino), then there is a suppression of the 7 decay width and corresponding neutrinos will
be cutoff at energies E, = 1.3PeV (with {3 = 0.05). The neutrinos from Kaon decay
Kt — utv, will be cutoff at 2PeV.

e Three body decays like u~ — e~ v, and K~ — m%¢~ 7, get enhanced due to different
&3 dependence in their |M|%, whereas three body decay widths of u* and KT get
suppressed.

e Neutron decay n — pTe~ 7, gets suppressed in the similar way as u decay. So if the
source of U, is neutron beta-decay then the mechanism proposed in this paper can
be used to explain the absence of Glashow resonance at IceCube.

e Radiative three body decays like 7+ — e*vy and 7+ — ptvy are factorized to the
|M |2 for two body decays 7* — e*v and 7 — pFv times e, [23, 24] and these are

also suppressed like two body decay processes.

The enhancement in g~ decay will be significant at muon energies of 2PeV and if the
primary source of u~ is 7~ decay then there will be no observable consequence of this in

- 11 -



IceCube events. However such enhancement of the = decay rate would be observable for
p~ produced not from 7~ decay but e.g. via pair production e.g. in eTe™ — uTu~. The
precise numerical values depend on the choice of the parameter &3, but obviously a cutoff
between ~ 3PeV 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 + 7, is suppressed has the
following implications. The conventional 7w/ 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 7/K will be more suppressed
compared to the lower energy n decay to .. But both components of GZK process will be
suppressed at E, > 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],

Liyv = Mlm@(m?/b + maphys) (n - 9)%4 (A1)

where n, 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,

iy = ———(mush + nrpys) (n - 0)* (A.2)

Mp)
where we have taken E > m. This leads to the following dispersion relation for left and

right handed particles ¥,
3

p
E®=p*+2(m + )y (A.3)
Pl
where + and — signs correspond to ©¥r and v, respectively. Now taking the charge conju-

gation of eq. (A.1), we find

1 -
Liv = 5 (=mit + nghys) (- 9)%y° (A4)
pl
where we used charge conjugation properties viz. C_IVMC' = —7, and C_lfy,ﬂg)C = YuY5-

The operator (eq. (A.4)) gives the following dispersion relation for left and right handed
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antiparticle ¢,
3
B =p? +2(-m +m)q (A.5)
Pl

where the + sign is for 9} and — sign is for ¢f. Therefor for the case of left-handed
neutrinos vy, we will have the dispersion relation,

3

E% =p* 4 2(m — 772)—]\2; (A.6)
Pl
and for antineutrinos v;; we have,
E2 = p2 — 2(771 — 7’]2)7}?3 . (A?)
Mpy

We have dispersion relation for neutrinos and antineutrinos E? = p? — (&3/Mp))p?, where
& = —2(m — n2) for neutrinos and & = 2(n; — n2) for antineutrinos.

B Spinors relation

We assume that all the particles expect neutrinos follow the standard energy-momentum

Ei = \/p? +mZ, (B.1)

where m; and p; are the mass and momentum of different particles (i = e, pu, 7 etc.).

relation i.e.,

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,

E -1 gnpn_Q

Fp)=—=1- "m0,
p 2Mp,

(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,
(%0 — iF (p)¥ - D)yo(x) = 0 (B.3)

where we have neglected the neutrino mass for simplification. Now we replace the Dirac
field ¢ in terms of the linear combination of plane waves i.e.,

U(z) = u(p)e " (B4)

using it, we get the following form of Dirac equation,

(v°E — F(p)7 - p)u(p) = 0. (B.5)

Clearly, the positive energy solution of this equation will satisfy,
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we used these results in the derivation of the spinors sum of neutrinos, which comes,

S w@ae = P (B.7)
p-a 0

s=1,2

where we assumed neutrino to be massless and defined p = (E, F(p)p). Following the Dirac
algebra, we get the following result for spinor sum,

> w0 (p) = 1"pu = F(p)1"pu (B.8)
s=1,2

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,

> ()7 (p) = F(p)y"py- (B.9)
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