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Abstract

The Standard Model of particle physics is the most successful theory of interac-

tions between elementary particles. But there are enough reasons to believe in parti-

cles and symmetries beyond standard model. In this thesis, I have studied two well

motivated extensions, leptoquarks and sterile neutrino, in the context of IceCube and

ANITA experiments. A TeV scale leptoquark can resolve the observed discrepancy

in semi-leptonic decays of B meson (flavor anomalies). The leptoquark can also be

resonantly produced in neutrino-nucleon interaction and explain the excess of PeV

events at IceCube. We find that a simultaneous explanation using the scalar leptoquark

R2 ∼ (3,2, 7/6) is ruled out from LHC searches such as dijet + /ET and monojet +

/ET . The constraints obtained also limit other resonance based explanation of PeV ex-

cess. Moreover, the puzzle of EeV scale τ emerging from inside Earth as observed

by ANITA can also be explained with leptoquarks. In our framework, the vector lep-

toquark U1 ∼ (3,1, 2/3), which can simultaneously address the charged and neutral

current mediated flavor anomalies, also couples to a sterile neutrino. The leptoquark

mediated interaction between astrophysical neutrino and nucleons in Earth produces

a sterile neutrino that propagates without significant attenuation. If the mass of the

sterile neutrino is a few GeV, it decays near the surface to τ lepton. On the other hand,

if the sterile neutrino is very light, the astrophysical flux of sterile neutrinos can pass

through Earth and produce a τ lepton near the surface by resonant production of lepto-

quark. These two scenarios significantly enhance the survival probability and provide

a combined explanation of flavor and ANITA anomalies. In addition, the new parti-

cles proposed are within the reach of future LHC searches and B factories. A major

challenge is to explain the flux of sterile neutrinos and one possibility is to consider

oscillation from active neutrinos. This is plausible only if the sterile neutrino is very

light and has large mixing angles. The existence of eV scale sterile neutrino is also

hinted by short baseline experiments such as MiniBooNE and LSND. However, it is

in conflict with big bang nucleosynthesis unless one postulates either non standard

cosmology or new interactions. One possibility is to consider self-interaction in the

sterile sector. Such interactions would result in absorption features in the astrophysical

neutrino spectrum which can be tested by IceCube. We have claimed that the lack of
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400-800 TeV neutrinos is due to absorption by cosmic sterile neutrino background.

The lack of Glashow events is attributed to absorption due to heaviest active neutrino

in the cosmic background. Furthermore, the self interacting sterile neutrino can also

act as a portal to hidden and light self-interacting dark matter. A model is proposed

where the relic density of dark matter is obtained from freeze-out of coannihilations

and self-interaction is loop suppressed. The interesting parameter space that can be

tested with supernova neutrinos is in conflict with observation of PeV events at Ice-

Cube.

Keywords: Sterile Neutrino, Leptoquark, IceCube, ANITA, MiniBooNE, Flavor

Anomalies, RD(∗) , RK(∗) , Dark Matter.
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Chapter 1

Introduction

The fundamental quest of physical sciences is to understand what our universe is made

up of and how does it give rise to the observed phenomenon. At present, nearly 95%

of the universe’s content eludes complete knowledge, however we understand the re-

maining 5% very well. The elementary particles that make up the visible matter are

fermions and the interaction between them arises from exchange of gauge bosons.

There are four fundamental forces in nature that are responsible for these interactions:

electromagnetic, weak, strong, and gravitational. All but the gravitational one can be

understood in terms of a renormalizable quantum field theory based on local internal

symmetry i.e. a gauge theory. The theory of strong interaction is called as quantum

chromodynamics whereas the electromagnetic and weak interaction can be studied in

a single framework called as electroweak theory.

The Standard Model (SM) of particle physics is based on the non-Abelian symme-

try group SU(3)C × SU(2)L × U(1)Y which is spontaneously broken to SU(3)C ×
U(1)Q when the Higgs boson takes a non-vanishing vacuum expectation value. This

symmetry breaking generates mass for fermions, gauge bosons, and the Higgs it-

self. The neutrinos, photon, and gluon remain massless. This model is also known

as Glashow-Weinberg-Salam model [1–3]. The discovery of Higgs boson at LHC in

2012 [4] and subsequent measurements of its branching fractions in conformity with

SM has settled SM to be the theory of particle interactions at the weak scale. The

SM has passed almost every precision test at particle colliders such as Large Electron-

1
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Positron Collider (LEP) and Large Hadron Collider (LHC). Despite the successes of

SM, there are reasons to believe in new physics scenarios at energies above the elec-

troweak scale (∼ few TeV). On one hand, there are aesthetic problems in the SM such

as the lack of gauge coupling unification, hierarchy between electroweak and Planck

scale, large number of free parameters, etc. While on the other hand, there are phe-

nomenological problems such as lack of a Dark Matter (DM) candidate, explanation

of matter anti-matter asymmetry, non-zero neutrino masses, etc. All of which motivate

the need for theories beyond the standard model (BSM) or simply new physics (NP).

The neutrinos have a special place in SM. Unlike other fermions they do not have

right handed partners. They only participate in weak interactions and it is not possible

to write a renormalizable mass term that also respects the symmetries of SM. However,

the observation of neutrino oscillation in atmospheric [5] and solar neutrinos [6, 7]

provides unquestionable evidence of non-vanishing masses for neutrinos. We know

from these experiments that at least two of the three neutrinos are massive, and any at-

tempt to explain these small masses necessarily evoke particles that are not part of the

SM spectrum. The simplest models utilize the seesaw mechanism with heavy right-

handed neutrinos (type-I) [8–10], scalar triplet (type-II) [11–13], or fermion triplet

(type-III) [14]. In these scenarios, the lightness of neutrino masses is associated with

the heaviness of new particle, hence the name seesaw. A major challenge for neutrino

mass models is to provide experimental tests as the new particles are often too heavy

to be produced in present day colliders. One can also generate small neutrino mass

through loop effects and in these scenarios, the neutrino mass is said to be generated

radiatively [15–19]. The unknown parameters like the neutrino mass hierarchy and

CP-violation in the neutrino sector [20] may be settled in planned experiments such as

DUNE [21, 22].

Since neutrinos only have weak interactions, their scattering cross section with

other particles is very small. This implies that the astrophysical neutrino will travel

almost unattenuated along the line from source to Earth. On the other hand, photons

can scatter off the galactic and intergalactic dust. The charged particles are affected
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by interim magnetic fields which makes the direction reconstruction impossible. They

also lose energy via scattering and bremsstrahlung. Because of this, the observation of

astrophysical neutrinos can yield accurate information about the source and becomes

a useful tool in understanding the origins of Ultra High Energy (UHE) cosmic rays.

While the small cross section has its advantages, it also implies that direct detection

of these neutrinos is immensely difficult. To give an estimate, a TeV energy neutrino

has an interaction length of 2.5 million km in water [23]. One way to observe neutrino

interactions is to have detectors with large volume to compensate for the small cross

section. Neutrino observatories such as IceCube [24], ANTARES [25] (which is being

upgraded to KM3NET [26]), and ANITA [27] are designed to look at the interaction

of neutrino with nucleus (and electrons) in water. These observatories are often called

neutrino telescopes just like their optical counterparts and play a crucial role in multi

messenger astronomy.

In the first three years of its operation, the IceCube experiment reported three events

where the reconstructed neutrino energy is 1-3 PeV [28]. In the subsequent years, Ice-

Cube has regularly observed neutrino with energy in the range 10 - 400 TeV interacting

with nucleons in ice [30]. Recently, the ANITA experiment has also observed interac-

tions of neutrino above EeV energy [31]. With these neutrino telescopes, one can not

only test the Standard Model interactions, but also probe new physics at scales varying

from MeV to TeV. Moreover, there are some anomalies observed by these experiments

that can be interpreted as hints of new physics.

Hints of new physics have also been observed in other experiments. The short base-

line neutrino oscillation experiments LSND [32] and MiniBooNE [33] have observed

evidence for a eV scale sterile neutrino with relatively large mixing angles. But this is

in conflict with effective relativistic degrees of freedom during big bang nucleosynthe-

sis which is inferred from abundances of light nuclei like hydrogen and helium [34].

One possibility is to consider alternate cosmologies to ΛCDM , but another resolution

is to assume self interaction in the sterile sector mediated by MeV scale gauge boson

[35]. Such interactions can give absorption features in the UHE neutrino spectrum
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which can be tested by IceCube.

The collider experiments Belle, BaBar, and LHCb, have tested for lepton flavor uni-

versality in semi leptonic decay modes of B mesons through clean observables RD(∗)

and RK(∗) . Recent measurements have shown significant deviations from SM pre-

dictions. These discrepancies can be resolved by postulating TeV scale leptoquarks.

Since these leptoquarks mediate neutrino-nucleon interactions, they also have observ-

able consequence for neutrino telescopes. For example, resonant production of lepto-

quarks can explain the excess of PeV events at IceCube while a leptoquark coupled to

sterile neutrino can explain the anomalous events observed by ANITA.

In this thesis, I have studied the role of IceCube and ANITA for testing and validat-

ing new physics scenarios, especially leptoquarks and sterile neutrinos, that have been

proposed as a solution to anomalies in other experiments.

Organization of thesis

The thesis is organised as follows. In chapter 2, I provide a brief overview of the

anomalies in experiments which have been addressed in this thesis. In chapter 3, I

show that common explanation for flavor and IceCube anomalies using leptoquark R2

is ruled out from LHC searches. In chapter 4, I have discussed two scenarios based on

leptoquark U1 that can significantly enhance the survival probability of Earth emergent

τ while simultaneously addressing the flavor anomalies. In chapter 5, I have discussed

the implication of self-interacting sterile neutrino for IceCube. The astrophysical neu-

trinos scatter off the sterile neutrino background and result in absorption features in the

UHE neutrino spectrum. The lack of 400-800 TeV neutrinos is attributed to resonant

absorption and other consequences are explained. In chapter 6, the self-interacting

sterile neutrino is used as a portal to dark matter. I have provided a novel production

mechanism for sub MeV self interacting dark matter. Constraints from IceCube are

discussed. In chapter 7, the conclusions and implications of the thesis are discussed

along with future directions.



Chapter 2

Hints of New Physics

In this chapter, I will present some of the anomalies observed in experiments that

have been addressed in the thesis. In the beginning, I have discussed the anomalies in

neutrino based experiments i.e. IceCube, ANITA, and MiniBooNE and I have followed

it up with a discussion on collider based Flavor anomalies.

2.1 IceCube HESE anomalies

The IceCube Neutrino Observatory (IceCube) is a neutrino telescope located near the

Amundsen-Scott south pole station in Antarctica. The detector comprises of 86 strings

of 60 Digital Optical Modules (DOMs) each. The string separation is about 125 m

and the DOMs on strings are positioned 17 m apart. This array of DOMs starts 1450

m below the Antarctic surface and extends upto 2450 m. At the surface, there is an

array of DOMs called IceTop which is used to veto events of atmospheric origin. At

the centre, there is a dense array of DOMs called DeepCore which is relevant for study

of neutrino oscillation as well as searches for sterile neutrino [36].

Astrophysical Ultra-High Energy (UHE) neutrinos undergo Deep Inelastic Scatter-

ing (DIS) with nucleons in the detector volume through SM interactions. A schematic

representation of this process is shown in Fig. 2.1. At the quark level, the interactions

are mediated by exchange of Z boson (neutral current) orW± boson (charged current).

The neutrinos can also interact with the electrons in the ice, however this cross section

5
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Figure 2.1: Neutrino Deep Inelastic Scattering

is relatively small and can be ignored [23]. The exception is when antineutrino-electron

interaction resonantly produces the W boson. This happens for a particular neutrino

energy of 6.3 PeV, known as Glashow resonance [37], and we expect more events in

3.6 PeV - 7.5 PeV bin as compared to neighbouring bins. The Feynman diagrams for

these processes are given in Fig. 2.2.

The neutrino interactions produce relativistic secondary particles inside the detec-

tor that emit Cherenkov radiation. The photons are detected by the photo multiplier

tubes (PMTs) in DOMs which report the total electromagnetic equivalent energy de-

posited as well as detection time. This is used to determine the energy and direction

of the incident neutrino. Based of the deposited EM equivalent energy, IceCube data

is divided in two samples: Medium Energy Starting Events (MESE) with an energy

threshold of 1 TeV and High Energy Starting Events (HESE) for neutrino energies

larger than 20 TeV. The six year HESE sample contains 82 events in energy range 20

TeV to 10 PeV [30].

Figure 2.2: Feynman diagrams for neutrino-quark and antineutrino-electron scatter-
ing

Like other cosmic ray particles, the flux of astrophysical neutrinos is assumed to
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have a power-law behaviour and modelled as,

dφ

dEν
= φ0

(
Eν

100 TeV

)−γ
(2.1)

where φ0 is normalization and γ is spectral index. From the Fermi acceleration mech-

anism at shock fronts, it is expected that γ = 2.0 [38]. However, the best fit with six

year HESE sample gives [39]

γ6yr = 2.92+0.29
−0.33, (2.2)

which is larger (harder) than the best fit for four year sample [30]

γ4yr = 2.58± 0.25. (2.3)

This change can be attributed to the fact that the in the last two years of operation, Ice-

Cube has not seen any events above 200 TeV. This is often called as the pile-up of low

energy events. The discrepancy in expected and observed spectral indices leads to the

the question: Where do astrophysical neutrinos come from? The concurrent measure-

ment of a neutrino event with blazar flaring observed in FermiLAT and other optical

telescopes has provided some hints [40]. However, future multi-messenger astronomy

will shed more light on the issue.

There are other issues in the HESE sample as well. During the first three years

of its operation, IceCube reported three cascade events with deposited energy between

1.0 PeV to 3.0 PeV [28]. In order to explain these events with only SM interactions,

one requires a smaller spectral index. However, this leads to a significant number

of expected events from Glashow resonance. A larger value of spectral index makes

the low-energy events compatible with Glashow resonance, but then the PeV events

appear to be an excess. Recently, IceCube has reported two highest energy neutrino

events from its nine year data [29]. The best estimated neutrino energy for the two

events is 8.6 PeV and 5.9 PeV respectively. The first event is a track-like event and the

second is a partially contained shower. While the second event may be due to Glashow
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resonance, there is no consensus yet due to uncertainties in the energy reconstruction

of an uncontained shower. Furthermore, even after six years of observation, no neutri-

nos with energy in the range 400-800 TeV have been observed. This is also known as

the gap in IceCube HESE data.

Several new physics scenarios have been proposed to address these issues. The

solutions to the PeV excess can be broadly classified as modification to either the neu-

trino flux, the cross section, or both. In the first class of solutions, cosmological dark

matter decays to SM neutrinos at late times [41–46]. This gives a line feature in the

astrophysical neutrino spectrum which is broadened due to cosmological redshift. For

dark matter mass in the PeV regime, one can explain the PeV excess with large spectral

index for astrophysical neutrinos. This is compatible with low-energy events as well

as non observation of Glashow resonance. The gap in the IceCube spectrum is also

naturally addressed in these models. However, such a heavy dark matter cannot be

tested with colliders and direct detection experiments. Moreover, recent observations

of 5.9 PeV and 8.6 PeV neutrinos by IceCube is in conflict with minimal dark matter

models proposed to address the PeV excess.

The second class of models invoke hypothetical particles that contribute to the neu-

trino nucleon interaction. A t-channel interaction will modify the cross section for all

neutrino energy and cannot explain the excess. The s-channel interaction contribution

is dominant when the mediator is resonantly produced and thus can possibly address

the PeV excess. The new particle needs to couple to neutrino and quarks simulta-

neously and thus needs to be a SU(3)C (anti) triplet. The known candidate for such

interactions are leptoquarks [47–53]. To explain the PeV excess, one needs the colored

mediator to be in the mass range 800-1200 GeV. This is within the reach of LHC and

can be tested in monojet+/ET and other modes. The prospect of testability makes these

explanations more promising than the first class.

If one assumes a single component flux of astrophysical neutrinos, the gap can

be addressed through resonant absorption during propagation. This requires MeV-
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scale new physics scenarios that have other interesting implications. The gap has been

addressed in well motivated models such as ν2HDM [54] and gauged U(1)Lµ−Lτ [55].

The absence of events near the Glashow resonance can be explained by invoking active

neutrino decay, ∆+ resonance, novel flux, or neutrino DM interaction [56–59]. The

new highest energy events observed by IceCube can challenge some of these claims.

2.2 ANITA Anomalous Events

The ANtarctic Impulsive Transient Antenna (ANITA) is a long-duration balloon exper-

iment designed primarily to detect broadband impulsive radio emission from neutrinos

in the Antarctic ice [60]. The payload consists of 48 high-gain dual-polarization anten-

nas and flies at a height of approximately 37 km above the Antarctic surface looking for

radio signals in the range 200 - 1200 MHz. ANITA is sensitive to Askaryan emission

from neutrino-induced showers in ice [61], and can also observe geomagnetic emission

from extensive air showers (EAS) induced by cosmic rays or other particles [31]. As

Earth’s magnetic field is nearly vertical in Antarctica, EAS emission is expected to be

horizontally polarized. But the Askaryan emission is vertically polarized for SM inter-

actions of the neutrino. The downward directed EAS are reflected off the ice surface

and show a characteristic phase reversal. Till date, ANITA has completed four flights

whose durations are 35, 28.5, 22, and 29 days respectively.

There is enough precedence to assume that UHE neutrinos are incident on Earth.

They are produced when UHE protons with energy greater than 5 × 1010 GeV are

stopped by the cosmic microwave background (CMB) photons through Greisen Zat-

sepin Kuzmin (GZK) mechanism [62, 63]. In this process, the pions are produced

through either of the following interactions:

p+ γCMB → ∆+ → p+ π0

p+ γCMB → ∆+ → n+ π+

where ∆+ is produced on shell. The neutral pion decays to photons, but the charged

pion decays to neutrino and charged lepton. One of the final products in neutron decay
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is neutrino. This results in an isotropic flux of UHE neutrinos on Earth [64].

During its first and third flight, ANITA also observed unexpected upward directed

showers apparently emerging well below the horizon [65, 66]. The observed signal is

consistent with τ induced EAS. The essential details of the two Anomalous ANITA

Events (AAEs) are given in Tab. 2.1. The survival probability with SM interactions

(εSM ) is estimated taking into account the neutrino regeneration effects and τ energy

losses in Ref. [67].

Property AAE1 AAE2

Energy (Eτ ) 0.6± 0.4 EeV 0.56+0.3
−0.2 EeV

Zenith Angle 117.4± 0.3 ◦ 125.0± 0.3 ◦

Chord Length (l⊕) 5740± 60 km 7210± 55 km

εSM 4.4× 10−7 3.2× 10−8

Table 2.1: Properties of the anomalous events.

In order to estimate the number of Earth emergent showers seen by ANITA, we

evaluate the τ survival probability, ε (also called efficiency in Ref. [68]), which repre-

sents the fraction of incident flux (Φ) that is converted into τ near the surface. We use

the expression

N = A · δT · δΩ
∫ Emax

Emin

dEν · ε · Φ(Eν) (2.4)

where the effective area of ANITA (A ≈ 4 km2) is estimated using the Cherenkov

angle [68], δT is the time period, and δΩ is the acceptance angle. For temporally

continuous sources, δT ≈ 25 days is the combined exposure of ANITA-I (17.25 days)

and ANITA-III (7 days) [65, 66]. We have ignored the contribution of ANITA-II (28.5

days) as it was not sensitive to such events. For transient sources, δT will depend on

the source and can be smaller. For isotropic sources, δΩ ≈ 2π sr. But for anisotropic

sources,

δΩ ≈ 2π(1− cos δθ) ≈ 0.0021 sr (2.5)

where δθ ∼ 1.5◦ is the angular uncertainty relative to parent neutrino direction [66].

The neutrino energy (Eν) is integrated over the interval which gives correct range of
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shower energy. For example, assume that τ is produced through interaction of the inci-

dent neutrino such that Eτ = Eν/4. Since the observed shower has energy in the range

0.1 - 1 EeV, one must integrate over 0.4 - 4 EeV. In general, ε depends on Eν and other

model dependent parameters.

We now provide an order-of-magnitude estimate of the required ε taking δT = 25

days. For the isotropic case, we assume that the source of EeV neutrinos is the Greisen-

Zatsepin-Kuzmin (GZK) mechanism. We approximate the GZK flux by the upper limit

[69] of its saturated value over the range 0.4 - 4 EeV as

Φiso ≈ 10−25 (GeV cm2 s sr)−1 (2.6)

which gives N ≈ 200ε. To get two events, one requires ε ∼ 0.01. Similar estimates

were also obtained in Ref. [70] which takes energy dependence into account albeit with

larger exposure time. With SM interactions, the authors in Ref. [67] have estimated

that εSM ∼ 10−7 for the two reported events. Thus the estimated number of anomalous

events from GZK neutrinos with only SM interactions is

N SM
iso ∼ 2× 10−5 (2.7)

which makes observation of two events extremely unlikely.

One can relax the assumption that the source of EeV neutrinos is the GZK flux.

This allows us to postulate that such high energy neutrinos are coming from a localised

source in the sky [70]. The upper limit on such anisotropic flux of EeV neutrinos is

[71, 72]

Φaniso ≈ 3.2× 10−20 (GeV cm2 s sr)−1 (2.8)

which is several orders larger than the isotropic case. After accounting for the small

solid angle, one can similarly obtain,N ≈ 2.1×104 ε. To get two events, one requires

ε ∼ 10−4. Using SM interactions for the incident neutrinos,

N SM
aniso ∼ 2.1× 10−3 (2.9)
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which again makes the two events very unlikely. In this section, we have ignored the

energy dependence of ε as well as Φ. Even after taking those into account, the message

will remain unchanged. The smallness of εSM makes the two event unlikely.

One must also check the compatibility of ANITA with IceCube observations. Even

though IceCube has smaller effective area, the long duration of the experiment implies

that the expected number of EeV scale up going τ -tracks seen by IceCube (NIC) to

be larger than expected anomalous events by ANITA (NAN ). Using the relative expo-

sures, it has been estimated that NIC ≈ 10 ×NAN [68, 70]. In Ref. [67], the authors

identify three events in nine year (3142 days) IceCube data that may have origin similar

to ANITA. This implies that NAN = 0.3. Using Poisson distribution, the probability

of observing two such events is around 0.03. The challenge for BSM scenarios is to

get NAN of this order by enhancing ε as has been done in the two scenarios studied in

Chapter 4 of this thesis.

There have been several attempts in recent times to explain the anomalous events.

In Ref. [73], the authors propose that decay of a long-lived DM particle inside Earth.

The required mass of DM is of EeV scale which is natural in CPT symmetric universe

[74] or high-scale supersymmetry [75]. However, the gravitational capture of such a

heavy DM and subsequent decays within the runtime of ANITA is highly unlikely [75].

The other possibility is to consider a flux of sterile neutrino on Earth. If the mix-

ing angle is in the range 0.1 − 0.01, then the up-going sterile neutrino can propagate

freely inside Earth and interact close to the Antarctic surface [68, 76]. In these scenar-

ios, the flux of sterile neutrino is generated via oscillations from the active neutrinos.

The small mixing angle implies that the flux of active neutrinos is one or two orders

of magnitude larger that the sterile neutrino flux. The limits from IceCube and other

neutrino observatories on the flux of active neutrinos at these energies is in conflict

with the flux required to explain ANITA events [68]. One way to escape these limits is

to consider anisotropic flux [70]. The other possibility is to consider DM decaying to

sterile neutrinos [77].
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Another class of models that address the ANITA events involve a messenger par-

ticle that is produced in interactions at one end of the chord, propagates inside Earth

without any significant attenuation, and subsequently decays or interacts at the other

end. In Ref. [67], the messenger was proposed to be a long lived τ̃ produced in

neutrino-nucleon interaction. In Ref. [70], a low mass neutralino (mostly bino) in

R-parity violating supersymmetry was considered as the messenger. In Ref. [78], a

heavier partner of inelastic dark matter was proposed as the messenger. A major chal-

lenge in these models is to get enough survival rate after two interactions as I have

shown in Chapter 4. Similar inferences were also drawn in Ref. [79]. In Ref. [80],

model independent properties of dark matter and the messenger particles were derived.

The anomalous ANITA events have also been addressed with axions [81] and su-

persymmetric sphalerons [82]. In Ref. [83], a non-particle physics explanation of these

events was proposed using the Antarctic subsurface.

2.3 MiniBooNE Excess

The Mini Booster Neutrino Experiment (MiniBooNE) [33] looks for anomalous oscil-

lation between muon and electron neutrino in short baseline (L/Eν ∼ 1 m/MeV). It

was designed to investigate the anomaly reported by the Liquid Scintillator Neutrino

Detector (LSND) [32] experiment in 1990s. The Booster at FermiLab accelerates pro-

tons to 8 GeV and directs it to neutrino beamline. These protons hit a Beryllium target

and produce pions inside a magnetic focussing horn. By changing the polarity of horn,

either π+ or π− can be focussed. The decay of π+ produces a beam of νµ (neutrino

mode) whereas the decay of π− produces a beam of νµ (anti-neutrino mode). The

muon neutrino and muon antineutrino fluxes peak at approximately 600 MeV and 400

MeV, respectively. The detector consists of a sphere containing 818 tonnes of pure

mineral oil (CH2) which is located 541 m away from the source. The inside of the

shell is covered with photo multiplier tubes (PMT) each approximately 20 cm in di-

ameter. The νe and ν̄e produced from oscillation will undergo charged current quasi
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inelastic (CCQE) scattering inside the detector. The charged particles thus produced

emit both directed Cherenkov radiation and an isotropic scintillation light that is de-

tected by the PMTs.

The probability of να converting to νβ is given by,

Pα→β = δαβ − 4
∑
i>j

Re
(
U∗αiUβiUαjU

∗
βj

)
sin2

(
∆m2

ijL

4E

)

+ 2
∑
i>j

Im
(
U∗αiUβiUαjU

∗
βj

)
sin

(
∆m2

ijL

2E

) (2.10)

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix and ∆m2
ij = m2

i−
m2
j is the squared mass difference of the neutrinos. The third term on the RHS of

Eq. (2.10) is related to CP asymmetry and assumed to be zero for remainder of the

discussion. In two flavor approximation, the probability of νµ converting to νe is given

by the expression,

Pµe = sin2 (2θ) sin2

(
∆m2L

Eν

)
(2.11)

where θ is the mixing angle. The flux of νe at MiniBooNE detector is a product of the

conversion probability and the flux of νµ at the source. There is a background flux of νe

and ν̄e from µ± andK±,0 decay that needs to be accounted for. The gamma background

from neutral current production of π0 and ∆ radiative decay are constrained. The

details of other backgrounds can be found in Ref. [33]. After accounting for all known

effects and systematics, MiniBooNE expected 1578 events in neutrino mode and 399

events in antineutrino mode. However, the experiment saw and excess of 381 events

in neutrino mode and 79 events in antineutrino mode. This excess, when attributed to

oscillation, gives the best fit point as,

∆m2 = 0.041 eV2 and sin2 2θ = 0.92. (2.12)

The neutrino mass scale and mixing angles inferred from MiniBooNE are neither com-

patible with solar nor atmospheric neutrino parameters. Thus, it is associated with a

fourth mass eigenstate of the neutrino. However, from decay of the Z boson and other
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experiments, we know that only three neutrinos are charged under the SM gauge group.

Hence, this fourth neutrino must be sterile i.e. SM gauge singlet.

While the MiniBooNE excess is astonishing at least, the sterile neutrino interpreta-

tion is in direct conflict with many other observations. The parameter space favored by

MiniBooNE is already ruled out from many experiments like OPERA [84], KARMEN

[85], and IceCube [86]. Moreover, existence of such light states with large mixing

angles is in direct conflict with cosmology. The determination of effective relativistic

degrees of freedom (Neff ) during the nucleosynthesis era (T ∼ MeV) by Planck is

compatible with three neutrinos only [87, 88]. The fourth neutrino with large mixing

angle will be in thermal equilibrium with other neutrinos and contribute to Neff . The

other conflict with cosmology is that the sum of neutrino mass is constrained to be∑
mν < 0.12 eV [88]. Thus it is nearly impossible to accommodate a eV-scale ster-

ile neutrino with large mixing angles in the standard cosmological scenario.

A non-oscillation solution to the MiniBooNE anomaly was proposed in Ref. [89]

using decay of a dark neutrino. However, there are strong limits on such explana-

tion from neutrino scattering experiments [90]. Future runs of MiniBooNE and other

experiments will shed more light on the anomaly.

2.4 Flavor Anomalies

In SM, there are six flavors each of quarks and leptons. For quarks, the neutral current

interaction mediated by Z boson does not distinguish between generations at tree level

and considered as flavor diagonal. However, the charged current interaction mediated

by W± boson distinguishes between flavors and depends on the quark mixing matrix

known as Cabibbo-Kobayashi-Maskawa (CKM) matrix. For leptons, both neutral and

charged current interactions are flavor diagonal as well as independent. This is known

as Lepton Flavor Universality (LFU) and has been experimentally established through

decays of light mesons, τ decays, Z boson partial decay widths, etc. However, recent

tests of LFU in rare decays involving b quark have shown significant deviations from
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SM predictions. In this section, I have provided overview of two flavor anomalies that

have garnered attention in recent times.

2.4.1 LFU violation in charged current transitions

The collider experiments Belle, BaBar, and LHCb have searched for decay ofB meson

involving the quark level transition b→ c occurring at tree level. In order to minimize

the form factor dependence, one looks at the ratio

RD(∗) =
B(B̄ → D(∗)τ−ν̄τ )

B(B̄ → D(∗)`−ν̄`)
(2.13)

where the denominator is the average value for ` = e and ` = µ. The rates in the

numerator and denominator are expected to be different due to the large difference in τ

mass as compared to e or µ. Recently, significant deviation in RJ/ψ was also reported

[91]. The SM prediction and the results from various experiments are mentioned in

Tab. 2.2. For completeness, I have also included recent results from Belle and the

updated average. However, these are not used for obtaining the results in this thesis.

Figure 2.3: Diagram for B̄ → D(∗)`−ν̄` in SM

As one can see, the experiments have consistently reported 3-3.5σ discrepancy

from the SM prediction. While still not at the level of discovery, one can attribute this

to contribution from new physics. One must note that the recent result from Belle, as
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Experiment RD RD∗

BaBar 0.440± 0.058± 0.042 [92, 93] 0.332± 0.024± 0.018 [92, 93]

Belle 0.375± 0.064± 0.026 [94] 0.270± 0.035+0.028
−0.025 [95, 96]

LHCb – 0.291± 0.019± 0.029 [97, 98]

HFLAV Average 0.407± 0.039± 0.024 [99] 0.306± 0.013± 0.007 [99]

Belle (2019) 0.307± 0.037± 0.016 [100] 0.283± 0.018± 0.014[100]

HFLAV Average 0.340± 0.027± 0.013 [101] 0.295± 0.011± 0.008 [101]

SM Prediction 0.299± 0.003 [102–110] 0.258± 0.005 [102–110]

Table 2.2: Current status of LFU in RD(∗)

mentioned in Tab. 2.2, has reduced the significance of the discrepancy.

An efficient way of calculating the contribution of SM as well as new physics

to these observables is through Effective Field Theory (EFT). The low energy weak

effective theory for b→ c`ν transition is described by the Lagrangian,

Lb→c`νeff = −2GFVcb√
2

∑
CiOi + h.c. (2.14)

whereGF = 1.116×10−5 GeV−2 is the Fermi coupling constant,Oi are the dimension

six effective operators, and Ci are the Wilson coefficients. The operator basis is similar

to Ref. [111] and given by,

OVL = [cγµb]
[
`γµPLν

]
OVR = [cγµb]

[
`γµPRν

]
OAL = [cγµγ5b]

[
`γµPLν

]
OAR = [cγµγ5b]

[
`γµPRν

]
OSL = [cb]

[
`PLν

]
OSR = [cb]

[
`PRν

]
OPL = [cσµν ]

[
`PLν

]
OPR = [cγ5b]

[
`PRν

]
where the first letter of the subscript denote a vector, axial-vector, scalar, or pseu-

doscalar operator between quark fields and the second letter denotes chirality opera-

tors, PL,R = (1∓ γ5) /2, between the lepton fields. Using only SM interactions, one
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obtains

CSM
V L = −CSM

AL = 1 (2.15)

which can be clearly seen as the contribution coming from exchange of W boson in

the full theory. In presence of New Physics, these Wilson coefficients get correction

depending on new interactions. One can write,

Ci = CSM
i + δCi (2.16)

where the second term on the right side is the contribution from BSM fields. I have

used the following simplified expressions for RD and RD∗ obtained in Ref. [112] for

the analysis done in this thesis:

RD = 0.30 + 0.60 δCVL + 0.51 δCSL

+ 0.30 (δCVL)2 + 0.40 (δCSL)2 + 0.51 δCVLδCSL

(2.17)

RD∗ = 0.25 + 0.03 δCVL − 0.48 δCAL + 0.03 δCPL + 0.01 (δCVL)2

+ 0.24 (δCAL)2 + 0.01 (δCPL)2 − 0.03 δCALδCPL.
(2.18)

The leading term in these expressions is the SM prediction and agrees with the

values mentioned in Tab. 2.2. For a given BSM scenario, one has to map the amplitude

with new fields on to the operator basis, obtain the additional contribution to the Wilson

coefficients, and substitute it into above expression.

2.4.2 LFU violation in neutral current transitions

As mentioned earlier, the flavor changing neutral currents (FCNCs) in SM are a conse-

quence of loop process involvingW± boson in penguin and box topologies. It is a very

sensitive probe of New Physics as new fields can contribute to FCNCs at the tree level.

In last couple of decades, the processes involving b→ s and b→ d transitions have be-

come an important probe in flavor physics. Since the first measurement of b → sγ by

CLEO collaboration in 1993 [113], significant theoretical and experimental advances
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Figure 2.4: Typical diagram for B̄ → K(∗)`+`−. Left: Penguin, Right: Box.

have been made in the field. Just like in the previous section, one looks at the ratio,

RK(∗) =
B(B̄ → K̄(∗)µ+µ−)

B(B̄ → K̄(∗)e+e−)
. (2.19)

as a test of LFU. The fact that form factor dependence cancels in the above ratio is by

no means trivial and was first pointed out in Ref. [114]. The current status of these

ratios is mentioned in Tab. 2.3. It should be noted that the experiments have shown

Experiment RK RK∗

BaBar 0.74+0.40
−0.31 ± 0.06 [115] 1.13+0.34

−0.26 ± 0.10 [115]

Belle 1.03± 0.19± 0.06 [116] 0.83± 0.17± 0.08 [116]

LHCb 0.745+0.090
−0.074 ± 0.036 [117] 0.69+0.11

−0.07 ± 0.05 [118]

SM Prediction 1.00± 0.01 [119–123] 0.9964± 0.005 [119–123]

Table 2.3: Current status of LFU in RK(∗)

upto 4σ deviation from SM predictions. Note that I have only mentioned the results

for the central q2 ∈ {1, 6} GeV2 where q2 is the invariant mass squared of the outgoing

leptons.

The effective dimension-six Lagrangian for b→ s`` transition is,

Lb→s``eff = −4GF√
2
VtbV

∗
ts

∑
CiOi (2.20)

where I have ignored the double Cabibo suppressed contribution of the up-quark. Since

other operators do not contribute to LFU violation, the dominant contribution to RK
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and RK∗ comes from non-universal contribution to the semi-leptonic operators. I have

used the basis used in Ref. [124] given by,

O9 = (sγµPLb)
(
`γµ`

)
O10 = (sγµPLb)

(
`γµγ5`

)
O′9 = (sγµPRb)

(
`γµ`

)
O′10 = (sγµPRb)

(
`γµγ5`

)
OS = (sPRb)

(
``
)

OP = (sPRb)
(
`γ5`

)
O′S = (sPLb)

(
``
)

O′P = (sPLb)
(
`γ5`

)
.

Again, one can write the Wilson coefficients as

Ci = CSM
i + δCi (2.21)

where the δCi is the contribution from new physics. I have used the simplified expres-

sions obtained in Ref. [124] for RK and RK∗ which are given in Eq. (2.22) and Eq.

(2.23) respectively.

RK = 1 + 0.2427 (δC9) + 0.0274 (δC9)
2 + 0.2427

(
δC ′9

)
+ 0.0248 (δC9) (δC9)

2

− 0.2253 (δC10) + 0.0275 (δC10)
2 − 0.225 (δC10′) + 0.055 (δC10) (δC10′)

+ 0.0275 (δC10′)
2 + 0.009 (δCS)

2 + 0.018 (δCS) (δCS′) + 0.009 (δCS′)
2

− 0.0187 (δCP ) + 0.0046
(
δC10 + δC ′10

)
(δCP + δCP ′) + 0.0091 (δCP )

2

− 0.0187 (δCP ′) + 0.0182 (δCP ) (δCP ′) + 0.0091 (δCP ′)
2

(2.22)

RK∗ = 1 + 0.2194 (δC9) + 0.0321 (δC9)
2 − 0.2004 (δC9′)− 0.0476 (δC9)

(
δC ′9

)
+ 0.0321 (δC9′)

2 − 0.2622 (δC10) + 0.032 (δC10)
2 + 0.1949 (δC10′)

− 0.0475 (δC10) (δC10′) + 0.032 (δC10′)
2 + 0.0066 (δCS)

2

− 0.0132 (δCS) (δCS′) + 0.0066 (δCS′)
2 − 0.0138 (δCP ) + 0.0034 (δC10) (δCP )

− 0.0034 (δC10′) (δCP ) + 0.0067 (δCP )
2 + 0.0138 (δCP ′)− 0.0034 (δC10) (δCP ′)

+ 0.0034 (δC10′) (δCP ′)− 0.0134 (δCP ) (δCP ′) + 0.0067 (δCP ′)
2

(2.23)

The leading term in these expressions is the SM prediction and agrees with the

values mentioned in Tab. 2.3. Similar to RD(∗) , one has to map the amplitude with

contribution of the BSM fields on to the operator basis. The new contribution to the
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Wilson coefficients can be substituted in above expression and compared with the ex-

perimental data.

2.4.3 Resolution to flavor anomalies

The discrepancies in LFU violation observables RD(∗) and RK(∗) have be explained in

a wide variety of frameworks such as leptoquarks [125–130], R-parity violating super-

symmetry [131–134], and flavor violating Z′ [135–147]. While all of them resolve the

anomaly equally well, leptoquarks are of special interest to this thesis as they can be

resonantly produced in neutrino-nucleon interactions. The leptoquark mass required

to resolve the anomalies in the neutrino sector is O(1) TeV which coincides with the

mass required to address the flavor anomalies. Moreover, as leptoquarks are (anti)

triplet under SU(3)C , they can be efficiently produced via gluons at LHC and these

models can be tested with present and future searches.

2.5 Self Interacting Dark Matter

For the past few decades, the gravitational interaction of DM has been extensively

studied and very little doubt remains of its existence [148–152] . However, the par-

ticle nature of DM remains a mystery and its mass, spin, and interactions with other

elementary particles are still a mystery. The most promising candidate, Weakly Inter-

acting Massive Particles (WIMPs), are exceedingly in tension with recent bounds from

null results of terrestrial experiments such as LUX [153] and XENON [154]. Several

new candidates have been proposed recently which get the correct relic abundance and

are consistent with present detector bounds.

One of the simple solutions is to assume that the DM is light i.e. its mass is in the

sub-GeV domain. In this limit, the local DM cannot produce sufficient recoil and thus

will remain undetected in the traditional detectors. It has been proposed that electron

recoil can be used to probe this parameter space [155–157]. From the model building

perspective, it was recently proposed that the 3-to-2 and 4-to-2 annihilations may be
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important for MeV and keV scale DM respectively [158]. Several interesting follow

ups to this paradigm can be found in [159–169]. For sub-MeV DM, the strongest con-

straints come from BBN Neff [170]. To evade these limits, one can assume either that

it freezes-in after the BBN [171] or that the dark sector has lower temperature than the

SM bath [172–175].

The standard model of cosmology, ΛCDM, has been extremely successful in ex-

plaining the observed astrophysical phenomenon at large scales. However, the as-

sumption of cold collisionless DM in simulations does not give correct predictions at

Galactic scales. This is popularly known as the small-scale crisis of ΛCDM. The most

prominent issues are the core vs. cusp problem, the missing satellite problem, and too-

big-to-fail problem [176]. While specific resolutions to all the problems is possible, the

assumption of self-interacting DM can solve some of these problems simultaneously

[177–186]. However, observation of galaxy cluster collisions puts a strong bound on

this self interaction.



Chapter 3

Leptoquark for Flavor and IceCube

Leptoquarks are bosons (scalar or vector) that couple simultaneously to quarks and

leptons. They appear naturally in many BSM models. For example, the squarks in R-

parity violating supersymmetry have scalar leptoquark like interactions [187] whereas

vector leptoquarks appear as gauge bosons in Grand Unification Theories (GUTs)

based on SU(5) and SO(10) [188–190]. There are twelve types of leptoquarks based

on their transformations under the SM gauge group. Leptoquarks have been used to

explain IceCube PeV events [47–53], flavor anomalies [125–130], and the anomalous

magnetic moment of muon [191–197] independently. However, simultaneous expla-

nation of all the three observations has not been attempted before. In this chapter, it

is shown that a scalar leptoquark of mass close to 1 TeV can explain all the aforemen-

tioned discrepancies. However, it will be shown in this chapter that such an explanation

is ruled out from LHC searches.

In section 3.1 I have discussed the Lagrangian of leptoquark and the texture of the

coupling matrices that is required. In section 3.2-3.4 I have addressed the discrepan-

cies in (g − 2)µ, charged-current flavor anomalies, and IceCube HESE anomalies re-

spectively. In section 3.5, I discuss the parameter space for simultaneous explanation

followed by LHC analysis in section 3.6. The last section discusses the conclusions

and implications of this chapter.

23
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3.1 Model Description

In this chapter, I have considered the scalar leptoquark R2 with SU(3)C × SU(2)L ×
U(1)Y quantum numbers (3, 2, 7/6). The interactions with the SM fields is given by

[199],

L∆ 3 −(yL)ijū
i
R∆aε

ab(LL)jb + (yR)ijQ̄
i a
L ∆alR

j + h.c. (3.1)

where yL(R) are the Yukawa-like couplings of the leptoquark and I have used the no-

tation ∆ for the leptoquark and M∆ for the mass of the leptoquark. For simplicity, I

have assumed that the couplings are real. The kinetic and Higgs interactions are not

mentioned for as they are not relevant for the discussion. We can rewrite Eq. (3.1) in

terms of the mass eigenstates ∆5/3 and ∆2/3 where the superscript denotes the electric

charge. In terms of these states, the Lagrangian (3.1) is written as,

L∆ 3(V yR)ijūiPRlj∆
5/3 − (yL)ijūiPLlj∆

5/3 (3.2)

+ (yR)ij d̄iPRlj∆
2/3 + (yLU)ijūiPLνj∆

2/3 + h.c. (3.3)

where V and U are the CKM and PMNS matrices respectively.

The negligible branching fractions of the flavor violating decays of leptons (such

as τ → µγ and µ→ eγ) put stringent constraints on the inter-generation couplings of

the leptoquark. Thus it is assumed that,

yqeL(R) = yqτL(R) = 0 ∀q. (3.4)

It is understood that the couplings are not exactly zero, however they are so small

that their contribution to the process is within the experimental limits. It is commonly

understood that R2 contributes to RK and RK∗ at tree level and it disagrees with the

recent measurements by LHCb [117, 118]. However, if one assumes

ysµR = 0 or ybµR = 0, (3.5)

then the tree level contribution is negligible and the leading contribution comes from
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a one-loop process [127]. We chose the former solution in Eq. (3.5) as it can also

address the discrepancy in (g − 2)µ. If ycµL 6= 0, the leptoquark mediates b → clν̄l at

tree level and the contribution contradicts with measurement of RD(∗) [127]. Hence, it

is also assumed that

ycµL = 0. (3.6)

In order to avoid undesired contribution to other rare decays of the B meson, such as

b→ dl+l−, it is assumed that

ydµR = 0. (3.7)

Including all these constraints, the structure of the coupling matrices is,

yL =


0 yuµL 0

0 0 0

0 ytµL 0

 and yR =


0 0 0

0 0 0

0 ybµR 0

 . (3.8)

For convenience, I use the notation λ1 = yuµL , λ2 = ytµL , and λ3 = ybµR for the remain-

der of this chapter. I will also use M1 and M2 to denote the mass of ∆5/3 and ∆2/3

respectively. The LHC constraints limit M1 ≥ 1100 GeV. The lower limit is used to

constrain the remaining parameters. Thus, there are only four free parameters in our

model

{M2, λ1, λ2, λ3}. (3.9)

In the subsequent sections, the constraints on these model parameters from (g − 2)µ,

flavor anomalies, IceCube HESE data, and LHC are obtained.

3.2 R2 for (g − 2)µ

The experimentally measured value of the anomalous magnetic moment of muon is

slightly larger than the prediction from SM. The difference is [198],

δaµ = aEXPµ − aSMµ = (2.8± 0.9)× 10−9. (3.10)
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In this model, both of the mass eigenstates contribute to (g − 2)µ and I have estimated

the contribution using expressions given in Ref. [199]. Using M1 = 1100 GeV, the

leptoquark contribution to (g − 2)µ is given as,

a∆
µ ≈ 1.34× 10−6 λ2λ3 − 10−11

(
8.65 λ2

1 + 7.83 λ2
2 + 7.83 λ2

3

)
+O(10−13) (3.11)

where the approximation is obtained using the benchmark point M2 = 1000 GeV

as the leading contribution does not depend on M2. It is also clear that the product

λ2λ3 ≈ 10−3 gives the correct estimate for (g − 2)µ. In section 3.5, I have used

a∆
µ = δaµ to constrain the parameter space.

3.3 R2 for RK(∗)

The leading contribution of the leptoquark to b → sµ+µ− is at one-loop and it only

contributes to the Wilson coefficients δC9 and δC10 (cf. Eq. (2.21)). The Feynman

diagram for this process that gives the dominant contribution is given in Fig. 3.1. The

other diagram with two leptoquarks is mass suppressed.

Figure 3.1: The leptoquark contribution to b→ sµ−µ+

In terms of the simplified notation xi = (mi/mW )2, one obtains

δC9 = A1 + A2 and δC10 = −A1 + A2 (3.12)

where A1 and A2 are contribution of left-handed and right-handed couplings respec-
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tively and they are given by

A1 =
|λ2|2

8παem
F1(xt, xt) and (3.13)

A2 = −
∑

u,u′∈c,t

(V yR)?uµ(V yR)u′µ
1

16παem

VubV
∗
u′s

VtbV
∗
ts

F2(xu, xu′). (3.14)

The Fi are loop functions obtained using Package-X 2.0 [200] and their analytical

forms are given by the expressions,

F1(xu, xu′) =

√
xuxu′

4

[
xu′(xu′ − 4) log xu′

(xu′ − 1)(xu − xu′)(xu′ − x∆)
(3.15)

+
xu(xu − 4) log xu

(xu − 1)(xu′ − xu)(xu − x∆)
− x∆(x∆ − 4) log x∆

(x∆ − 1)(x∆ − xu′)(x∆ − xu)

]

and

F2(xu, xu′) =
x2
u log xu

(xu − xu′)(xu − x∆)
+
x∆(xu + xu′ − xuxu′) log x∆

(xu − x∆)(x∆ − xu′)
(3.16)

+

[
x2
u − 1

(xu − x∆)(xu − xu′)
+

x2
u′

(xu′ − x∆)(xu′ − xu)

]
log xu′ .

To evaluate RK(∗) , these Wilson coefficients are substituted in Eq. (2.22) and Eq.

(2.23). As an intermediate step one obtains,

RK = 1.+ 0.49A1 + 0.06A2
1 − 0.01A2 + 0.06A2

2 (3.17)

RK∗ = 1.+ 0.47A1 + 0.07A2
1 − 0.14A2 + 0.07A2

2 (3.18)

from which one can infer that −1 < A1 < 0 and A2 = 0 is a solution to the flavor

anomalies. This was also the conclusion in Ref. [127].

The measurement of the branching ratio B(Bs → µ−µ+) = 2.8+0.7
−0.6 × 10−9 by

LHCb [201] is in close agreement with the SM prediction (3.65± 0.23× 10−9) [202]

and provides a constraint on the model parameters. From Ref. [203] one obtains,

B(Bs → µ−µ+) =
τBs

16π3

α2G2
F

m3
Bs

f 2
Bs |VtbV ?

ts|2m6
Bsm

2
µ

(
1− 2m2

µ

m2
Bs

)
|C10|2 (3.19)
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and for the model considered in this chapter, one gets the simplified expression

B(Bs → µ−µ+) = 10−9(3.4 + 1.65(A1 − A2) + 0.2(A1 − A2)2). (3.20)

The branching fraction in Eq. (3.19) also depends on C ′10, C
(′)
S and C

(′)
P but these

Wilson coefficients are zero in SM and this model. Again, one can see that the solution

−1 < A1 < 0 andA2 = 0 is consistent with the experiments. In terms of the couplings,

one obtains the following simplified expressions,

RK = 1.−
(
5.16× 10−2

)
λ2

2 +
(
6.66× 10−4

)
λ2

4

−
(
1.66× 10−5

)
λ3

2 +
(
1.59× 10−7

)
λ3

4
(3.21)

RK∗ = 1.−
(
4.96× 10−2

)
λ2

2 +
(
8.18× 10−4

)
λ2

4

−
(
2.34× 10−4

)
λ3

2 +
(
1.96× 10−7

)
λ3

4
(3.22)

B(Bs → µ−µ+) = 2.01× 10−10
∣∣4.1− 0.10 λ2

2 − 1.6× 10−3 λ2
3

∣∣2 . (3.23)

One can note that these expressions do not explicitly depend on λ1. This is due to the

fact that the term proportional to λ1 will enter the expression due to u-quark in the loop

which is CKM suppressed.

3.4 R2 for IceCube

Resonant production of leptoquark in neutrino nucleon interaction has been proposed

as a possible explanation of the excess in PeV events at IceCube [48–53]. For the

model considered in this chapter, both s-channel and t-channel processes are possible

but only the s-channel one dominates due to resonance. The Feynman diagrams for

the process are shown in Fig. 3.2. It is important to distinguish between the charged

current (CC) like and neutral current (NC) like interactions due to the difference in

their deposited energy signature. For CC like, the final state hadrons as well as the

charged leptons will contribute to the deposited energy in the detector. For NC like,

the neutrino in the final state will carry away a part of the incoming neutrino energy

and only the hadrons will contribute to the deposited energy. Thus the incoming neu-
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Figure 3.2: The NC like (left) and CC like (right) interaction of the leptoquark

trino energy and deposited energy are often not same and it should be systematically

accounted for.

The additional number of events due to leptoquark in the deposited energy interval

(Ei, Ef ) is [204]

N = T NA

∫ 1

0

dy

∫ Echν (Ef ,y)

Echν (Ei,y)

dEν Veff (Ech
dep) Ω(Eν)

dφ

dEν

dσ

dy

ch

(3.24)

where T = 1347 days is the total exposure time for four years, NA = 6.023 × 1023

cm−3 water equivalent is the Avogadro’s number, and ch denotes the interaction chan-

nel (NC or CC like). As mentioned in chapter 2, for each neutrino or anti-neutrino

flavor, an isotropic, power-law flux is assumed which is parametrized as

dΦ

dEν
= φ0

(
Eν

100 TeV

)−γ
(3.25)

similar to other cosmic rays. The best fit values from four year IceCube HESE data i.e.

φ0 = (2.2± 0.7)× 10−8 GeV−1s−1sr−1cm−2 (3.26)

γ4yr = 2.58± 0.25 (3.27)

are obtained using likelihood analysis of the data from 10 TeV - 10 PeV [30]. I have

used the central values in this analysis.

From the structure of coupling matrices in Eq. (3.8), one can infer that the model

has interactions between incoming antineutrino (neutrino) with u- and t- (anti-u- and

anti-t-) quarks only. Since the PDF of t-quark is negligible as compared to that of u-
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quark, only the interaction with u-quark are considered in this analysis. The differential

cross-section for this process is given as [51]

dσ

dy

NC,CC

=
π

2

Λ4
NC,CC

|Λ2|
U(M2

∆/s, yM
2
∆)

s
(3.28)

where s = 2MNEν and U(x,Q2) is the PDF of u-quark in an isoscalar proton. In

terms of the valence and sea quark distributions, one can write [48]

U =
uv+s + dv+s

2
(3.29)

and ignore the contribution of other heavier quarks [23]. I have used the package

MSTW [205] for numerical evaluation of the PDFs. In terms of the couplings, one can

see that,

Λ4
NC = λ2

1 ×
(
λ2

1 + λ2
2

)
, (3.30)

Λ4
CC = λ2

1 ×
(
λ2

3

)
, and (3.31)

Λ2 = λ2
1 + λ2

2 + λ2
3. (3.32)

Once the mass of the leptoquark (M2) and the couplings are known, one can evaluate

N for each bin.

The deposited energy in the detector can be written as a sum of lepton and hadron

contribution as [204],

Edep = ζ(1− y)Eν + FXyEν (3.33)

where ζ = 1 for CC-like and ζ = 0 for NC-like interactions. The quantity FX is

parametrised as,

FX = 1−
(
yEν
E0

)−m
(1− f0) (3.34)

where E0 = 0.399 GeV, m = 0.130, and f0 = 0.467 are best-fit values obtained from

simulations [206]. The lower limit of integration over neutrino energy in Eq. (3.24)

is obtained by numerically inverting Eq. (3.33) using Ei = Edep. The upper limit

is obtained using Ef = Edep. To illustrate this difference, I have shown the NC-like

and CC-like contribution of leptoquark for M∆ = 600 GeV in Fig. 3.3. If one does
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Figure 3.3: The difference in NC-like (solid) and CC-like (dashed) interactions.

not distinguish between the neutrino energy and the deposited energy, as has been the

case in some earlier papers, one only gets a CC-like contribution. This gives the de-

sired feature that leptoquark only contributes to high energy bins and fits the data well.

However, once NC-like contributions are also accounted for, the contribution to low

energy bins spoils the fit and the claim is weakened.

In this chapter, the usual χ2 analysis is used to obtain the couplings that provide

the best fit to the data. The results are shown using the statistic

δ
(
λ2
i ,MLQ

)
= 100× χ2

SM − χ2
SM+LQ

χ2
SM

(3.35)

which represents the percentage change in χ2. Only the bins for which non-zero num-

ber of events are observed at IceCube are used. As we will see in the next section, the

leptoquark contribution to IceCube only depends on λ1 and M2. In Fig. 3.4, I have

shown the variation of δ with M2 for various choice of coupling λ1.

3.5 Simultaneous explanation

This model has four free parameters as was pointed out before. However, the lepto-

quark state ∆2/3 does not contribute significantly to flavor anomalies and hence they
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Figure 3.4: The variation of δ with M2 for various choice of coupling λ1 is shown.
The red, green, blue, and black lines correspond to λ1 = 1, 3, 6, and 4π respectively.

do not depend on M2. For M2 ∈ (600 − 1400) GeV, which is also the range studied

in the chapter, (g − 2)µ depends very weakly on M2. Hence, the flavor anomalies and

(g − 2)µ effectively depend only on the three couplings. In Fig. 3.5, I have shown the

parameter space that explains the flavor anomalies and (g − 2)µ for M1 = 1100 GeV

and M2 = 1000 GeV.

Figure 3.5: The parameter space of (g − 2)µ for various choicess of coupling λ1

is shown along with the constraints from flavor anomalies for M1 = 1100 GeV and
M2 = 1000 GeV.

It can be inferred from Fig. 3.5 that the resolution to flavor anomalies requires

λ2 ∼ O(1) whereas (g − 2)µ constrains λ3 ∼ O(10−3) for λ1 < 6. Substituting these

values in Eqs. (3.30)-(3.32) implies that the leptoquark contribution to IceCube effec-
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tively depends on the coupling λ1 and M2 only. It is also independent of M1 as the

t-channel contribution is ignored. It can be seen that a leptoquark of mass 800 - 1400

GeV can give 20-35% improvement to the fit. In Fig. 3.6, we show the contribution of

leptoquark for the benchmark point MLQ =1 TeV, λ1 ≈ 6. which gives δ ' 35.

Figure 3.6: The solid black line shows the prediction for IceCube using leptoquark
and SM interactions.

It is evident that for the aforementioned choices of leptoquark parameters, one can

satisfactorily explain the observed excess in the IceCube HESE Data. However, such

an explanation requires large couplings and TeV scale leptoquarks. Such a scenario

should be testable at LHC and is studied in the next section.

3.6 LHC constraints

Since leptoquarks carry color charge, they can be produced in pp collisions. The typical

Feynman diagrams for pair production are shown in Fig. 3.7 and for single production

in Fig. 3.8. Subsequent decays of these leptoquarks in the detector will give rise to jets

(j), leptons (l), and neutrino (ν). This results in interesting final states such as jjll,

jjlν, jlν, jjν, and jνν which have been extensively studied in Refs. [207–217]. As

these neutrinos are not seen by the detector, they are recorded as a Missing Transverse

Energy (MET or E/T ).
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Figure 3.7: Gluon-initiated (top) and quark-initiated (bottom) pair production of
scalar leptoquark

Figure 3.8: Single production of scalar leptoquark

For the LHC analysis, we have implemented the model using FeynRules 2.0 [218]

and simulate the above processes using MadGraph5 [219]. We use CheckMATE-2

[220] to find the value of statistical parameter r defined as

r =
(S − 1.96∆S)

S0.95
exp

(3.36)

for several points in the parameter space. Here, S and ∆S represents signal and its

uncertainty. The numerator represents 95% confidence limit on number of events ob-

tained using CheckMATE and the denominator represents 95% experimental limits on

the number of events. Parameter space with r ≥ 1 is excluded and the results are sum-

marized in Fig. 3.9. The various constraints are listed below:

Two jets and two leptons: When the leptoquarks are pair produced in pp colli-

sions, each leptoquark can decay into a charged lepton and a quark. Recently, ATLAS
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collaboration performed a search for new physics signature of lepton-jet resonances

based on
√
s = 13 TeV data [221] wherein pair production of leptoquarks was studied

based on events like eejj and µµjj. The analysis gives an upper limit on branching

ratio of first and second generation leptoquark to ej and µj respectively. Although,

our model has inter-generation couplings, we use these limits to constrain the free

parameters in our model. We find that,

B
(
∆5/3 → µj

)
≈ 1 (3.37)

as it couples to only second generation of leptons. This puts a lower limit on mass of

leptoquark as,

M1 ≥ 1100 TeV.

We use the lower limit to generate other constraints and for flavor analysis. For ∆2/3

state,

B
(
∆2/3 → µj

)
∝ λ2

4 ≈ 0 (3.38)

which does not provide any constraints from this analysis.

Two jets and MET: When the leptoquark state ∆2/3 is pair produced, each can

decay into a neutrino and a quark giving rise to a peculiar dijet + MET signature. The

parameters M1 and λ2 are fixed from flavor observables and this process only depends

on M2 and λ1. We use the 13 TeV ATLAS search [222] to find constraints on this

parameter space.

One jet and MET: If the leptoquark ∆2/3 is singly produced, it can decay into a

quark and a neutrino giving rise to monojet+MET signal at the LHC. This process only

depends on the parameters M2 and λ1. We use the 8 TeV ATLAS search [223] to find

constraints on this parameter space.

Other Constraints: We find that the monojet+MET constraints are strong enough

to rule out the entire parameter space that explains IceCube PeV events and tests for

other processes are not required. However, in passing, we note that the constraints from
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jlν final state are much stronger. This maybe relevant for future tests of leptoquark

models.

Figure 3.9: The dijet+MET constraints are shown in blue and the monojet+MET
constraints are shown in red. The parameter space above the curves is ruled out. The
contours of δ are shown and the benchmark point used to generate Fig. 3.6 is shown.

3.7 Conclusion

The discrepancy in anomalous magnetic moment of muon, the observed excess in

PeV events at IceCube, and the lepton flavor universality violation in B decays can

be successfully addressed within the common framework of scalar leptoquark R2 =

(3, 2, 7/6). In this model, the flavor anomalies RK and RK∗ are explained through

one-loop contribution of R2 and one requires a TeV scale leptoquark with O(1) cou-

plings. Such a leptoquark invariably couples to first generation quarks and neutrinos

through the CKM matrix. It is resonantly produced in neutrino-nucleon interactions

and gives significant number of events for deposited energy O(PeV). Due to this,

one can reconcile the PeV excess with non-observation of Glashow resonance using

a harder spectral index. However, any such coupling will give rise to monojet+MET

and dijet+MET signals at LHC and it has been shown in this chapter that these provide

severe constraints on the model. We find that all of the interesting parameter space

is ruled out and a simultaneous explanation is not possible. While the limits obtained

are model dependent, the conclusions can be extended to other similar models e.g.

R-parity violating supersymmetry.
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Leptoquark for ANITA

In this chapter, I have considered two scenarios wherein a leptoquark, proposed as a

resolution to flavor anomalies, also explains the anomalous events observed by ANITA.

In the first scenario, I have extended the minimal leptoquark model proposed in Ref.

[224] with a sterile neutrino (χ) of mass O(1) GeV. The sterile neutrino is produced

in UHE neutrino-nucleon interactions mediated by the leptoquark. Due to insignifi-

cant interaction with normal matter, it can travel inside Earth without attenuation and

decays to τ near the south pole. In the second scenario, an astrophysical UHE sterile

neutrino propagates freely through the chord of the Earth and produces a τ via lep-

toquark mediated interaction. Interestingly, the same set of interactions also explains

RD(∗) as shown in Ref. [225].

4.1 GeV scale sterile neutrino

As has been discussed in Refs. [224–226], a vector leptoquark U1 with SU(3)C ×
SU(2)L × U(1)Y quantum numbers (3,1, 2/3) can simultaneously explain the flavor

anomalies RD(∗) and RK(∗) . It is also one of the few models that admit leptoquark

coupling to a sterile neutrino [199]. The Lagrangian of U1 in the mass basis is,

L 3 − 1

2
U †µνU

µν − igsκU †µT aUνGaµν +M2
UU
†
µU

µ (4.1)

− (V · gL)ij ū
i
Lγ

µU1,µν
j
L − (gL)ij d̄

i
Lγ

µU1,µe
j
L (4.2)

37
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− (gR)ij d̄
i
Rγ

µU1,µe
j
R − (gχ)i ū

i
Rγ

µU1,µχR (4.3)

where V is the CKM matrix and χ is the sterile neutrino. If χ is sufficiently heavy, its

contribution as final state to semi-leptonic B decays is kinematically forbidden. In this

way, even if scalar and pseudo-scalar operators are generated by χ, their contributions

can be neglected and the conclusions in Ref. [226] remain unchanged. The required

texture of coupling matrices to explain flavor anomalies is,

gL =


0 0 0

0 gsµ gsτ

0 gbµ gbτ

 , gR = 0, and gχ = (0 gx 0). (4.4)

The left-handed couplings (gL) generate the desired Wilson coefficients (i.e. δC9 =

−δC10 with the correct sign for b → sµµ and δCV L > 0 for b → cτν). In this way,

U1 is one of the rare solutions that can simultaneously address both the anomalies.

The right-handed coupling (gR) is severely constrained as it generates the problematic

scalar and pseudoscalar operators. The sterile neutrino (χ) can also couple to other up-

type right handed quarks, but these couplings and their constraints have been neglected

for simplicity. In this section, the mass of leptoquark U1 is fixed to be MU = 1.5 TeV

and the couplings to be,

gsµ = −0.012, gbµ = 0.2, gsτ = 0.5, gbτ = 0.5 (4.5)

which can explain the flavor anomalies. This choice is within the reach of future LHC

searches but allowed from present constraints [226, 227]. The coupling gx and mass

of the sterile neutrino (Mχ) are considered as free parameters.

The singlet is produced near the surface of Earth through neutrino-nucleon interac-

tion mediated by the leptoquark. The cross section for the process is dominated by the

resonant s-channel neutrino-quark interactions. The Feynman diagram is shown in Fig.

4.1 (left). It was pointed out in Ref. [228] that the gluon initiated neutrino interactions

are significant for IceCube. But these give an O(1) correction to survival probability
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ν

ū, c̄

U1

χ

c̄

}D+
s

ℓ−

χ
c

s̄
U1

Figure 4.1: The Feynman diagrams for the processes involved in section 4.1. Left:
The s-channel neutrino quark interaction mediated by leptoquark U1 with sterile neu-
trino in final state. Right: The decay mode of sterile neutrino to charged lepton and
D+
s is shown. The shaded circle represents the effective vertex.

and has been neglected in this section. The production cross section is approximated

using the narrow width limit as,

σLQ(Eν) =
3π

2

(
g2
x

g2
x + 1.08

)
1

2MNEν

∫ 1

0

dyy2
(
(0.11)2fu + (0.5)2fc

)
(4.6)

where fq is the PDF of q evaluated at x = M2
U/2MNEν and Q = MU

√
y. I have

used ManeParse [229] and NNPDF3.1(sx) [231, 232] datasets to numerically evalu-

ate the PDFs. The factors 1.08, 0.11, and 0.5 in Eq. (4.6) are obtained using central

values of CKM parameters [233]. Since the PDFs are evaluated at small-x, the quark

and anti-quark PDFs are similar and hence neutrino and anti-neutrino have similar

cross sections. The interaction length is is obtained from `LQ = (ρNAσLQ)−1 where

ρ ≈ 4gm/cm3 and NA is the Avogadro’s constant. Even though the density is larger

near the centre of Earth, the approximation is valid for the trajectory of messenger par-

ticles associated with the anomalous events.

In Ref. [70], three body decay of a singlet was considered. In this analysis, the two

body decay width of the sterile neutrino to a pseudoscalar meson and the tau lepton is

calculated. The Feynman diagram is shown in Fig. 4.1 (right). Since the decay width

is being estimated in the rest frame of a GeV mass sterile neutrino, one can integrate
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out the heavy leptoquark and the effective Lagrangian is obtained as,

Leff =
2gxgq`
M2

U

[c̄PLq]
[
¯̀PRχ

]
(4.7)

where q ∈ {s, b} and ` ∈ {µ, τ}. To relate in quark-level and meson-level interactions,

one has to use the expression,

〈0|q̄1γ5q2|P 〉 = i
M2

P

M1 +M2

fP (4.8)

where P is a pseudoscalar meson of mass MP and fP is the associated form factor.

The rest frame partial width of the sterile neutrino is,

Γτ ≡ Γ(χ→ τ−D+
s ) =

1

16π

(
gxgsτ
M2

U

)2
(

M2
D+
s

Mc +Ms

fD+
s

)2

Mχ β
(
MD+

s
,Mτ ,Mχ

)
(4.9)

where the phase space factor is,

β(a, b, c) =

[(
1−

(
a− b
c

)2
)(

1−
(
a+ b

c

)2
)]1/2

. (4.10)

For numerical analysis I have used,

fD+
s

= 257.86 MeV MD+
s

= 1.968 GeV (4.11)

based on the central values reported in [198]. The quarks and lepton masses used are

Mc = 1.29 GeV, Ms = 95 MeV, Mµ = 105.66 MeV, and Mτ = 1.77 GeV. The decay

length of χ for this mode in Earth’s frame is,

`D = γcτ =
1

Γτ

Eχ
Mχ

≈ 1

Γτ

Eν
2Mχ

(4.12)

where the last approximation is true for the range of energies involved. In this scenario,

the energy of the emergent tau is related to the incident neutrino energy by Eτ = Eν/4

and hence for observed shower energy ∼ 0.5 EeV, one requires the incident neutrino

to have energy Eν ∼ 2 EeV.



4.1. GeV scale sterile neutrino 41

Using only SM interactions, one can estimate the bare survival probability ε0 =

e−l⊕/`0 where l⊕ is the length of path traversed (chord) by neutrino inside Earth and for

EeV neutrinos, `0 ∼ 275 km [67]. This is severely enhanced when one takes neutrino

regeneration effects during propagation into account. In Ref. [67], the probability,

denoted with εSM , is obtained using simulations and mentioned in Tab. 2.1. Due to

the leptoquark interactions, the survival probability of the neutrino flux is,

εLQ =

∫ l⊕

0

dl1

∫ l⊕−l1

l⊕−l1−δ
dl2

[
e−l2/`D

`D

e−l1/`LQ

`LQ

(
1−

∫ l1

0

dl3
`0

e−l3/`0
)]

(4.13)

The above expression is understood as follows. The parentheses denote the fraction

neutrinos that survive SM interactions after propagating a distance l1. These neutrino

undergo leptoquark interactions with the matter and produce a sterile neutrino. The

sterile neutrino propagates a distance of l⊕ − l1 − δ before it decays near Antarctic

surface in the δ ≈ 10 km window that will produce the observed τ .

log
10

(g x
)

Mχ (GeV )

ϵ LQ
> ϵ SM

Bµ = 0.1

Bµ = 0.01

B⌧ = 0.01

B⌧ = 0.1

Figure 4.2: The parameter space that gives εLQ > εSM (blue), and εLQ > 1 × 10−6

(dark blue) for l⊕ = 7210 km is shown. Similar projections for `⊕ = 5740 km is shown
by red curves. The gray shaded region is conservatively ruled out from B+

c decays and
the limits for various B` are shown. The top part is excluded using the perturbativity
limit gx ≤

√
4π. The neutrino energy is fixed to be 2 EeV. The benchmark point

considered in the text is shown.
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In Fig. 4.2, I have shown the parameter space that gives εLQ > εSM and εLQ > 10−6

for the two values of l⊕. The maximum survival probability in this scenario is of the

order 4 × 10−6 but accounting for neutrino regeneration effects can increase εLQ by

few orders. However, complete estimation requires simulation of neutrino propagation

which is beyond the scope of this work. The precision measurement of B+
c decay

modes can test the most interesting part of the parameter space in future. The branching

fraction B` = Br(B+
c → `+χ) for ` ∈ {µ, τ} is,

B` =
τB+

c

4πMB+
c

(
gxgb`
M2

U

)2
(

M2
B+
c

Mc +Mb

fB+
c

)2 (
M2

B+
c
−M2

` −M2
χ

)
β
(
Mχ,M`,MB+

c

)
(4.14)

where fB+
c

= 0.43 GeV [225] and MB+
c

= 6.275 GeV [233]. Since the typical branch-

ing ratio of leptonic mode is very small, I take the conservative limit of B` = 10% for

both µ and τ modes to constrain our parameter space. The limits for B` = 1%, which

will be accessible in future B-factories, are also indicated.

In this model, for the interesting part of parameter space, the only kinematically

allowed choice for the final state meson is D+
s . The model also allows for χ→ µ−D+

s

but this decay mode is suppressed due to smallness of |gsµ| ∼ 0.012 as compared to

|gsτ | ∼ 0.5 (cf. Eq. (4.5)). It is also possible to have χ → ν−X but to get emergent τ

from this one needs another interaction which makes it less probable. This mode will

be important when accounting for regeneration effects using simulation.

To estimate the number of events, consider the benchmark scenario

Mχ = 4.0 GeV and gx = 0.8 (4.15)

for which Γτ = 4.64 × 10−16 GeV and εLQ ∼ (1.5 − 2.0) × 10−6. This gives the

expected number of AAE per direction to be 0.03 using the saturated anisotropic flux.

In this scenario, larger values of the coupling gx seem to be preferable but they would

be constrained from determination of Bµ in future. To avoid this, one can assume

gbµ = 0 but then the model cannot explain RK(∗) . If simultaneous explanation of both

flavor anomalies is not necessary, one can also consider a light sterile neutrino.
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4.2 Light Sterile Neutrino

In Ref. [225], it is shown that U1 leptoquark coupled to a light sterile neutrino can also

address the flavor anomalies. Unlike the scenario considered in Ref. [226], RD(∗) is

explained via right-handed couplings and RK(∗) via left-handed ones. It is concluded

that a simultaneous explanation in this model is in tension with big bang nucleosyn-

thesis but RD(∗) can be explained without conflict. The Lagrangian for the leptoquark

is similar to Eq. (4.1) but only a handful of Yukawa couplings are required. For com-

pleteness, I have mentioned the Lagrangian for the model again in Eq. (4.16). The

relevant interactions are,

LLQ = −1

2
U †µνU

µν− igsκU †µT aUνGaµν +M2
UU
†
µU

µ+gbτ b̄Rγ
µU1,µτR+gxc̄Rγ

µU1,µχR

(4.16)

where gs is the strong coupling constant and κ = 0 for a minimally-coupled theory

whereas κ = 1 for a gauge theory of leptoquark. The flavor anomalies can be explained

with the following choice of coupling and leptoquark mass,

|gxgbτ | ∼ 0.62

(
MU

1 TeV

)2

. (4.17)

Considering the LHC constraints on the model, I chose MU = 1.5 TeV which is close

to the lightest allowed mass for κ = 1. To a good approximation, gbτ ∈ {1.1, 1.4}
which translates to gx ∈ (1.0, 1.25) using Eq. (4.17). In this limit, the model can be

tested in future 300 fb−1 LHC analysis. The limits are weakened for κ = 0.

To explain the anomalous events, a flux of light sterile neutrinos (χ) is assumed.

The sterile neutrinos pass through the Earth almost unattenuated and only a fraction of

them interact with the matter in Earth. Through these interactions, they can produce a

τ near the Antarctic surface. In this section, I have considered both quarks and gluon

initiated interactions. The Feynman diagrams for this process are shown in Fig. 4.3

The χ-quark interaction is dominated by the s-channel resonant contribution and

the cross section can be estimated by

σq = σ(χc→ τb) =
3π

2

(
g2
xg

2
bτ

g2
x + g2

bτ

)
1

2MNEν

∫ 1

0

dy(1− y)2fc. (4.18)
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U1
U1
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Figure 4.3: The Feynman diagrams for χ-nucleon interaction. (a) The dominant
s-channel χ-quark interaction. (b) The κ-dependent χ-gluon interaction. (c) The κ-
independent χ-gluon interaction.

The difference in y- dependence is due to the RR nature of interaction as opposed to

LR in the previous case. On the other hand, the χ-gluon interaction cross section can

be estimated using,

σg = σ(χg → τcb̄) ≈ σ(χg → cU1)×Br(U1 → τ b̄). (4.19)

The model is implemented in FeynRules [218] and compared with the implementation

in Ref. [234]. The analytical form of the cross section is obtained using CalcHep

[230]. As is shown in Ref. [228], the gluon initiated process are significant for large

energies and of the same order of magnitude as the quark initiated processes. The cross

section depends on κ as evident from Fig. 4.3. In Fig. 4.4, I have show the variation of

σq and σg with incident sterile neutrino energy. I have also shown the relative strength

for κ = 0 and 1.

Due to the minimal set of interactions considered in this model, the interaction of

χ with quarks invariably produces τ in the final state. The fraction of incident χ that

interact with matter in Earth is given as,

εq/g =

∫ l⊕

l⊕−δ
dl1

e−l1/`q/g

`q/g
(4.20)

where `q/g = (ρNAσq/g)
−1. One must note that, for χ-quark interactions Eτ = Eχ/2

whereas for χ-gluon interaction Eτ = Eχ/4. By uniformly varying Eχ, I have shown
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Eχ (GeV)

σq

σg

κ = 0
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Figure 4.4: The variation of cross section σq (σg) with incident sterile neutrino energy
is shown in blue (red). The inset shows the difference in magnitude of σg for κ = 0
and 1 in arbitrary units.

show the variation of ε = εq+εg with energy of emergent tau in Fig. 4.5. An interesting

result of this scenario is that the distribution peaks for tau energy in the same range as

seen by ANITA.

ϵ
×1

03

Eτ (EeV)

ϵg

ϵq

ϵ

l⊕ = 5740 km

ϵ
×1

03

Eτ (EeV)

ϵg

ϵq

ϵ

l⊕ = 7210 km

Figure 4.5: The variation of εq, εg, and ε is shown in blue, red, and black respectively.
The solid curve is for κ = 1 and the dashed curve for κ = 0. The chord length l⊕ is
fixed to be 5740 km (left) and 7210 km (right). Also, gx = 1.2 for both the plots. The
region shown in green is the observed shower energy for the two events.

In order to estimate the number of events, one needs to know the flux of incident χ on

Earth. It is clear from the discussion in section 2.2 that this scenario cannot explain

AAE with isotropic flux. An anisotropic flux from point-like sources in the sky is

assumed and parametrized as

Φ = φ0 × 10−20

(
Eχ

EeV

)−γ
(GeV cm2 s sr)−1 (4.21)
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where the spectral index γ is unknown. The number of events is then given by,

N ≈
(

1800

EeV

)
× φ0 ×

[∫ 2Emaxτ

2Eminτ

dEχ · εq(Eχ) ·
(
Eχ

EeV

)−γ
+

∫ 4Emaxτ

4Eminτ

dEχ · εg(Eχ) ·
(
Eχ

EeV

)−γ]
(4.22)

where the limits of integration are determined by the 1σ range of observed τ energy.

Note that the limits and εq/g depend on the chord length in consideration. Keeping

N = 1, one can obtain the required value of φ0 for various choices of γ. The results

have been summarised in Tab. 4.1. It can be seen that these values are compatible

with the upper bounds mentioned in section 2.2. Note that, for γ = 0, one expects

more number of events with shower energies higher than the ones observed by ANITA.

Hence, higher values of spectral index is preferred.

γ = 0 γ = 1 γ = 2 γ = 3
A B A B A B A B

φ0 0.19 0.41 0.31 0.71 0.37 1.04 0.33 1.30

Table 4.1: The required value of φ0 to getN = 1 for various choices of spectral index
and chord lengths (A ≡ 5740 km and B ≡ 7210 km).

We briefly comment regarding the source of such high energy sterile neutrinos.

They can either be produced via the leptoquark interactions, via oscillation of active

neutrinos near the source, or via interactions during propagation. If the sterile neutri-

nos are produced due to oscillation from the active ones, then the flux is proportional to

the square of the mixing angle. For large mixing, the cross section will dominated by

SM interactions and the sterile neutrino will be significantly attenuated by Earth. For

small mixing, albeit the sterile neutrino propagates freely, the incident flux is smaller

and constraints from active neutrino flux becomes important. On the other hand, if

a flux of active neutrinos encounters large magnetic fields during propagation, it can

convert to sterile neutrinos via the transition magnetic dipole moment [235]. In this

scenario, one anticipates both fluxes to be of the same order of magnitude and offers

a testable explanation. Another possibility is the absorption of active neutrino flux

by cosmic sterile neutrino background [236] or dark matter [237]. In [77], a flux of
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boosted right handed neutrinos was obtained through decay of dark matter.

4.3 Conclusion

Since the observation of AAEs, many BSM scenarios have been invoked to explain the

discrepancy. In this chapter, I have proposed two models that can significantly enhance

the τ survival probability while simultaneously addressing the flavor anomalies. In the

first scenario, I have have extended chiral vector leptoquark model which explains

RD(∗) and RK(∗) [224] by a sterile neutrino. The cosmogenic UHE neutrinos interact

with the matter in Earth and produce a sterile neutrino that propagates freely inside

Earth and decays near the surface to a τ . The precise measurement of Br(Bc → τχ),

which is possible in upcoming B factories, will provide a good test of this model.

In the second scenario, a cosmogenic UHE sterile neutrino passes through the Earth

almost unattenuated and interacts with the matter in Earth to produce an observable τ .

The same interactions and parameters also explain RD(∗) anomaly [225]. The inter-

esting result is that the distribution of emergent τ energy peaks in the same regime as

observed by ANITA. This model has observable signatures in 300 fb−1 LHC searches.

In summary, the observation of lepton flavor universality violation and Earth emer-

gent τ with EeV energy can be explained in a common framework. Moreover, it has

testable signatures in upcoming experiments. Future observations by IceCube Gen-II

and data from ANITA-IV should be able to shed more light on such BSM hypotheses.





Chapter 5

Sterile Neutrino for IceCube

In this chapter, we look at resonant absorption of astrophysical neutrinos from cosmic

neutrino background and it’s signature in the IceCube spectrum. In section 5.1 I have

discussed the model for a light sterile neutrino with self interactions. In section 5.2,

I have discussed the basics of neutrino absorption and its relevance for IceCube. In

section 5.3, I have discussed the parameter space favoured by IceCube, MiniBooNE,

and cosmology. In section 5.4, the features of attenuated flux after absorption are

discussed. Finally in section 5.5, the conclusion and test of the model with future

observations are discussed.

5.1 Self interacting sterile neutrino

The existence of a sterile neutrino with mass O(eV) and large mixing angles is in

conflict with cosmology. The measurement of cosmic microwave background (CMB)

anisotropy puts severe constraints on the number of fully thermalised relativistic de-

grees of freedom (Neff ) around the epoch of big bang nucleosynthesis (BBN) i.e.

Tγ = 1 MeV [87] . A simple resolution to this puzzle is to assume self-interactions in

the sterile sector [35, 238–242]. Another interesting possibility is to consider neutrino

anti-neutrino asymmetry that can also suppress Neff during BBN [243–245].

In this chapter, we closely follow the model proposed in Ref. [35]. The SM is

extended by introducing a left-handed sterile neutrino (νs) which is charged under a

49
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new gauge symmetry U(1)X . The new gauge boson (Xµ) may acquire its mass through

spontaneous symmetry breaking in the hidden sector or Stueckelberg mechanism. For

this analysis, we only focus on the sterile neutrino and its interactions. The relevant

part of the Lagrangian is the gauge interaction of the sterile neutrino given by,

− Ls = gX ν̄sγ
µPLνsXµ (5.1)

In terms of mass eigenstates,

− Ls =
∑
i,j

gij ν̄iγ
µPLνjXµ (5.2)

where gij = gXU
∗
siUsj . The 4× 4 equivalent of PMNS matrix is parametrised as,

U = R34R24R14R23R13R12 (5.3)

where Rij is the rotation matrix in the i-j plane. It is assumed that the elements of

the mixing matrix are real for simplicity. The other neutrino mixing angles used are

central values of the best-fit from the oscillation measurements [246]: θ12 = 33.62◦,

θ23 = 47.2◦, and θ13 = 8.54◦. There are six free parameters in this model,

P = {θ14, θ24, θ34,m4, gX ,MX} (5.4)

wherem4 is the mass of the fourth (mostly sterile) mass eigenstate andMX is the mass

of new gauge boson.

Figure 5.1: The Feynman diagrams for the effective potential. The red crosses denote
that the interaction is with the thermal background.

Due to the strong (as compared to weak interactions of SM neutrinos) self inter-
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action of the sterile neutrino, interactions with the thermal background fields in the

plasma become important. The dominant contribution comes from taking thermal

propagators in the one-loop bubble diagram. The tadpole contribution is negligible

[35]. The relevant Feynman diagrams are shown in Fig. 5.1. As a result, the sterile

neutrino sees an effective potential due to the background fields. In other words, the

sterile neutrino has an effective thermal mass which depends on the number density

(or temperature) of the fields in the background. The Effective potential for the sterile

neutrino is of the form [35],

Veff =


−28π3αXET

4
s

45M4
X

E, Ts �MX

+
παXT

2
s

2E
E, Ts �MX

(5.5)

which modifies the effective mixing angle as,

sin2(2θm) =
sin2(2θ0)

(cos(2θ0) + 2E
∆m2Veff )2 + sin2(2θ0)

. (5.6)

As the thermal effective potential is large in the early universe, the mixing is suppressed

then. The universe cools down due to expansion and the effective potential is smaller

at later times. The mixing angle at late times is the vacuum mixing angle which is

allowed to be large. Due to this suppression in early universe, the sterile neutrinos are

produced efficiently only at low temperatures i.e. after recoupling [247]. The strong

limits from BBN can be avoided if Trec < 1 MeV and this provides constraints on the

model parameters. Small gauge couplings in the sterile sector are ruled out which is

understandable as one needs strong self interactions [239]. Moreover, the mass of the

gauge boson required is of O(10) MeV. The new gauge boson will also mediate self

interactions of lighter neutrino mass eigenstates due to the mixing. This will affect

their free streaming in the early universe and the scenario is constrained from CMB

[248, 249]. Furthermore, the constraints from
∑

mν generally rules out ms > 0.2 eV

but several scenarios have been proposed in Ref. [250] which can evade this. One of

the plausible solutions is to add new lighter sterile neutrinos in the model.



52 Chapter 5. Sterile Neutrino for IceCube

5.2 Neutrino absorption by cosmic backgrounds

It was shown in Refs. [54, 251–253] that secret interaction between neutrinos medi-

ated by an MeV scale boson will give rise to absorption lines in the UHE neutrino

spectrum. During propagation through the cosmic media, these neutrinos can get res-

onantly scattered off the cosmic neutrino background which results in an absorption

line. However, due to the redshift during propagation, the lines appear as troughs or

dips in the spectrum. If only SM interactions are considered, the dip is at Eν ∼ 1013

GeV [254] which is undetectable with present neutrino telescopes. The absorption

features of sterile neutrino background were first pointed out in Ref. [255], and Ref.

[256] applied it in the context of diffuse supernova background. As mentioned Section

2.1, there is a gap in the IceCube spectrum from 400 TeV to 800 TeV, an excess of

PeV events, and lack of Glashow events. In this chapter, I have tried to explain these

features through two dips in the IceCube spectrum using resonant absorption by sterile

and SM neutrinos in the cosmic background.

Due to recoupling, the neutrino background has all four mass eigenstates in equal

proportions and at the same temperature. For the benchmark scenarios considered in

the chapter, recoupling is guaranteed [239]. The scattering cross section is,

σij = σ (ν̄iνj → ν̄ν) =
1

6π
|gij|2g2

X

s

(s−m2
X)2 +m2

XΓ2
X

(5.7)

where νi are the mass eigenstates of the four neutrino species and ΓX = g2
XmX/12π

is the decay width of the new boson. The mean free path or interaction length is,

λi(Ei, z) =

(∑
j

∫
d3p

(2π)3
fj(p, z)σij(p, Ei, z)

)−1

≈
(
nν(z)

∑
j

σij(p, Ei, z)

)−1

(5.8)

where fi is the distribution function for the neutrinos given by,

fi(p, z)
−1 = exp

(
p

Ti(1 + z)

)
+ 1 (5.9)

and Ti = 1.95 K for all four components. The approximation in the RHS of Eq. (5.8)
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is valid only when the neutrino is non-relativistic. Since the lightest neutrino gives

absorption feature for higher energies, it is unobservable with present sensitivity of

IceCube. For the remainder of this chapter, we assume normal hierarchy (NH) and

neutrino masses to be [20]

m1 = 5× 10−3 eV, m2 = 1× 10−2 eV, and m3 = 5× 10−2 eV. (5.10)

The case of inverted hierarchy (IH) is similar. One can see that,

mi � 〈p〉 = 3Tν ∼ 5.3× 10−4 eV ∀ i (5.11)

which allows us to approximate the c.m. energy (
√
s) using,

s = 2Ei(1 + z)

(√
p2 +m2

i − p cos[θ]

)
≈ 2Ei(1 + z)mi. (5.12)

The z dependence accounts for redshift during propagation. The survival rate of i-th

neutrino mass eigenstate is given as [253, 257],

Ri = exp

[
−
∫ zs

0

1

λi(1 + z)

dL

dz
dz

]
(5.13)

where zs denotes the redshift distance to the source and,

dL

dz
=

c

H0

√
Ωm(1 + z)3 + ΩΛ

. (5.14)

We have fixed the cosmological parameters to Ωm = 0.315, ΩΛ = 0.685, and H0 =

67.3 km/s/Mpc using the best fit values from Planck [88]. We also assume a power-law

flux for each neutrino near the source. The flux of neutrino of flavor α ∈ e, µ, τ, s at

Earth is,

φα =
4∑
j=1

|Uαj|2φjRj = (φ0E
−γ
ν )

4∑
j=1

|Uαj|2Rj ≡ (φ0E
−γ
ν )Rα. (5.15)

Since the sterile neutrino will not generate any signal at the IceCube detector, the flux
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of neutrinos that can be seen by IceCube is simply,

φ = φe + φµ + φτ = (φ0E
−γ
ν )

( ∑
f=e,µ,τ

4∑
j=1

|Ufj|2Rj

)
≡ φ0E

−γ
ν 〈R(P , Eν)〉 (5.16)

where the parentheses in the last term represent that 〈R〉 depends on the model param-

eters and incident neutrino energy only.

In Fig. 5.2, the variation of Rα and Ri is shown for a benchmark scenario. The

gauge coupling is fixed to be gX = 0.1 and the mass of the gauge boson to beMX = 25

MeV. It is assumed that the neutrino sources are localised around zs ∼ 0.3. There are

three features that are important. Firstly, there are two dips in the interesting range of

neutrino energy. The first one is associated with the absorption due to heavy (i.e.

mostly sterile) mass eigenstate and the second dip is due to the absorption by the

heaviest SM neutrino (i.e. m3 in NH). Moreover, for a source located at zs, the dip

in the spectrum occurs for the neutrino energies between Eν ∼ Eres/(1 + zs) and

Eν ∼ Eres where Eres = M2
X/2mi is the neutrino energy for which X is resonantly

produced. The width of the dip is approximately given as,

∆i ≈ M2
X

2mi

zs
1 + zs

. (5.17)

And lastly, since other neutrinos (both SM and sterile) are lighter, their absorption

features occur at much higher neutrino energies. It is thus inconsequential for our

analysis whether the lightest neutrino is relativistic or non-relativistic today.

Figure 5.2: Left: This plot shows variation of Re (blue), Rµ (red), Rτ (green), and Rs

(dashed black) with neutrino energy. Right: This plot shows variation of R1 (blue), R2

(red), R3(green), and R4 (dashed black) with neutrino energy.
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The absorption lines are sensitive to the distance to the source. It can be inferred

from Eq. (5.17) that the further the source, the broader will be the absorption line.

It is assumed that the UHE neutrinos originate from blazars and non-blazar active

galactic nuclei (AGN) like sources as opposed to spatially distributed sources like dark

matter decay [40, 258–261]. In future, multi messenger observations will verify this

hypothesis. For this analysis it is assumed that the sources are localised around a fixed

redshift, 〈zs〉, which allow for simpler calculations. The detailed analysis considering

various possibilities of sources and their distributions is done in Ref. [257] and similar

results are obtained. It is interesting to note that any source located very far from Earth

(say zs > 5) will broaden absorption lines to an extent where flux at high energies

(> 200 TeV) becomes negligible. Such an inference cannot be made in the standard

picture without these self-interactions. Thus, if future multi-messenger observations

conclude that almost all the sources of UHE neutrinos are localized within a horizon,

it will strongly hint at resonant absorption.

5.3 Constraints on parameter space

In this section, I examine the ms-MX parameter space that can explain the observed

IceCube spectrum. To begin with, if Eres ∼ PeV, one cannot explain the observed PeV

events at IceCube unless the sources are very close. Thus in general scenarios, the m3

absorption line should not lie in the range 800-3000 TeV. This is shown in Fig. 5.3 as

region shaded in grey. Because of the redshift broadening during propagation, these

constraint depends on 〈zs〉. I have shown two cases 〈zs〉 = 0.6 and 〈zs〉 = 0.8.

As the aim to explain the dip in the spectrum using the fourth neutrino, it is required

that,

Eres ≤ 800 TeV and
Eres

1 + 〈zs〉
≥ 400 TeV. (5.18)

This parameter space allowed is shown as the blue shaded region in Fig. 5.3. Further-

more, to avoid the
∑
mν constraints one need to add very light sterile neutrinos in the

full theory [250]. The parameter space that requires one additional particle is towards

right of the red solid line in Fig. 5.3. Similarly, the region for two light particles is
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towards right of red dashed line. The sterile neutrino mass hinted by MiniBooNE at

68% C.L. is shown as green shaded area and the best fit point is shown as dashed grey

line.

Figure 5.3: The parameter space of masses of sterile neutrino and new gauge boson.
The black point shows the benchmark case considered in the paper. Left: 〈zs〉 = 0.6,
Right: 〈zs〉 = 0.8. See text for details.

It can be easily concluded from Fig. 5.3 that only a small portion of the parameter

space is compatible with all the constraints. I have used the representative point

m4 = 0.4 eV and MX = 25 MeV (5.19)

as it requires only one additional light particle. This is also required from anomaly can-

cellation for the new symmetry. The gauge coupling is constrained from restrictions

on the recoupling temperature and a consistent benchmark point gX = 0.1 is chosen.
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Figure 5.4: The flux without attenuation is shown as dashed grey line. The blue (red)
curve is the flux with attenuation for the democratic (maximal) case.

5.4 Attenuated Flux at IceCube

In the beginning we started with six free parameters for the model. Following the

discussion in the previous section, the mass of sterile neutrino and new gauge boson

are fixed from IceCube requirements. The strength of the gauge coupling is determined

from the recoupling requirements. Thus the only free parameters left are the three

mixing angles. If the mixing angles are too small, the interaction length in Eq. (5.8)

will be larger than the size of observable universe. For significant absorption, it is

estimated that θ ≥ 0.01. In this section, I have considered two cases,

Case I (democratic mixing) : θ14 = θ24 = θ34 = 0.3

Case II (maximal mixing) : θ14 = θ24 = π/4 and θ34 = 0

for representative purposes. The maximal case is motivated by the mixing angles re-

quired by MiniBooNE. For the neutrino flux parameters, the spectral index is taken

to be 2.6 and normalization is fixed from the second bin. Sources are assumed to be

distributed around z = 0.6. The resulting attenuated flux is shown in Fig. 5.4.

In this model, the astrophysical neutrino spectrum has several features that help

explaining the observed events by IceCube. To begin with, the absorption line and the
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subsequent broadening give rise to a dip from 400-800 TeV. At the end of the absorp-

tion feature, the flux increases and this can explain the PeV events without requiring

other sources such as dark matter decay. At even higher energies, the absorption fea-

ture of the heavy neutrino gives rise to another dip in the spectrum. This can explain

the lack of Glashow events even when one considers a small spectral index. At the

end of this feature, the flux increases again. The recent observation of high energy

neutrino indicates two events in this energy range [29]. Our model uniquely predicts

that the neutrino flux increases after the second dip which is compatible with the new

events. As more data gets available, one may have to re-evaluate the absorption fea-

tures of sterile neutrino by either assuming larger spectral index or a different point in

the m4−MX parameter space. With more data, the absorption features of other lighter

neutrinos can also be probed. Another prediction of the model is that there is a flux of

400-800 TeV sterile neutrinos on Earth. The direct or indirect detection of these sterile

neutrinos is an open question for now. A different point in the parameter space can

give rise to flux of sterile neutrinos with energy of O(EeV) which may be relevant for

ANITA as discussed in chapter 4 of the thesis.

5.5 Conclusion

The existence of a eV scale sterile neutrino is hinted by short baseline experiments

such as MiniBooNE and LSND. Due to the large vacuum mixing angles required to

explain the anomaly, these sterile neutrinos will be fully thermalised with SM neutri-

nos in the early universe. This would be in tension with the determination of Neff

during big bang nucleosynthesis using CMB data. To reconcile a light sterile neutrino

explanation MiniBooNE anomaly with BBN predictions in ΛCDM, one can introduce

gauge or scalar mediated interactions in the sterile sector. For O(0.1) coupling, the

mediator mass required is of MeV scale for successful recoupling. Since the mixing

angles are also large, the astrophysical neutrinos can efficiently scatter off the cosmic

background neutrinos - both sterile and active. This leads to absorption like features in

the spectrum of UHE neutrinos which can be tested by IceCube.
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In this chapter, I have shown that the observed gaps in the spectrum at 400-800

TeV as well as beyond 2.6 PeV correspond to resonant absorption by two heaviest

neutrino mass eigenstates in the cosmic background. The prediction for this model is

that there are peaks in the spectrum beyond 6.3 PeV and dips corresponding to two

lighter neutrino mass states. These features can be tested in future IceCube observa-

tions. Furthermore, a generic feature of absorption during propagation is that gap in

the spectrum widens with distance to the source. This renders IceCube invisible to ν

sources beyond a certain zmax. Future multi-messenger observations should be able to

confirm this horizon.





Chapter 6

Sterile Neutrino for Light Dark Matter

In this chapter, I have presented a model for self-interacting light dark matter that is

coupled to a self-interacting sterile neutrino similar to the one in previous chapter.

In section 6.1, I have discussed details of the model for dark matter. In section 6.2,

I have analytically calculated the relic density of a thermally decoupled dark matter

through freeze-out of coannihilations. In section 6.3, the cross-section for one loop

self interaction is estimated. In section 6.4, the results and implications from IceCube

are discussed. In section 6.5, I have mentioned the conclusions of this chapter.

6.1 Model Description

In this chapter, it is assumed that in the early universe, dark matter and the sterile

neutrino are thermally decoupled from the SM bath similar to Ref. [172, 262–265]

and have different temperatures. This temperature asymmetry is characterised by the

parameter ξ = (Td/TSM) ≤ 1. The decoupling can be achieved if the interactions

responsible for thermal equilibrium between the two sectors freeze out at high tem-

peratures. For the sterile neutrino, the arguments in the previous chapter assure that

even though it has large vacuum mixing angles, the production is not efficient in early

universe. In the absence of such interactions, one can also assume that the two sectors

have been created at different temperatures during reheating itself [266]. Thus ξ is a

free parameter although it changes with time. Because of this temperature asymmetry,

smaller mass for DM is allowed which would otherwise be strictly constrained from

61
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Neff during BBN.

The model considered in the chapter is an extension of the one discussed in the

previous chapter. I have added a Dirac fermion which is also charged under the U(1)X

symmetry. The new gauge boson (Xµ) acquires its mass from spontaneous symmetry

breaking. This phase transition also generates a Majorana mass term for DM but not for

the sterile neutrino. This splits the dark fermion into two Majorana fermions (χ1 and

χ2) with a mass gap [267–271]. The lighter of the two Majorana states (say, χ1) will be

the cosmological dark matter. In the mass basis, the coupling of X boson is purely off-

diagonal as the Majorana states cannot carry any conserved quantum number. The new

particles and their charge assignments are mentioned in Tab. 6.1. The above charges

Fields ψ1 ψ2 νs1 νs2 φ
QX 1 -1 a −a 2

Table 6.1: The BSM fields and their charges under U(1)X symmetry.

assure that the model is anomaly free. The requirement of two sterile neutrinos has

been emphasied in the previous chapter. So long as a 6= 1, φ does not have Yukawa

like interaction with the sterile neutrinos. The most general Lagrangian with the BSM

fields is,

LBSM = ψ̄1( /D −m)ψ1 + ψ̄2( /D −m)ψ2

+ νs1( /D −ms1)νs1 + νs2( /D −ms2)νs2

+ yφψ̄1ψ2 + h.c.

+ (Dµφ)†(Dµφ)− 1

4
XµνXµν

+
ε

4
XµνFµν + ηφ†φH†H

− V(φ) (6.1)

where H is the SM Higgs’ field and Xµν = ∂µXν − ∂νXµ is the field strength for the

new gauge boson. Furthermore,

Dµ = ∂µ − igXQXXµ (6.2)



6.1. Model Description 63

is the gauge covariant derivative. The assumption that the dark sector is thermally

secluded from the visible sector implies the limits ε → 0 and η → 0. Since these

interactions cannot be generated via loops, one can take these coefficients to be van-

ishingly small. The potential for the new scalar field has the usual form considered for

spontaneous symmetry breaking given by

V(φ) = −µ2φ†φ+ λ(φ†φ)2. (6.3)

The symmetry breaking not only gives mass to the new gauge boson, but also generates

an off diagonal mass term from the Yukawa-like interaction. In the ψ1 − ψ2 basis, the

mass matrix is

M̂ =

 m yvφ

yvφ m

 (6.4)

which has eigenvalues m ± yvφ. One can go to the mass eigenstates by the transfor-

mation,

ψ1 →
χ1 + χ2√

2
and ψ2 →

χ1 − χ2√
2

. (6.5)

The Lagrangian for χ1 and χ2 is,

L = χ̄1(/∂ −m1)χ1 + χ̄2(/∂ −m2)χ2 + igX(χ̄1 /Xχ2 + χ̄2 /Xχ1) + ... (6.6)

where the ellipses denote interactions with the Higgs’ scalar of the dark sector. In this

basis, the interaction of the gauge boson with χ1 and χ2 is purely off-diagonal. The

role of these off-diagonal interactions for calculation of relic abundance was recently

studied in Ref. [272].

In terms of the free parameters, one can fix vφ given the mass of the X boson.

However, by varying λ one can make the scalar sufficiently heavy such that it does not

affect the low scale dynamics. The mass gap between the two states is determined by

the Yukawa coupling (m2 = m1 + 2yvφ) and can be considered as a free parameter.

We fix the the coupling constant gX ≈ 1 (αD = g2
X/4π ≈ 0.1) for remainder of this



64 Chapter 6. Sterile Neutrino for Light Dark Matter

chapter. The mass hierarchy

ms1 < ms2 � mχ = m1 < m2 = m1(1 + δ)�MX (6.7)

is natural for eV scale sterile neutrinos, keV scale dark matter, and MeV scale gauge

boson. Since the sterile neutrinos recouple after BBN, they do not contribute the Neff .

However, the contribution of DM to the Neff can be approximated using,

Neff = 3.046 + 2×
(

11

4

)4/3

ξ4. (6.8)

At the time this work was completed, the Planck data indicated thatNeff = 3.15±0.23

[87]. This implies that to ξ ≤ 0.45(0.52) at 1σ(2σ) confidence level. The current value

reported by Planck is Neff = 2.99 ± 0.17 [88]. However, in alternative cosmologies

the limits can be severe or relaxed depending on the model [273]. In this chapter, I

have considered two bench mark scenarios ξ = 0.5 and ξ = 0.3 as the source of this

anisotropy is not discussed.

6.2 Relic Density from Coannihilation

Following the usual calculation of relic abundance, one must make necessary changes

due to the temperature asymmetry. Similar calculation is performed in [172] and the

only difference is that I have used hidden sector temperature to define x while using

SM entropy to define Y . This definition is advantageous in models where the hidden

sector entropy is not conserved explicitly (e.g. when a minor component decays into

SM particles during late times). In such scenarios, the total entropy density, which is

mainly SM entropy, is a good proxy for dilution. Otherwise, the treatment is analogous

and one can use either definitions.

The Boltzmann equation for the total number density (6.21) can be expressed in

terms of the abundance

Y =
n

s
(6.9)

which is free from the dilution due to expansion. Note that s denotes the total entropy
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density of both the dark and the visible sector. Due to temperature asymmetry, one

can ignore the contribution of the dark sector for simplicity. Also note that, since the

total entropy is conserved, ṡ+ 3Hs = 0. During the radiation dominated era, the scale

factor R ∼ t1/2 which gives us,

dx

dt
=
H̃(mχ, ξ)

x
(6.10)

where x = mχ/Td and in terms of Planck Mass Mpl = 1.22× 1025 keV

H̃(mχ, ξ) = 1.66

√
g?

(
mχ

xξ

)
1

ξ2

m2
χ

Mpl

. (6.11)

Using Eq. (6.26) and

s̃(mχ, ξ) =
2π2

45
gs?

(
mχ

xξ

)
m3

ξ3
, (6.12)

the Boltzmann equation for abundance is

dY

dx
= − s̃

H̃

〈σv〉eff
x2

(
Y 2 − Ȳ 2

)
. (6.13)

Note that the temperature (hence, x) dependence in the effective cross section comes

only from the Boltzmann factor and hence one can write,

〈σv〉eff = σ0f(x, δ) (6.14)

where,

f(x, δ) =
(1 + δ)2K2(x)K2((1 + δ)x)

(K2(x) + (1 + δ)2K2((1 + δ)x))2
. (6.15)

Using the dimensionless quantity λ = σ0s̃/H̃ one can simplify Eq. (6.13) as,

dY

dx
= −λf(x, δ)

x2

(
Y 2 − Ȳ 2

)
. (6.16)

which can be further simplified using the difference ∆ = Y − Ȳ and approximately

solved when x� xf and ∆ ≈ Y � Ȳ which gives,

∆′ u −λf(x, δ)

x2
∆2. (6.17)
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Upon integration from freeze-out to the present day of Eq. (6.17), we get,

1

Y∞
=

1

∆∞
=

1

∆f

+ λ

∫ ∞
xf

f(x, δ)

x2
dx =

1

∆f

+ λJ (6.18)

and the J integral can be performed numerically once xf is determined. It was shown

in Ref. [172] that the approximation

∆f = cȲ (xf , ξ) (6.19)

agrees with the numerical solution of Eq. (6.16) if c = 0.2 (0.5) for ξ = 0.3 (0.8). This

gives us the final result,

Y∞ =
cȲ (xf , ξ)

1 + λJ(xf )cȲ (xf , ξ)
(6.20)

which will be used to determine relic density later. For this analysis, I have considered

c = 0.2 as usual and note that any change in c will proportionately scale the relic den-

sity.

Figure 6.1: The annihilation channel for χ1 whose freeze-out determines the relic
density

In this model, the relic density for χ1 is obtained from the coannihilations χ1χ2 →
νsνs. The Feynman diagram for the process is shown in Fig. 6.1. I have followed the

method outlined in Ref. [274] and important steps have been mentioned in this section.

As χ2 can decay into χ1, the coupled Boltzmann equations for abundances of χ1 and

χ2 are approximated by a single differential equation for the total number density n =

n1 + n2 where n1 and n2 are the number densities of χ1 and χ2 respectively [275].

During late times, n is dominated by n1 as most of χ2 has decayed. The Boltzmann
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equation for n is,
dn

dt
+ 3Hn = −〈σv〉eff (n2 − n̄2) (6.21)

where bar indicates the equilibrium density and,

〈σv〉eff =
∑
ij

〈σijvij〉
n̄in̄j
n̄2

. (6.22)

Due to the off-diagonal interactions of X boson, processes such as χ1χ1 → νsνs

are forbidden at tree level, and the only annihilation channel is χ1χ2 → νsνs. Thus the

effective cross section is given as,

〈σv〉eff = 2〈σ12v12〉
n̄1n̄2

n̄2
≈ 2〈σ12v12〉

n̄2

n̄1

(6.23)

where the approximation obtained by using n̄2 � n̄1 is only indicative and I have

used full expression for the numerical analysis. Recently, utilization of such Boltz-

mann suppression for light DM has been realised in Refs. [276, 277] however with a

small mass-gap (δ < 1). In this chapter, I have considered a significantly large mass

gap between the two states (δ ∼ 2 − 6). The number density is evaluated with the

expression,

ni(m,T ) =
T

2π2
m2K2

(m
T

)
(6.24)

and the thermal averaged cross section in the s-wave limit is given by,

〈σ12v12〉 =
1

32π

g4
X

m4
Z′

(m1 +m2)2 . (6.25)

One can rewrite Eq. (6.21) using the abundance Y = n/s where s denotes the total

entropy density of SM and the dark sector. As ξ < 1, the entropy is dominated by the

SM bath and to a very good approximation,

s ≈ sSM =
2π2

45
gs∗(TSM)T 3

SM .

The equilibrium abundance is given by,

Ȳ (x, ξ) = ξ3 dχ
gs∗(mχ/xξ)

45

4π4
x2K2(x) (6.26)
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where x = mχ/Td is a measure of the dark sector temperature. The freeze out occurs

when,

[n̄〈σv〉eff ]xf = H(ξ, xf ) (6.27)

i.e. when the interaction rate becomes less than the Hubble Rate

H = 1.66g∗(T )T 2/Mpl = 1.66g∗(T/ξ)m
2
χ/(x

2ξ2Mpl). (6.28)

The present day abundance, Y∞, is given as by Eq. (6.20). The relic density of DM is

given by,

Ωh2 = mχs0Y∞
h2

ρc
≈ 282

( mχ

keV

)( Tγ
2.75 K

)3

c Y (xf , ξ) (6.29)

where the approximation is true in the limit λJ(xf )cȲ (xf , ξ) � 1. I have used Eq.

(6.27) to numerically determine the freeze-out temperature and enforce that xf ≥ 3 so

that the non-relativistic approximation is valid. This restricts us from taking smaller

values for ξ and m1. Then the relic density is determined using Eqs. (6.26), (6.20),

and (6.29). The result is finally compared with the observed value from Planck [87],

Ωχh
2 = 0.118± 0.002. (6.30)

Understanding that such an estimate is only an approximation to solving the complete

Boltzmann equations, I have conservatively taken an error of 5% in this analysis.

6.3 One-Loop self interaction

One of the features of this model is that the self-interaction of Dark Matter is not

a tree level process. At one loop level, there are eight diagrams that contribute to

χ1χ1 → χ1χ1 when χ2 and X are in the loop. A representative diagram is shown

in Fig. 6.2. In Refs. [278, 279], the self interaction of inelastic DM was studied in

the limit of large mχ and light propagator. In this chapter, I have calculated the self

interaction in the limit of small mχ and heavy propagator. Since the loop particles are

significantly heavier than the external ones, one can use the decoupling limit where the

external momenta are ignored while evaluating the loop.
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Figure 6.2: The Feynman diagram for the self interaction of DM. There are seven
other ”crossed” diagrams.

In the decoupling limit, the amplitude for the process χ1(p1) +χ2(p2)→ χ1(k1) +

χ2(k2) is

M1 ∼
g4
[
ū(k1)γµ(/q +m2)γαu(p1)

] [
v̄(p2)γβ(/q +m2)γνv(k2)

]
PαβPµν

(q2 −M2
X)(q2 −m2

2)2
(6.31)

where q is the loop momentum and Pµν in the unitary gauge is given by,

Pµν = −gµν +
qµqν
M2

X

. (6.32)

The other crossed amplitudes (M2 →M6) are related toM1 by β ↔ µ, β ↔ ν, k1 ↔
k2. There are two diagrams corresponding to s-channel due to Majorana nature of the

incoming fermions. The relative sign of graphs is important for cancellation of the

infinities. I have evaluated the loop-integral using Package-X 2.0 [200]. The final

result can be expressed in the {S, V, T, A, P} basis as,

M = g4
∑

i=S,V,T,A,P

(Ci [ū(k1)Γiu(p1)] [v̄(p2)Γiv(k2)] (6.33)

+ C ′i [v̄(p2)Γiu(p1)] [ū(k2)Γiv(k1)]) (6.34)

Note that the mixed terms (e.g V − A) are absent. The only non-zero coefficients are

CA =
6m2

2MX
2 log

(
m2

2

MX
2

)
(m2

2 −MX
2) 3

− 3 (m2
4 −m2

2MX
2 + 2MX

4)

MX
2 (m2

2 −MX
2) 2

(6.35)
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CT = − m2
2 (m2

2 − 3MX
2)

MX
2 (m2

2 −MX
2) 2
−

2m2
2MX

2 log
(
m2

2

MX
2

)
(m2

2 −MX
2) 3

(6.36)

C ′S =
6m2

2 (m2
2 − 3MX

2)

MX
2 (m2

2 −MX
2) 2

+
12m2

2MX
2 log

(
m2

2

MX
2

)
(m2

2 −MX
2) 3

(6.37)

C ′A =
3m2

2MX
2 log

(
m2

2

MX
2

)
(m2

2 −MX
2) 3

− 3 (m2
4 −m2

2MX
2 + 2MX

4)

2MX
2 (m2

2 −MX
2) 2

(6.38)

In terms of these coefficients, the non-relativistic squared amplitude is

|M|2 = 16m4
1 (3CA + 2C ′A − 6CT )

2−16m4
1v

2 (CA + 2C ′A − 6CT ) (3CA + 2C ′A − 6CT )

(6.39)

and the transfer cross section for self interaction is

σSI =

∫
dΩ(1− cos(θ))

(
dσ

dΩ
=

1

64π2(4m2
χ)
|M|2

)
≈ 1

64πm2
χ

|M|2. (6.40)

I have checked that the infinities cancel systematically and only a finite part survives.

The self-interaction cross section in the s-wave approximation is given as,

σSI
m1

=
9

256π5
gX

8
m1

(
m2

6 + 3m2
2MX

4 + 6m2
2MX

4 log
(
m2

2

MX
2

)
− 4MX

6
)

2

MX
4 (MX

2 −m2
2) 6

.

(6.41)

The velocity dependence of the self interaction is shown in Fig. 6.3. It can be seen

that the change is very small for non-relativistic case (v < 0.1c). Therefore, we use

the estimate
σSI(0)

m1

= 0.1− 1 cm2/g to constrain the parameter space.

6.4 Results and Discussion

As pointed out before, I have taken gX ≈ 1 for this analysis. In Ref. [280], bounds

on mass of warm dark matter from Lyman-α is determined to be MWDM ≥ few keV.

Hence I have only considered m1 > 10 keV in this work. I have analysed the parame-

ter space in δ−MX plane formχ = 10 keV, 100 keV, and 1 MeV that give the correct

relic density and strength of self-interactions. One can see that the self-interaction does
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Figure 6.3: The relative strength of self interactions i.e. σSI(v)/σSI(0) is shown as a
function of velocity for various choices of parameters. The red curved are for MX = 5
MeV and the blue ones are for MX = 20 MeV. The solid and dashed curves are for
δ = 1.5 and δ = 2.5 respectively.

not depend on ξ and thus the limits are same for the two benchmark cases. It must be

noted that a heavier X boson is associated with smaller self interaction.

The dependence of relic density on ξ can be understood as follows. From Eq.

(6.26) one can see that Ȳ is a monotonically decreasing function of x. To compen-

sate for small ξ, one needs a smaller xf . This implies that the effective cross section

should be smaller such that freeze-out occurs earlier. This suppression is generated by

a smaller Boltzmann factor due to heavier m2. In an analogous way, the relic density

depends on the numerical factor c.

As the DM is part of a secluded sector, one does not anticipate any signals in di-

rect detection experiments and colliders. This is consistent with the present status of

these terrestrial experiments. Such a dark matter has gravitational signatures and can

be probed through structure formation. Due to the self interactions, the DM behaves

as warm dark matter and is consistent with the present understanding. In future, as the

limits on BBN Neff are tightened, there will be lesser parameter space for the model.

The X boson will also mediate self interactions of active neutrinos, the constraints

discussed in the previous chapter can also be applied to this model. From the obser-
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Figure 6.4: The allowed parameter space for mχ = 10 keV (blue), 100 keV (green),
and 1 MeV (red) is shown for benchmark models ξ = 0.5 and ξ = 0.3. The upper
(lower) limit of MX corresponds to σSI/m1 = 0.1(1.0) cm2/g. The exclusion limits
from IceCube are shown.

vation of PeV excess, one can rule out the parameter space for 11.3 MeV ≤ MX ≤
21.9 MeV if 〈zs〉 = 0.6 or 12.0 MeV ≤ MX ≤ 23.2 MeV if 〈zs〉 = 0.8. However,

these limits can be evaded by assuming small vacuum mixing angles such that the

sterile neutrino never fully thermalised. This renders the model less interesting in the

context of MiniBooNE anomaly. The other possibility is to assume that the source or

PeV neutrinos is nearby. However, there is no evidence to support this claim.

Figure 6.5: The Feynman diagram for neutrino dark matter scattering

In this model, the astrophysical neutrinos can interact with the dark matter through

interactions mediated by theX boson. The Feynman diagram for this process is shown

in Fig. 6.5. However, one can easily obtain that the threshold neutrino energy above
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which these interactions are relevant is given by s ≥ m2
2 where s is Mandelstam vari-

able associated with the centre of mass energy. In terms of the neutrino energy one can

write,

Eν ≥
mχδ

2
(δ + 2) . (6.42)

Since the mass of dark matter in this model is 10-1000 keV and δ ranges from two to

six, the absorption feature for this model will lie in the keV to few MeV range. This

is mostly not interesting as there is neither a source nor a detector for keV neutrinos.

Moreover, the small parameter space that allows for testing with supernova neutrinos

(Eν ∼MeV), is already in tension with IceCube.

6.5 Conclusion

In this chapter, I investigated a model for secluded dark matter which has strong off-

diagonal interactions with a heavier gauge boson. The relic density is obtained by

coannihilations to sterile neutrino and self-interactions are a one-loop process. A com-

mon parameter space is obtained for sub-MeV dark matter. The light DM must be part

of a decoupled sector at a lower temperature in order to be consistent with BBN. The

model does not have signature in direct detection experiments or colliders.

Even though the dark matter in this model seems hidden and untestable, a part of

the parameter space is ruled out from observation of PeV events at IceCube. This is

possible because the gauge boson that mediates interaction between dark matter, also

mediates the self-interaction of sterile neutrino. In passing we note that there is a

common parameter space with gauge boson mass 5-10 MeV and dark matter mass of

O(100) keV that can also explain the gap in IceCube spectrum. However, it cannot

address the MiniBooNE excess simultaneously.





Chapter 7

Conclusion

In this thesis, I have looked at some extensions of the Standard Model that have been

proposed as resolution to anomalies in other experiments through neutrino telescopes

such as IceCube and ANITA. A TeV scale leptoquark is often proposed as a resolution

to the observed discrepancy in some semi-leptonic decay modes of B mesons. The cou-

plings that explain the anomalies, also give rise to novel neutrino-quark interactions at

tree level. The contribution of leptoquark mediated process is usually suppressed due

to the large mass of the propagator, but it can be significant at resonance. Since this

happens for a particular neutrino energy, it is known that a TeV scale leptoquark can

explain the excess of PeV events at IceCube. In chapter 3, I tried to find a simulta-

neous explanation of the two anomalies using the scalar leptoquark R2 ∼ (3,2, 7/6).

However, it was found that any such explanation is ruled out from LHC searches such

as dijet + /ET and monojet + /ET . The constraints that are obtained in this chapter also

limit other resonance based explanation of PeV excess.

The ANITA experiment observed τ with energy 0.1 -1 EeV emerging from inside

Earth. Due to the small interaction length of SM particles, it is impossible to explain

these events without invoking new physics. In chapter 4, I have proposed a framework

wherein the vector leptoquark U1 ∼ (3,1, 2/3), which is the only leptoquark model

that can simultaneously address the flavor anomaliesRD(∗) andRK(∗) , also couples to a

GeV scale sterile neutrino. The leptoquark mediated interaction between astrophysical

neutrino and nucleons in Earth produces a sterile neutrino at one end of the chord. The
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sterile neutrino propagates inside Earth without significant attenuation and decays near

the other end of the chord to τ lepton. This scenario significantly enhances the τ sur-

vival probability as compared to SM even when regeneration effects are not taken into

account. On the other hand, if the sterile neutrino is very light, the astrophysical flux

of sterile neutrinos can pass through Earth and produce a τ lepton near the Antarctic

surface via resonant leptoquark mediated interactions. In this scenario as well, the τ

survival probability is significantly enhanced and provides a combined explanation of

flavor and ANITA anomalies. The new particles that proposed in this model are within

the reach of future LHC searches and B factories.

In chapter 5, I have studied the signature of cosmologically safe sterile neutrino in

IceCube event spectrum. Due to the self interactions in the sterile sector and large mix-

ing angles, the free streaming of astrophysical neutrinos is affected. Such interactions

result in absorption features in the neutrino spectrum which can be tested by IceCube.

I have claimed that the gap in IceCube HESE data is due to absorption by cosmic ster-

ile neutrino background. The lack of Glashow events is associated with the absorption

due to heaviest active neutrino in the cosmic background. In this chapter, we see that

a solution which was proposed to reconcile MiniBooNE anomaly and cosmology can

have testable signature at IceCube. A part of the parameter space can be ruled out from

observation of PeV events.

In chapter 6, I have analysed the proposal that the self interacting sterile neutrino

can also act as a portal to hidden and light dark matter. I have proposed a model where

the relic density of dark matter is obtained from freeze-out of coannihilations to sterile

neutrinos. Due to the off diagonal interactions, the leading contribution to dark matter

self-interaction is at one-loop and naturally suppressed. This allows one to consider

light dark matter in the 10-1000 keV range. A common parameter space that gives the

observed relic density and correct magnitude of self interaction is found. The model

does not predict any signal at direct detection experiments, indirect searches, or at

colliders. Even for such an extremely safe model, it is seen that a major part of the

parameter space is ruled out by IceCube.
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From the work done in this thesis, I conclude that neutrino telescopes such as Ice-

Cube and ANITA play a crucial role in testing and validating new physics scenarios.

The BSM models that are proposed to resolve tensions in various terrestrial experi-

ments, both collider based and neutrino oscillation based, can simultaneously address

the anomalies in IceCube and ANITA experiments. The minimal models that address

these discrepancies successfully can hopefully direct us towards the ultimate goal of

particle physics - theory of everything.

One has to admit that the small number of events that are observed at the neutrino

telescopes (O(100) for IceCube and O(1) at ANITA) does not make a definitive argu-

ment to invoke new physics. One has to look forward to future experiments such at

IceCube Gen-II and KM3NET for more data. Moreover, the results from ANITA IV

and future flights will shed more light on the anomalous events. The problem of low

statistics can also be remedied by multi-messenger astronomy in future if optical and

gravitational counterparts to the neutrino events are also observed.

In future, as more data is collected by IceCube and its successors, the neutrino

spectrum at high energies will be available. One must test for the absorption features

of sterile neutrino in the new data. The recent observation of 5.9 PeV and 8.6 PeV

neutrinos is a weak evidence that the model proposed in chapter 5 correctly reproduces

the neutrino spectrum. The model parameters need to be re-evaluated if neutrinos in

the energy range 3-5 PeV are observed in future. One must also look for implications

of neutrino asymmetry and its effect on the absorption spectrum.

On the other hand, it is becoming increasingly clearer that the best explanation of

ANITA anomalous events is through decay of cosmological dark matter to a messenger

particle. A very good candidate for EeV dark matter is the gravitino in high scale

supersymmetry. If the gravitino decay to sterile neutrino is the dominant mode, then

one can naturally evade bounds from IceCube. The phenomenology of such a model

and other implications will be considered in future.
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Discrepancies in simultaneous explanation of flavor anomalies
and IceCube PeV events using leptoquarks
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Leptoquarks have been suggested to solve a variety of discrepancies between the expected and observed
phenomenon. In this paper, we show that the scalar doublet leptoquark with hypercharge 7=6 can
simultaneously explain the recent measurement of RK , RK� , the excess in anomalous magnetic moment
of muon, and the observed excess in IceCube high energy starting events data. For an appropriate
choice of couplings, the flavor anomalies are generated at one-loop level and IceCube data is explained via
resonant production of the leptoquark. Several constraints from LHC searches are imposed on the model
parameter space.

DOI: 10.1103/PhysRevD.97.095007

I. INTRODUCTION

Leptoquarks are the solution to the problem of matter
unification which appear naturally in many theories beyond
the Standard Model (SM). For example, scalar quarks in
R-Parity Violating Supersymmetry (RPV) have leptoquark-
like Yukawa couplings [1] whereas vector leptoquarks arise
in Grand Unification Theories (GUT) based on SUð5Þ and
SOð10Þ [2–4]. The unique feature of leptoquarks is that
they couple simultaneously to SM quarks and leptons, thus
providing ample testing grounds and applications to variety
of discrepancies between theory and experiments.
The latest measurement of RK� and RK by LHCb, has

pointed towards ≈2.5σ deviation from the standard model
[5,6]. These are clear hints of Lepton Flavor Universality
(LFU) violation which can be explained in a wide variety
of frameworks including, but not limited to, leptoquarks
[7–12], RPV [13–16], E6 [17], flavor violating Z0 [18–30],
etc. In the past, leptoquarks have been used to explain the
anomalous magnetic moment of muon [31–36], flavor
anomalies [7–12], and IceCube PeV events [37–43] inde-
pendently. However, simultaneous explanation of all the
three observations has not been possible due to the different
range of leptoquark masses required to solve the individual
problems. In this work, we show that a scalar leptoquark of

mass close to 1 TeV can explain the aforementioned
discrepancies. However, such an explanation would be
extremely unfavored by LHC data. While the particular
results are model dependent, one can make qualitative
predictions about a more general model.
In Sec. II we describe the model of leptoquark and

motivate the texture of the coupling matrices that has been
used in this paper. In Sec. III we explain the excess in
ðg − 2Þμ using this model. In Sec. IV we explain the recent
measurement of RK and RK� within our framework,
followed by the explanation for IceCube High Energy
Starting Events (HESE) in Sec. V. In Sec. VI we discuss the
results of this analysis and obtain the parameter space for
simultaneous explanation. In the next section, we do the
LHC analysis for the benchmark point and obtain the
constraints. In the end, we conclude with some model-
dependent and model-independent statements.

II. MODEL DESCRIPTION

In this paper, we consider the scalar leptoquark
Δ ¼ ð3; 2; 7=6Þ whose interactions with the SM fields is
given as [44]

LΔ ∋−ðyLÞijūiRΔaε
abðLLÞjbþðyRÞijQ̄ia

L ΔalRjþH:c:; ð1Þ

where yLðRÞ are the Yukawa-like couplings of the lepto-
quark. For simplicity, we have assumed the couplings to be
real. We have not shown the kinetic and Higgs interactions
for brevity; however, they are relevant for the discussion that
follows.We refer the reader to Ref. [44] for a comprehensive
analysis. We can rewrite (1) in terms of the mass eigenstates
Δ5=3 andΔ2=3, where the superscript denotes electric charge.
In terms of these states, the Lagrangian (1) is written as
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LΔ ∋ ðVyRÞijūiPRljΔ5=3 − ðyLÞijūiPLljΔ5=3 ð2Þ

þðyRÞijd̄iPRljΔ2=3þðyLUÞijūiPLνjΔ2=3þH:c:; ð3Þ

where V and U are the Cabibbo-Kaboyashi-Masakawa
matrix and Pontecorvo-Maki-Nakagawa-Sakata matrix,
respectively. In common literature [44], this model is also
known as R2.
The observed negligible branching ratios of the flavor

violating decays of leptons (for example, τ → μγ and
μ → eγ) put stringent constraints on the intergeneration
couplings of the leptoquark. For all practical purposes, this
implies that

yqeLðRÞ ¼ yqτLðRÞ ¼ 0 ∀ q: ð4Þ
It has been argued in previous works that this leptoquark
model results in RK ≈ 1, and RK� ≈ 1 because of the tree
level contribution to b → sμμ [10]. This clearly contradicts
the recent measurements by LHCb. It was pointed out in [9]
that, if one assumes

ysμR ¼ 0 or ybμR ¼ 0; ð5Þ
then the tree level contribution is negligible and the leading
contribution comes from a one-loop process. It will be
shown in Sec. IV that this results in RK < 1, and RK� < 1
which is in agreement with the latest experiments. We
chose the former solution as it is also favored by ðg − 2Þμ.
As mentioned in [9], nonzero ycμL results in tree level
contribution to b → clν̄l which contradicts the observed
RðDÞ and RðD⋆Þ. Hence, we also assume that

ycμL ¼ 0: ð6Þ

In order to avoid undesired contribution to other rare decays
of the B meson, such as b → dlþl−, we assume that

ydμR ≈ 0: ð7Þ

With these constraints, the coupling matrices are

yL ¼

0
B@

0 yuμL 0

0 0 0

0 ytμL 0

1
CA; yR ¼

0
B@

0 0 0

0 0 0

0 ybμR 0

1
CA: ð8Þ

For brevity, we will use yuμL ¼ λ1, y
tμ
L ¼ λ2, and ybμR ¼ λ3

for the remainder of this paper. We will also useM1 (M2) to
denote the mass of Δ5=3 (Δ2=3).
In subsequent sections, it will be pointed out that the LHC

constraints limitM1 ≥ 1100 GeV. For our analysis, we take
the lower limit andgenerate constraints on the remaining para-
meters. If future searches increase the lower limit consid-
erably, the expressions will change accordingly. Having said
that, there are only four free parameters in our model

fM2; λ1; λ2; λ3g: ð9Þ

In the subsequent sections, we investigate various constraints
on the model parameters coming from ðg − 2Þμ, flavor
anomalies, IceCube data, and LHC.

III. ðg− 2Þμ
The experimentally measured value of the anomalous

magnetic moment of muon is slightly larger than the
prediction from the Standard Model. This discrepancy
has been attributed to a variety of new physics scenarios
[31–33,45,46]. At present, the difference is [47]

δaμ ¼ aEXPμ − aSMμ ¼ ð2.8� 0.9Þ × 10−9: ð10Þ

In this model, both of the mass eigenstates contribute to
ðg − 2Þμ and one can estimate the contribution using
expressions given in [44]. Keeping M1 ¼ 1100 GeV, the
leptoquark contribution to ðg − 2Þμ is given as

aΔμ ¼ 1.34 × 10−6λ2λ3

−
10−9

ðM2=GeVÞ2
ð6.11λ21 þ 5.53λ22 − 9.4 × 104λ2λ3

þ 5.53λ23Þ þ � � � ð11Þ

≈1.34×10−6λ2λ3

−10−11ð8.65λ21þ7.83λ22þ7.83λ23ÞþOð10−13Þ; ð12Þ

where the approximation is obtained using the benchmark
point M2 ¼ 1000 GeV. From the above expressions one
can see that the leading contribution does not depend on
M2. It is also clear that the product λ2λ3 ≈ 10−3 gives the
correct estimate for ðg − 2Þμ. In Sec. VI we use aΔμ ¼ δaμ to
constrain the parameter space of the model.

IV. FLAVOR ANOMALIES

In the last two decades, loop-induced b → s transitions
have been playing an active role in understanding the
physics beyond the Standard Model. Starting from the first
observation of B → K�γ, many decays involving b → s
transitions have been observed. Two of the key observables
for LFU violating decays of the B meson are RK and RK� ,
defined as

RKð�Þ ¼
BRðB → Kð�ÞμμÞq2∈½q2

1
;q2

2
�

BRðB → Kð�ÞeeÞq2∈½q2
1
;q2

2
�
: ð13Þ

It was shown in [48] that, within the SM, the hadronic
uncertainties in these expressions cancel, which results in
RK , RK� ≈ 1. However recent measurement of RK� by
LHCb has reported 2.1–2.3σ and 2.3–2.5σ deviations in
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the low-q2 (0.045–1.1 GeV2) and central-q2 (1.1–6 GeV2)
regions, respectively [6]. A deviation of 2.6σ from SM has
also been reported in RK [5]. We use the standard
prescription of effective Hamiltonian to evaluate the con-
tribution of the leptoquark to RK and RK� .
The most general effective Hamiltonian for b → sl−lþ is

given as

Heff ¼−
4Gfffiffiffi
2

p VtbV�
ts

�X6
i¼1

CiOiþ
XT5
i¼7

ðCiOiþC0iO
0
iÞ
�
; ð14Þ

where Oi are the operators and Ci are the Wilson
Coefficients (WCs) which can be written as

Ci ¼ CSMi þ δCi; ð15Þ

where δCi represent the shifts due to new physics.
Global analyses have been performed to fit δCi to the
experimental results which yield interesting correlations
between various WCs [49,50]. The operators relevant for
the model are

O9 ¼
e2

ð4πÞ2 ðs̄γμPLbÞðμ̄γμμÞ; and

O10 ¼
e2

ð4πÞ2 ðs̄γμPLbÞðμ̄γμγ5μÞ: ð16Þ

The expressions for all other operators can be found in [51].
As usual, the doubly CKM suppressed contributions from
VubV�

us have been neglected.
For the model in consideration, the leptoquark contributes

tob→ sμþμ− at one-loop level (Fig. 1) and results in nonzero
δC9 and δC10 only. Using xi ¼ ðmi=mWÞ2, we can write

δC9 ¼ A1 þ A2 and δC10 ¼ −A1 þ A2; ð17Þ
where,

A1 ¼
jλ2j2
8παem

F 1ðxt; xtÞ; ð18Þ

A2 ¼ −
X

u;u0∈c;t

ðVyRÞ⋆uμðVyRÞu0μ
1

16παem

VubV�
u0s

VtbV�
ts
F 2ðxu; xu0 Þ; ð19Þ

F 1ðxu;xu0 Þ ¼
ffiffiffiffiffiffiffiffiffiffi
xuxu0

p
4

�
xu0 ðxu0 −4Þ logxu0

ðxu0 −1Þðxu−xu0 Þðxu0 −xΔÞ
þ xuðxu−4Þ logxu
ðxu−1Þðxu0 −xuÞðxu−xΔÞ

−
xΔðxΔ−4Þ logxΔ

ðxΔ−1ÞðxΔ−xu0 ÞðxΔ−xuÞ
�
; ð20Þ

F 2ðxu; xu0 Þ ¼
x2u log xu

ðxu − xu0 Þðxu − xΔÞ
þ xΔðxu þ xu0 − xuxu0 Þ log xΔ

ðxu − xΔÞðxΔ − xu0 Þ
þ
�

x2u − 1

ðxu − xΔÞðxu − xu0 Þ
þ x2u0
ðxu0 − xΔÞðxu0 − xuÞ

�
log xu0 :

ð21Þ

The contribution of up-quark is CKM suppressed. We have
used Package-X [52] and the unitary gauge to evaluate the
loop-functions F 1 and F 2.
To evaluate RK and RK⋆ from the WCs, we use the

simplified expressions from [53] and obtain

RK ¼ 1.þ 0.49A1 þ 0.06A2
1 − 0.01A2 þ 0.06A2

2 ð22Þ

RK⋆ ¼ 1.þ 0.47A1 þ 0.07A2
1 − 0.14A2 þ 0.07A2

2: ð23Þ

Immediately one can observe that the solution −1<A1< 0
and A2 ¼ 0 is consistent with the latest results. This was
also the conclusion in [9].

Recent measurement Bs → μ−μþ by LHCb is in close
agreement with the SM and provides a constraint on the
model [54]. In the operator basis (14), the branching ratio of
Bs → μ−μþ can be written as [55]

BRðBs→ μ−μþÞ

¼ τBs

16π3
α2G2

F

m3
Bs

f2Bs
jVtbV⋆

tsj2m6
Bs
m2

μ

�
1−

2m2
μ

m2
Bs

�
jC10j2: ð24Þ

In general, this process gets contributions from C010, C
ð0Þ
S

and Cð0ÞP as well. However, we are ignoring them as these
WCs are zero in the SM as well as the model under

FIG. 1. The box diagram contributing to b → sμ−μþ.
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consideration. In the SM, BðBs→μþμ−Þ is ð3.65� 0.23Þ ×
10−9 [56] while LHCb has measured it to be 2.8þ0.7

−0.6 × 10−9

[54]. For the model considered in this paper, (24) is

BRðBs → μ−μþÞ
¼ 10−9ð3.4þ 1.65ðA1 − A2Þ þ 0.2ðA1 − A2Þ2Þ; ð25Þ

using parameters given in [55]. Again, one can see that
the solution −1 < A1 < 0 and A2 ¼ 0 is consistent with the
experiments. With these expressions, one can write the
observables in terms of the couplings as,

RK ¼ 1. − ð5.16 × 10−2Þλ22 þ ð6.66 × 10−4Þλ24
− ð1.66 × 10−5Þλ32 þ ð1.59 × 10−7Þλ34 ð26Þ

RK� ¼ 1. − ð4.96 × 10−2Þλ22 þ ð8.18 × 10−4Þλ24
− ð2.34 × 10−4Þλ32 þ ð1.96 × 10−7Þλ34 ð27Þ

BRðBs → μ−μþÞ
¼ 2.01 × 10−10j4.1 − 0.10λ22 − 1.6 × 10−3λ23j2: ð28Þ

In passing, one can note that these expressions do not
explicitly depend on λ1. This is due to the fact that the term
proportional to λ1 will enter the expression due to u-quark
in the loop which is CKM suppressed. Henceforth, the term
“flavor anomalies” will be used to refer to RK and RK� with
imposed constraints from BRðBs → μ−μþÞ.

V. ICECUBE PEV EVENTS

During the first four years of its operation, the IceCube
neutrino observatory at the South pole has observed more
numbers of PeVevents than expected. This has resulted in a
lot of interesting studies in various fields [57–59]. Resonant
production of leptoquark by interactions of astrophysical
neutrinos with partons has been proposed as a possible
explanation of the excess in PeVevents at IceCube [38–43].
In the model considered in this paper, the following
neutrino interactions are possible:

Neutral Current ðNCÞ Like∶ ν̄iu!Δ
2=3

ν̄ju; ν̄jt i; j¼ e;μ;τ

Charged Current ðCCÞ Like∶ ν̄iu!Δ
2=3

μd; μb i¼ e;μ;τ:

It is important to distinguish between the CC and NC
interactions due to the difference in their deposited energy
signatures [60,61]. Ideally speaking, one should also
distinguish between shower and track events as the
observed PeV events are only shower type. However,
one can attribute this to the smallness of statistics and
hence we do not consider this difference.
The number of events due to leptoquark contribution in

the deposited energy interval ðEi; EfÞ is [41,60]

N ¼TNA

Z
1

0

dy
Z

Ech
ν ðEf;yÞ

Ech
ν ðEi;yÞ

dEνVeffðEch
depÞΩðEνÞ

dϕ
dEν

dσ
dy

ch
;

ð29Þ

where T ¼ 1347 days is the total exposure time, NA ¼
6.023 × 1023 cm−3 water equivalent is the Avogadro’s
Number, and ch denotes the interaction channel (NC or
CC). Other terms in the expression are discussed in [60]. For
each neutrino or antineutrino flavor, an isotropic, power-law
flux parametrized as

dΦ
dEν

¼ ϕ0

�
Eν

100 TeV

�
γ

ð30Þ

is assumed. The best fit values from IceCube [62],

ϕ0 ¼ ð2.2� 0.7Þ × 10−8 GeV−1 s−1 sr−1 cm−2 ð31Þ

γ ¼ −2.58� 0.25; ð32Þ

are obtained using likelihood analysis of the data from
10 TeV–10 PeV. We use the central values in our analysis.
It is evident from the structure of coupling matrices (8)

that the model only admits interactions between incoming
antineutrino (neutrino) with u- and t- (anti-u- and anti-t-)
quarks. It is seen that the Parton Distribution Function
(PDF) of t-quark is negligible as compared to that of
u-quark. Hence, we only consider interaction with u-quark
in our analysis. The differential cross section for this
process is given as [41]

dσ
dy

NC=CC ¼ π

2

Λ4
NC=CC

jΛ2j
UðM2

Δ=s; yM
2
ΔÞ

s
; ð33Þ

where s ¼ 2MNEν, and Uðx;Q2Þ is the PDF of u-quark in
an isoscalar proton evaluated at energy Q2. In terms of the
valence and sea quark distributions, one can write [38]

U ¼ uvþs þ dvþs

2
: ð34Þ

We have used the Mathematica package MSTW [63] to
obtain these PDFs.
The dependence of event rate on couplings is captured by

Λ4
NC ¼ λ21ðλ21 þ λ22Þ ð35Þ

Λ4
CC ¼ λ21ðλ23Þ ð36Þ

Λ2 ¼ λ21 þ λ22 þ λ23: ð37Þ

Given the mass of the leptoquark (M2) and the couplings,
we are now in a position to estimate the contribution of
leptoquark to the IceCube HESE events. We use the
standard χ2 analysis to estimate the couplings that provide
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the best fit to the data. In order to estimate whether adding
leptoquark contribution results in a better or worse fit to
data, we use the statistic

δðλ2i ;MLQÞ ¼ 100 ×
χ2SM − χ2SMþLQ

χ2SM
; ð38Þ

which represents the percentage change in χ2. We only use
the data for which nonzero numbers of events are observed
at IceCube.

VI. A SIMULTANEOUS EXPLANATION

In this model, we have four free parameters as was
pointed out before. However, the leptoquarks state Δ2=3

does not feature in any explanation of the flavor anomalies
and hence these do not depend onM2. It is also seen that for
M2 ∈ ð600–1400Þ GeV, the dependence of ðg − 2Þμ onM2

is very weak. Hence, the flavor anomalies and ðg − 2Þμ
effectively depend only on the three free couplings in the
model. In Fig. 2, we have shown the parameter space
that explains the flavor anomalies a ðg − 2Þμ for M1 ¼
1100 GeV and M2 ¼ 1000 GeV.
It can be seen from Fig. 2 that the resolution to flavor

anomalies requires λ2 ∼Oð1Þ, whereas ðg − 2Þμ constrains
λ3 ∼Oð10−3Þ for λ1 < 6. Using this, and Eqs. (32)–(36),
one sees that the number of events at IceCube only depends
on the coupling λ1. Since Δ5=3 does not feature in the
explanation for IceCube, these predictions are independent
of M1 and only depend on M2. In Fig. 3, we show the

variation of the statistic δ with M2 for various choice
of coupling λ1. It can be seen that a leptoquark of
mass 800–1400 GeV can give 20–35% improvement to
the fit. In Fig. 4, we show the contribution of leptoquark
for the benchmark point MLQ ¼ 1 TeV, λ1 ≈ 6. which
gives δ ≃ 35.
It is evident that for the aforementioned choices of

leptoquark parameters, one can satisfactorily explain the
observed excess in the IceCube HESE Data. However, such
an explanation requires large couplings and TeV scale
leptoquarks. Such a scenario should be testable at LHC and
is the subject of study in the next section.

VII. LHC CONSTRAINTS

Since leptoquarks carry color charge, they can by singly
or pair produced in pp collisions. Subsequent decays of
these leptoquarks in the detector will give rise to jets,
leptons, and neutrinos. This gives very interesting final
states of the form jjll, jjlν, jlν, jjν, jνν, etc. and has been
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FIG. 3. The variation of δ with M2 for various choice of
coupling λ1 is shown. The red, green, blue, and black lines
correspond to λ1 ¼ 1; 3; 6, and 4π, respectively.

FIG. 2. The parameter space of ðg − 2Þμ various choice of
coupling λ1 is shown along with the constraints from flavor
anomalies for M1 ¼ 1100 GeV and M2 ¼ 1000 GeV.

FIG. 4. The solid black line shows the prediction for IceCube
using leptoquark and SM interactions.
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the subject of various studies [64–74]. As these neutrinos
are not seen by the detector, they appear as a Missing
Transverse Energy (MET). For the LHC analysis, we have
implemented the model using FEYNRULES (v2) [75] and
simulate the above processes using MADGRAPH (v5) [76]
which uses PYTHIA (v8) [77] for parton showering. We then
use CHECKMATE (v2) [78] to find the value of statistical
parameter, r, defined as

r ¼ ðS − 1.96ΔSÞ
S0.95exp

; ð39Þ

for several points in the parameter space. Here, S and
ΔS represents signal and its uncertainty. The numerator
represents 95% confidence limits on the number
of events obtained using CHECKMATE and the denom-
inator represents 95% experimental limits on the
number of events. The approximate functional form is
obtained using linear interpolation. Parameter space
with r ≥ 1 is excluded and the results are summarized
in Fig. 5.
Constraints from jjll: When the leptoquarks are pair

produced in pp collisions, each leptoquark can decay
into a charged lepton and a quark. Recently, ATLAS
Collaboration performed a search for a new physics
signature of lepton-jet resonances based on

ffiffiffi
s

p ¼
13 TeV data [79], wherein pair production of lepto-
quarks was studied based on events like eejj and μμjj.
The analysis gives an upper limit on the branching ratio
of first and second generation leptoquark to ej and μj,
respectively. Although, our model has intergeneration

couplings, we use these limits to constrain the free
parameters in our model. We find that

BRðΔ5=3 → μjÞ ≈ 1 ð40Þ
as it couples to only the second generation of leptons.
This puts a lower limit on the mass of leptoquark, as

M1 ≥ 1100 TeV:

We use the lower limit to generate other constraints and
for flavor analysis. For the Δ2=3 state,

BRðΔ2=3 → μjÞ ∝ λ24 ≈ 0; ð41Þ

which does not provide any constraints from this analysis.
Constraints from jjνν: When the leptoquark stateΔ2=3 is

pair produced, each can decay into a neutrino and a quark
giving rise to a peculiar DijetþMET signature. The
parameters M1 and λ2 are fixed from flavor observables
and this process only depends on M2 and λ1. We use the
13 TeV ATLAS search [80] to find constraints on this
parameter space.
Constraints from jνν: If the leptoquark Δ2=3 is singly

produced, it candecay into a quark and aneutrinogiving rise to
Monojet signal at the LHC. Again, this process only depends
on the parametersM2 and λ1.We use the 8 TeVATLAS search
[81] to find constraints on this parameter space.
Other Constraints: We find that the Monojet constraints

are strong enough to rule out the entire parameter space that
explains IceCube PeVevents and we do not provide results
for other processes. However, in passing, we note that the
constraints from jlν final state are much stronger. This
maybe relevant for future tests of leptoquark models.

VIII. CONCLUSION

The discrepancy in the anomalous magnetic moment of
muon, the observed excess in PeV events at IceCube, and
the lepton flavor universality violation in B decays are
some of the biggest challenges facing the Standard Model.
A simultaneous explanation for these problems is desirable.
An ad hoc solution such as leptoquarks, if it can successfully
address these issues, will shed more light on the unification
scenarios that contain them. One such attempt was made in
this paper using a scalar doublet leptoquark. The peculiar
feature of this model is that the flavor anomalies are
explained at one-loop level. Because of the loop suppres-
sion, one does not require either very small couplings or
very heavy leptoquarks. We find that one can explain the
B-anomaliesRK andRK� withOð1Þ coupling and TeV scale
leptoquark. In the past, similar parameters have been
invoked to explain IceCube events and a unified explanation
seemed possible. However, we find that in order to explain
IceCube data, one needs leptoquark coupling to first gen-
eration quarks and neutrinos. This coupling will give rise to
Monojet and Dijet signals at LHC, both of which are

FIG. 5. The Dijet constraints are shown in blue and the Monojet
constraints are shown in red. The parameter space above the
curves is ruled out. The contours of δ are shown and the
benchmark point used to generate Fig. 4 is shown.
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severely constrained. Because of this, any attempt to explain
IceCube events using such leptoquarks would be in conflict
with LHC data. This conclusion was also reached for a
Scalar Triplet in [38], and for Scalar Singlet in [71]. Any
unification scenario that has leptoquarklike states, IceCube
explanation in such theories (e.g. R-Parity ViolatingMSSM
[43]) should also be in conflict.
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The ANITA experiment has seen anomalous Earth emergent showers of EeV energies which cannot be
explained with Standard Model interactions. In addition, tests of lepton flavor universality in RðDð�ÞÞ and
RðKð�ÞÞ have shown significant deviations from theoretical predictions. It is known that, among single
leptoquark solutions, only the chiral vector leptoquark U1 ∼ ð3; 1; 2=3Þ can simultaneously address the
discrepancies. In this paper, we show that the leptoquark motivated by flavor anomalies coupled to a sterile
neutrino can also explain the ANITA anomalous events. We consider two scenarios, (a) the sterile neutrino,
produced via resonant leptoquark mediated neutrino-nucleon interactions, propagates through the Earth
without significant attenuation and decays near the surface to a τ lepton; and (b) a cosmogenic sterile
neutrino interacts with the matter near the surface of Earth and generates a τ lepton. These two scenarios
give significantly large survival probabilities even when regeneration effects are not taken into account.
In the second scenario, the distribution of emergent tau energy peaks in the same energy range as seen by
ANITA.

DOI: 10.1103/PhysRevD.99.095018

I. INTRODUCTION

The ANtarctic Impulsive Transient Antenna (ANITA)
instrument is designed to detect interaction of ultrahigh
energy neutrinos via the Askaryan effect in ice. During its
first and third flight, it also observed unexpected upward
directed showers apparently emerging well below the
horizon [1–3]. The observed signal is consistent with τ
induced showers. The essential details of the two anoma-
lous ANITA events (AAEs) are given in Table I. The
survival probability (ϵ) is estimated taking into account the
neutrino regeneration effects and τ energy losses in [4]
using only Standard Model (SM) interactions.
The small survival probabilities within SM indicate that

new physics scenarios should be invoked to explain these
events. In the past, the AAEs have been explained in the
framework of sterile neutrinos [5,6], supersymmetry
[4,7,8], and CPT symmetric universe [9]. However, each
of these explanations has their own limitations [7].

Similarly, collider experiments such as LHCb, Belle, and
BABAR have observed hints of lepton flavor universality
violation (LFUV) in semileptonic decays of the B meson.
In particular, the ratios

RðDð�ÞÞ ¼ BRðB̄ → Dð�Þτ−ν̄τÞ
BRðB̄ → Dð�Þl−ν̄lÞ

; ð1Þ

RðKð�ÞÞ ¼ BRðB̄ → K̄ð�Þμþμ−Þ
BRðB̄ → K̄ð�Þeþe−Þ ; ð2Þ

where l ¼ e, μ are known to have very weak dependence
on hadronic form factors and provide excellent probes of
LFUV [10]. The experimentally measured value of the
observables RðDð�ÞÞ [11,12] and RðKð�ÞÞ [13,14] is con-
sistently below SM prediction and together are dubbed as
“flavor anomalies” in this paper. These discrepancies can

TABLE I. Properties of the anomalous events.

Property AAE1 AAE2

Energy (Eτ) 0.6� 0.4 EeV 0.56þ0.3
−0.2 EeV

Zenith Angle 117.4� 0.3° 125.0� 0.3°
Chord Length (l⊕) 5740� 60 km 7210� 55 km
ϵSM 4.4 × 10−7 3.2 × 10−8
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be explained in several extensions of SM, for example with
leptoquarks [15–29].
It was proposed in [4] that a long lived BSM particle,

which is produced in ultrahigh energy (UHE) neutrino
nucleon interactions, propagates freely through the chord of
Earth, and decays to a τ near the surface can explain the
AAEs. A natural candidate for this is τ̃ (stau) in R-parity
conserving supersymmetry [4] and neutralino (mostly bino)
in R-parity violating supersymmetry [7]. In this paper, we
consider two scenarios wherein a leptoquark, proposed as a
resolution to flavor anomalies, also explains AAEs. In the
first scenario, we extend the minimal leptoquark model of
[15] with a heavy sterile neutrino (χ). The SM singlet χ is
produced in UHE neutrino-nucleon interactions mediated
by the leptoquark. The sterile neutrino can travel inside
Earth without significant attenuation and decays near the
south pole. One of the decay products is the τ particle
whose shower is seen by ANITA. In the second scenario, an
cosmogenic UHE sterile neutrino propagates freely through
the chord of the Earth and produces a τ via leptoquark
mediated interaction. Interestingly, the same leptoquark
interaction also explains RðDð�ÞÞ through b → cτχ as
shown in [18].
In Sec. II, we estimate the number of AAEs for isotropic

and anisotropic flux. In Sec. III, we provide details of the
leptoquark model and discuss the two scenarios in detail
before we conclude in Sec. IV.

II. ANITA ANOMALOUS EVENTS

In order to estimate the number of Earth emergent
showers seen by ANITA, we evaluate the survival prob-
ability ϵ (also called efficiency in [6]) which represents the
fraction of incident flux Φ that is converted into τ near the
surface. We use the expression

N ¼ A · δT · δΩ
ZEmax

Emin

dEν · ϵ ·ΦðEνÞ; ð3Þ

where the effective area of ANITA A ≈ 4 km2 is estimated
using the Cherenkov angle [6], δT is the time period, and
δΩ is the acceptance angle. For a temporally continuous
source, δT ≈ 25 days is the combined exposure of ANITA-I
(17.25 days) and ANITA-III (7 days) [1,2]. We have
ignored the contribution of ANITA-II (28.5 days) as it
was not sensitive to such events. For transient sources, δT
will depend on the source and can be smaller. For isotropic
source, δΩ ≈ 2π sr. However, for anisotropic source,

δΩ ≈ 2πð1 − cos δθÞ ≈ 0.0021 sr; ð4Þ

where δθ ∼ 1.5° is the angular uncertainty relative to parent
neutrino direction [2]. The neutrino energy (Eν) is inte-
grated over the range which gives correct range of shower

energy. For example, if τ is produced through interaction of
the incident neutrino such that Eτ ¼ Eν=4. Since the
observed shower has energy in the range 0.1–1 EeV, one
must integrate over 0.4–4 EeV. In general, ϵ depends on Eν

and model parameters.
We now provide an order-of-magnitude estimate of the

required ϵ taking δT ¼ 25 days. For the isotropic case, we
assume that the source of EeV neutrinos is the Greisen-
Zatsepin-Kuzmin (GZK) mechanism. We approximate the
GZK flux by the upper limit of its saturated value over the
range 0.4–4 EeV as,

Φ̄iso ≈ 10−25 ðGeV cm2 s srÞ−1; ð5Þ

which gives N ≈ 200ϵ. To get two events, one requires
ϵ ∼ 0.01. Similar estimates were also obtained in [7] which
takes energy dependence into account albeit with larger
exposure time. With the Standard Model interactions, the
authors in [4] have estimated that ϵSM ∼ 10−7 for the two
reported events. Thus the estimated number of anomalous
events from GZK neutrinos with only SM interactions is,

N SM
iso ∼ 2 × 10−5; ð6Þ

which makes observation of two events extremely unlikely.
One can relax the assumption that the source of EeV

neutrinos is the GZK flux. This allows us to postulate that
such high energy neutrinos are coming from a localized
source in the sky. The upper limit on such anisotropic flux
of EeV neutrinos is,

Φ̄aniso ≈ 3.2 × 10−20 ðGeV cm2 s srÞ−1; ð7Þ

which is several orders larger than the isotropic case. After
accounting for the small solid angle one can similarly
obtain, N ≈ 2.1 × 104ϵ. To get two events, one requires
ϵ ∼ 10−4. Using SM interactions for the incident neutrinos,

N SM
aniso ∼ 2.1 × 10−3; ð8Þ

which again makes the two events very unlikely. In this
section, we have ignored the energy dependence of ϵ as
well asΦ. Even after taking those into account, the message
will remain unchanged. The smallness of ϵSM makes the
two event unlikely.
One must also check the compatibility of IceCube with

ANITA observations. Even though IceCube has smaller
effective area, the long duration of the experiment implies
that the expected number of EeV scale up going τ-tracks
seen by IceCube (N IC) to be larger than expected anoma-
lous events by ANITA (N AN). Using the relative expo-
sures, it has been estimated that N IC ≈ 10 ×N AN [6,7]. In
[4], the authors identify three events in nine year
(3142 days) IceCube data that may have origin similar
to ANITA. This implies that N AN ¼ 0.3. Using Poisson
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distribution, the probability of observing two such events is
around 0.03. The challenge for BSM scenarios is to get
N AN of this order by enhancing ϵ as has been done in the
two scenarios studied in this paper.

III. LEPTOQUARK RESOLUTION OF AAE

As has been discussed [18,19], a vector leptoquark U1

with SUð3ÞC × SUð2ÞL × Uð1ÞY quantum numbers
ð3; 1; 2=3Þ can simultaneously explain the flavor anoma-
lies. It is also one of the handful models that admit
leptoquark coupling to a sterile neutrino [30]. The inter-
action of U1 with fermions in the mass basis is,

−L ⊃ ðV · gLÞijūiLγμU1;μν
j
L þ ðgLÞijd̄iLγμU1;μe

j
L

þ ðgRÞijd̄iRγμU1;μe
j
R þ ðgχÞiūiRγμU1;μχR; ð9Þ

where V is the Cabibbo-Kobayashi-Maskawa (CKM)
matrix and the contribution of Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix is ignored.

A. Heavy sterile neutrino

In this section, we assume that the sterile neutrino is
sufficiently heavy so that its contribution to semi-leptonic B
decays is kinematically forbidden. Even though the inter-
action of up-type quarks with a sterile neutrino can generate
dangerous scalar and pseudoscalar operators, their contri-
butions can be neglected and the conclusions in [19] remain
unchanged. The required texture of coupling matrices is,

gL ¼

0
B@

0 0 0

0 gsμ gsτ
0 gbμ gbτ

1
CA gR ¼ 0. gχ ¼ ð 0 gx 0 Þ:

ð10Þ
The left-handed coupling (gL) generates the desired Wilson
coefficients (i.e., δC9 ¼ −δC10 with the correct sign for
b → sμμ and gVL

> 0 for b → cτν). In this way, U1 is
one of the rare solutions that can simultaneously address both
the anomalies. The right-handed coupling (gR) is severely
constrained as it generates scalar and pseudoscalar operators
that are disfavored. The sterile neutrino χ can also couple to
other up-type right handed quarks, but we have neglected
those couplings and their constraints for simplicity. In this
section, we will assume the mass of leptoquark U1 to be
MU ¼ 1.5 TeV and the couplings to be,

gsμ¼−0.012; gbμ¼0.2; gsτ¼0.5; gbτ¼0.5; ð11Þ
which can explain the flavor anomalies. Such a choice is
within the reach of future LHC searches but allowed from
present limits [19,20]. We treat the coupling gx and mass of
the sterile neutrino (Mχ) as free parameters of the theory.
The singlet is produced near the surface of Earth through

neutrino-nucleon interaction mediated by the leptoquark.

It is assumed that the cross section for the process is
dominated by the resonant s-channel neutrino-quark inter-
actions. It has been pointed out in [31] that the gluon
initiated process can also give significant contributions.
However, this will give an Oð1Þ correction to survival
probability and has been neglected for the heavy sterile
neutrino case. The production cross section can be approxi-
mated in the narrow width limit as,

σLQðEνÞ¼
3π

2

�
g2x

g2xþ1.08

�

×
1

2MNEν

Z
1

0

dyy2ðð0.11Þ2fuþð0.5Þ2fcÞ; ð12Þ

where fq is the parton distribution function (PDF) of q
evaluated at x ¼ M2

U=2MNEν and Q ¼ MU
ffiffiffi
y

p
. We have

used ManeParse [32] and NNPDF3.1(sx) [33,34] datasets
for the PDFs. The numerical factors (1.08, 0.11, and 0.5)
are obtained using the central value of CKM parameters
[35]. Note that the PDFs are evaluated at small-x where the
quark and antiquark PDFs are similar and hence neutrino
and antineutrino have a similar cross section. The inter-
action length is estimated as, lLQ ¼ ðρNAσLQÞ−1 where we
have used ρ ≈ 4g=cm3 and NA ¼ 6.022 × 1023 cm−3 in
water-equivalent units. Even though the density is larger
near the center of Earth, the approximation for density is
valid for the chord lengths relevant for AAE.
As opposed to previous studies with three body decay of

a singlet [7], in this paper we estimate the two body decay
width of the sterile neutrino to a pseudoscalar meson and
the tau lepton. Since the decay width is being estimated in
the rest frame of sterile neutrino of mass few GeV, one can
integrate out the heavy leptoquark and write the effective
Lagrangian as,

Leff ¼
2gxgql
M2

U
½c̄PLq�½l̄PRχ�; ð13Þ

where q ∈ fs; bg and l ∈ fμ; τg. We also use the expres-
sion,

h0jq̄1γ5q2jPi ¼ i
M2

P

M1 þM2

fP; ð14Þ

where P is a pseudoscalar meson of massMP and fP is the
associated form factor. The rest frame partial width of the
sterile neutrino is,

Γτ ≡ Γðχ → τ−Dþ
s Þ ¼

1

16π

�
gxgsτ
M2

U

�
2

×

� M2
Dþ

s

Mc þMs
fDþ

s

�2

MχβðMDþ
s
;Mτ;MχÞ ð15Þ

where the phase space factor is,
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βða; b; cÞ ¼
��

1 −
�
a − b
c

�
2
��

1 −
�
aþ b
c

�
2
��

1=2
:

ð16Þ

For numerical estimation we use,

fDþ
s
¼ 257.86 MeV MDþ

s
¼ 1.968 GeV ð17Þ

and the quarks and lepton masses used are Mc¼1.29GeV,
Ms ¼ 95 MeV, Mμ ¼ 105.66 MeV, and Mτ ¼ 1.77 GeV
respectively. The relevant Feynman diagrams for the
production and decay are shown in Fig. 1. The associated
decay length of χ in Earth’s frame is estimated as,

lD ¼ γcτ ¼ 1

Γτ

Eχ

Mχ
≈

1

Γτ

Eν

2Mχ
; ð18Þ

where the last approximation is true for the range of
energies involved. In this scenario, Eτ ¼ Eν=4 and hence
for shower energy ∼0.5 EeV, one requires the incident
neutrino to have energy Eν ∼ 2 EeV.
With only SM interactions, one can estimate the bare

survival probability ϵ0 ¼ e−l⊕=l0 where l⊕ is the length of
path traversed by neutrino inside Earth and for EeV
neutrinos, l0 ∼ 275 km [4]. However, this is severely
modified when one takes neutrino regeneration effects
during propagation. In [4], the probability is obtained using
simulations and mentioned in Table I. We denote these
probabilities with ϵSM. Due to the additional leptoquark
interactions, the survival probability of the neutrino flux can
be estimated using,

ϵLQ¼
Zl⊕

0

dl1

Zl⊕−l1

l⊕−l1−δ

dl2

�
e−l2=lD

lD

e−l1=lLQ

lLQ

�
1−

Zl1
0

dl3
l0

e−l3=l0
��

ð19Þ

The above expression can be understood as follows. The
parentheses denote the fraction neutrinos that survives SM

interactions after propagating a distance l1. These neutrino
undergo leptoquark interactions with the matter and
produce a sterile neutrino. The sterile neutrino propagates
a distance of l⊕ − l1 − δ before it decays near the surface
of Earth in the δ ≈ 10 km window that will produce the
observed τ.
In Fig. 2 we have shown the parameter space that gives

ϵLQ > ϵSM, and ϵLQ > 1 × 10−6 for the two values of l⊕.
We find that the maximum survival probability in this
scenario is of the order 4 × 10−6. It is understood that
neutrino regeneration effects can dramatically increase ϵLQ

FIG. 1. The Feynman diagrams for the process involved in Model A. Left: The s-channel neutrino quark interaction mediated by
leptoquark U1 that produces sterile neutrino in final state is shown. Right: The decay mode of sterile neutrino to charged lepton and Dþ

s
is shown. The shaded circle represents the effective vertex.

FIG. 2. The parameter space that gives ϵLQ > ϵSM (blue), and
ϵLQ > 1 × 10−6 (dark blue) for l⊕ ¼ 7210 km is shown. Similar
projections for l⊕ ¼ 5740 km is shown by red curves. The gray
shaded region is conservatively ruled out from Bþ

c decays and the
limits for various Bl are shown. The top part is excluded using
the perturbativity limit gx ≤

ffiffiffiffiffi
4π

p
. The neutrino energy is fixed to

be 2 EeV. The benchmark point considered in the text is shown.
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similar to SM. However, complete estimation requires
simulation of neutrino propagation which is beyond the
scope of this work. Moreover, we find that the precision
measurement of Bþ

c decay modes can probe the most
interesting part of the parameter space. We evaluate the
branching fraction Bl ¼ BrðBþ

c → lþχÞ for l ∈ fμ; τg
to be,

Bl ¼ τBþ
c

4πMBþ
c

�
gxgbl
M2

U

�
2
� M2

Bþ
c

Mc þMb
fBþ

c

�2

× ðM2
Bþ
c
−M2

l −M2
χÞβðMχ ;Ml;MBþ

c
Þ; ð20Þ

where fBþ
c
¼ 0.43 GeV [18] and MBþ

c
¼ 6.275 GeV [35].

Since the typical branching ratio of leptonic mode is very
small, we take the conservative limit of Bl ¼ 10% for both
μ and τ modes to constrain our parameter space. We also
show limits for Bl ¼ 1% which will be accessible in future
B-factories and can test the model.
In this model, for the parameter space that we are

interested in, the only kinematically allowed choice for
the final state meson is Dþ

s . The model also allows for
χ → μ−Dþ

s however this decay mode is suppressed due to
smallness of jgsμj ∼ 0.012 as compared to jgsτj ∼ 0.5 as
seen in Eq. (11). We also have χ → ν−X but to get emergent
τ one needs to account for another interaction in (19) which
makes it less probable. This mode will be important when
regeneration effects are evaluated using simulation and is
beyond the scope of this paper.
To estimate the number of events, we consider the

benchmark scenario

Mχ ¼ 4.0 GeV gx ¼ 0.8 ð21Þ

for which Γτ ¼ 4.64 × 10−16 GeV and the survival fraction
is ϵLQ ∼ ð1.5 − 2.0Þ × 10−6. This gives the expected num-
ber of AAE per direction to be 0.03 using the saturated
anisotropic flux.
In this scenario, larger values of the coupling gx seem to

be preferable. However, they would be constrained from
future measurements of Bμ. One can avoid these constraints
if gbμ ¼ 0, but then the model cannot explain RðKð�ÞÞ. If

one is willing to give up simultaneous explanation of both
flavor anomalies, another interesting possibility opens up,
i.e., light sterile neutrino.

B. Light sterile neutrino

In [18], it is shown that U1 leptoquark coupled to a light
sterile neutrino can also explain the flavor anomalies.
However, as opposed to [19], RðDð�ÞÞ is explained via
right-handed couplings and RðKð�ÞÞ via left-handed ones.
It is seen that a simultaneous explanation in this scenario is in
tension with big bang nucleosynthesis but RðDð�ÞÞ can be
explained successfully. The Lagrangian for the leptoquark is,

LLQ ¼ −
1

2
U†

μνUμν − igsκU
†
μTaUνGaμν þM2

UU
†
μUμ

þ gbτb̄RγμU1;μτR þ gxc̄RγμU1;μχR; ð22Þ

where gs is the strong coupling constant and κ ¼ 0ð1Þ for a
minimally coupled (gauge) theory. The excess can be
explained with the following choice of coupling and lep-
toquark mass,

jgxgbτj ∼ 0.62

�
MU

1 TeV

�
2

: ð23Þ

Considering the LHC constraints on the model, we chose
MU ¼ 1.5 TeV which is close to the lightest allowed mass
for κ ¼ 1. To a good approximation, gbτ ∈ f1.1; 1.4g which
translates to gx ∈ ð1.0; 1.25Þ using (23). In this limit, the
model has signatures in future 300 fb−1 analysis. These
limits are considerably weakened for κ ¼ 0. One can refer to
[18] for detailed discussion of the model and other
constraints.
To explain AAE, we assume a flux of light sterile

neutrinos (χ) incident on Earth. These sterile neutrinos
can pass through the Earth almost unattenuated, however, a
fraction of them can interact with the matter in Earth and
produce a τ near the surface. In this section, we consider
both χ-quark and χ-gluon interactions. The relevant
Feynman diagrams are shown in Fig. 3.

(a) (b) (c)

FIG. 3. The Feynman diagrams for χ-nucleon interaction. (a) The dominant s-channel χ-quark interaction. (b) The κ-dependent χ-
gluon interaction. (c) The κ-independent χ-gluon interaction.
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The χ-quark interaction is dominated by the s-channel
resonant contribution and the cross section can be
estimated by

σq ¼ σðχc → τbÞ ¼ 3π

2

�
g2xg2bτ

g2x þ g2bτ

�

×
1

2MNEν

Z
1

0

dyð1 − yÞ2fc: ð24Þ

The difference in y- dependence is due to the RR nature of
interaction as opposed to LR in the previous case. On the
other hand, the χ-gluon interaction cross section can be
estimated using,

σg ¼ σðχg → τcb̄Þ ≈ σðχg → cU1Þ × BrðU1 → τb̄Þ: ð25Þ

We implemented the model in FEYNRULES [36,37] and the
cross section is calculated using CALCHEP [38]. As was
shown in [31], the gluon initiated process are significant for
large energies and of the same order of magnitude as the

quark initiated processes. The cross section depends on κ as
evident from Fig. 3(b). In Fig. 4, we show the variation of
σq and σg with incident sterile neutrino energy. We also
show the relative strength for κ ¼ 0 and 1.
The fraction of incident χ that interact with matter in

Earth is given by,

ϵq=g ¼
Zl⊕

l⊕−δ

dl1
e−l1=lq=g

lq=g
ð26Þ

where lq=g ¼ ðρNAσq=gÞ−1. One must note that, for χ-quark
interactions Eτ ¼ Eχ=2 whereas for χ-gluon interaction
Eτ ¼ Eχ=4. By uniformly varying Eχ , we show the
variation of ϵ ¼ ϵq þ ϵg with energy of emergent tau in
Fig. 5. An interesting result of this scenario is that the
distribution peaks for tau energy in the same range as seen
by ANITA.
In order to estimate the number of events, one needs to

know the flux of incident χ on Earth. It is clear from the
discussion in Sec. II that this scenario cannot explain AAE
with isotropic flux. We assume anisotropic flux from point-
like sources in the sky and parametrize the incident flux as,

Φ ¼ ϕ0 × 10−20
�

Eχ

EeV

�
−γ

ðGeV cm2 s srÞ−1; ð27Þ

where the spectral index γ is unknown. The number of events
is then given by,

N ≈
�
1800

EeV

�
× ϕ0 ×

� Z2Emax
τ

2Emin
τ

dEχ · ϵqðEχÞ ·
�

Eχ

EeV

�
−γ

þ
Z4Emax
τ

4Emin
τ

dEχ · ϵgðEχÞ ·
�

Eχ

EeV

�
−γ
�
; ð28Þ

FIG. 4. The variation of cross section σqðσgÞ with incident
sterile neutrino energy is shown in blue (red). The inset shows the
difference in magnitude of σg for κ ¼ 0 and 1 in arbitrary units.

FIG. 5. The variation of ϵq, ϵg, and ϵ is shown in blue, red, and black respectively. The solid curve is for κ ¼ 1 and the dashed curve for
κ ¼ 0. The chord length l⊕ is fixed to be 5740 km (left) and 7210 km (right). We fix gx ¼ 1.2 for both the plots. The region shown in
green is the observed shower energy for the two events.

BHAVESH CHAUHAN and SUBHENDRA MOHANTY PHYS. REV. D 99, 095018 (2019)

095018-6



where the limits of integration are determined by the 1σ range
of observed τ energy. Note that the limits and ϵq=g depend on
the chord length in consideration. Keeping N ¼ 1, one can
obtain the required value of ϕ0 for various choices of γ. The
results have been summarized in Table II. It can be seen that
these values are compatiblewith the upper boundsmentioned
in Sec. II. Note that, for γ ¼ 0, one expects more number of
events with shower energies higher than the ones observed by
ANITA. Hence, higher values of spectral index is preferred.
We briefly comment regarding the source of such high

energy sterile neutrinos. They can either be produced via
the leptoquark interactions, via oscillation of active neu-
trinos near the source, or via interactions during propaga-
tion. If the sterile neutrinos are produced due to oscillation
from the active ones, then the flux is proportional to the
square of the mixing angle. For large mixing, the cross
section will dominated by SM interactions and the sterile
neutrino will be significantly attenuated by Earth. For small
mixing, albeit the sterile neutrino propagates freely, the
incident flux is smaller and constraints from active neutrino
flux becomes important. On the other hand, if a flux of
active neutrinos encounters large magnetic fields during
propagation, it can convert to sterile neutrinos via the
transition magnetic dipole moment [39]. In this scenario,
one anticipates both fluxes to be of the same order of
magnitude and offers a lucrative testable explanation.

Another possibility is the absorption of active neutrino
flux by cosmic sterile neutrino background [40], cosmic
neutrino background [41], or dark matter [42]. In [43], a
flux of boosted right handed neutrinos was obtained
through decay of dark matter.

IV. CONCLUSION

Since the observation of AAEs, many BSM scenarios
have been invoked to explain the discrepancy. In this paper
we have proposed two models that can significantly
enhance the τ survival probability while simultaneously
addressing the flavor anomalies. In the first scenario, we
have extended chiral vector leptoquark model which
explains RðDð�ÞÞ and RðKð�ÞÞ [15] by a sterile neutrino.
The cosmogenic UHE neutrinos interact with the matter in
Earth and produce a sterile neutrino that propagates freely
inside Earth and decays near the surface to a τ. The precise
measurement of BrðBc → τχÞ, which is possible in upcom-
ing B factories, will provide a good test of this model.
In the second scenario, a cosmogenic UHE sterile

neutrino passes through the Earth almost unattenuated
and interacts with the matter in Earth to produce an
observable τ. The same interactions and parameters also
explain the RðDð�ÞÞ anomaly [18]. The interesting result is
that the distribution of emergent τ energy peaks in the same
regime as observed by ANITA. This model has observable
signatures in 300 fb−1 LHC searches.
In summary, the observation of lepton flavor universality

violation and Earth emergent τ with EeV energy can be
explained in a common framework. Moreover, it has
testable signatures in upcoming experiments. Future obser-
vations by IceCube Gen-II and data from ANITA-IV
should be able to shed more light on such BSM hypotheses.
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The MiniBooNE collaboration has recently reported evidence for a light sterile neutrino with large
mixing angles, thus corroborating the measurement by LSND twenty years ago. Such a state would be
directly in conflict with Planck measurement of big bang nucleosynthesis Neff unless there is self-
interaction in the sterile sector. Our objective is to investigate if such interactions could result in resonant
absorption in the cosmogenic neutrino spectrum and its consequences for the IceCube experiment. We
show that it is possible to give independent bounds on sterile neutrino parameter space from IceCube
observations with the dips in the spectrum corresponding to the neutrino masses.
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I. INTRODUCTION

The MiniBooNE collaboration has recently reported
excess in the electron neutrino and antineutrino appearance
channels that is consistent with the sterile neutrino hypoth-
esis [1]. The best-fit point,

Δm2
41 ¼ 0.041 eV2 and sin2ð2θμeÞ ¼ 0.958; ð1Þ

is consistent with the earlier measurements by the LSND
collaboration [2]. In fact, the combined significance of the
two data sets is 6.1σ. These results, however, are in tension
with data from disappearance experiments like MINOSþ
and IceCube. Other experiments like KARMEN and
OPERA have not been able to confirm this excess, but
they do not rule it out completely either [3].
The existence of such light states with large mixing

angles is also in conflict with cosmology. The Planck
measurement cosmic microwave background (CMB)
anisotropy puts severe constraints on the number of
thermalized relativistic degrees of freedom (Neff ) around
the epoch of big bang nucleosynthesis (BBN), i.e., Tγ ¼
1 MeV [4]. One possible resolution to this puzzle is to
assume self-interactions in the sterile sector [5–10].

Because of the large thermal effective potential, the mixing
between sterile and active neutrino is suppressed in the
early universe but is allowed to be large today. Hence the
sterile neutrinos are produced efficiently only at low
temperatures after recoupling [11]. This provides a very
strong constraint that the Trec < 1 MeV, which rules out
small gauge couplings in the sterile sector [6]. Because of
mixing, the lighter neutrinos also interact with the new
gauge boson, which affects their free streaming in the early
universe, which is constrained from CMB [12,13]. It was
recently pointed out that taking constraints from

P
mν

rules out any viable parameter space for ms > 0.2 eV [14].
However, the authors also propose several scenarios that
weaken these new constraints. For gauge coupling in the
range 0.1–1, one requires a gauge boson of mass
10–50 MeV to reconcile sterile neutrinos with cosmology.
Moreover, such interactions can also be mediators to dark
matter, which can simultaneously solve the small-scale
crisis of ΛCDM [10,15,16].
It was shown in [17] that MeV scale secret interaction of

neutrinos gives rise to absorption lines in the very high
energy neutrino spectrum. Such lines can be seen by
neutrino telescopes like IceCube. The IceCube HESE data
have featured a prominent gap in the spectrum for neutrino
energies in the range 400–800 TeV [18–20]. In the past,
several authors have tried to explain this gap using resonant
absorption in well-motivated models such as ν2HDM [17]
and gauged Uð1ÞLμ−Lτ

[21]. Recently it was also proposed
that one can explain the absence of Glashow resonance
using t-channel resonant absorption [22]. All these explan-
ations assume a flavor-universal single power law flux for
incoming neutrinos. The IceCube data can also be
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explained by decaying dark matter [23–28], leptoquark like
states [29–33], and by modifying assumptions of the
source. The leptoquark explanation is highly constrained
from LHC data [33–35].
In this paper, we look at resonant absorption of cosmo-

genic neutrinos from both cosmic neutrino and sterile
neutrino background. In Sec. II we describe the model
for sterile neutrino with self-interactions. In Sec. III, we
discuss the basics of neutrino absorption and explain a few
benchmark scenarios. In Sec. IV we look at the six-year
IceCube data and provide some constraints on the model.
We also provide the parameter space favored by IceCube
independent of other short baseline experiments. In Sec. V
we provide the results and discuss certain aspects of the
analysis before we conclude.

II. MODEL DESCRIPTION AND
COSMOLOGICAL CONSTRAINTS

To accommodate light sterile neutrino with cosmology,
we extend the standard model by introducing a left-handed
sterile neutrino (νs), which is charged under an additional
gauge symmetry Uð1ÞX. The new gauge boson (Xμ) would
acquire its mass through spontaneous symmetry breaking
in the hidden sector. The scalar responsible for the phase
transition can also thermalize the sterile sector in the early
universe through Higgs’ portal. The requirement of
anomaly cancellation needs additional fermions in the
spectrum that can be a dark matter candidate. However,
for our analysis, we only focus on the sterile neutrino and
its interactions.
The relevant part of the Lagrangian is the gauge

interaction of the sterile neutrino, which is given by

−Ls ¼ gXν̄sγμPLνsXμ: ð2Þ

In terms of mass eigenstates,

−Ls ¼
X
i;js

gijν̄iγμPLνjXμ; ð3Þ

where gij ¼ gXU�
siUsj. The 4 × 4 Pontecorvo-Maki-

Nakagawa-Sakata matrix is parametrized as

U ¼ R34R24R14R23R13R12; ð4Þ

where Rij is the rotation matrix in the i-j plane. We assume
that the elements of the mixing matrix are real as a
contribution of the phases is negligible for the discussion
that follows. We also fix the active neutrino mixing
angles to the best-fit values from the oscillation measure-
ments [36],

θ12 ¼ 33.62° θ23 ¼ 47.2° θ13 ¼ 8.54°: ð5Þ

We have six free parameters in our model,

P ¼ fθ14; θ24; θ34; m4; gX;MXg; ð6Þ

where m4 is the mass of the fourth (mostly sterile) mass
eigenstate and MX is the mass of the new gauge boson.
The introduction of self-interactions generates a finite

temperature effective potential for the sterile neutrino of the
form [10]

Veff ¼
8<
:

− 28π3αXET4
s

45M4
X

E; Ts ≪ M

þ παXT2
s

2E E; Ts ≫ M;
ð7Þ

which modifies the effective mixing angle given by

sin2ð2θmÞ ¼
sin2ð2θ0Þ

ðcosð2θ0Þ þ 2E
Δm2 VeffÞ2 þ sin2ð2θ0Þ

: ð8Þ

In the early universe when the temperature is high, the
mixing angle is suppressed and the production rate of
the sterile neutrino is negligible. As the Universe cools, the
sterile sector recouples to the standard model bath. If the
recoupling temperature is > MeV, then the sterile neu-
trinos are thermalized before the big bang nucleosynthesis
takes place. Since they are relativistic during BBN, there
are very stringent constraints from Planck. Hence, one
requires the recoupling temperature to be less than an MeV.
In [14] it was shown that the entire parameter space for the
scenario is ruled out for m4 ≥ 1 eV. However, it was
also pointed out that there are several possible new
physics effects that can alleviate these bounds. One of
the plausible scenarios is where one adds new lighter
particles in the model.

III. NEUTRINO ABSORPTION BY COSMIC
NEUTRINO BACKGROUND

Until very recently, the source of ultrahigh energy
neutrinos was unknown. Advances in multimessenger
astronomy have pointed towards blazars as possible sources
]37 ]. During propagation through the cosmic media, these

neutrinos can get resonantly scattered off the cosmic
neutrino background, which results in an absorption line
in the neutrino spectrum. If only standard model inter-
actions are considered, the absorption line (∼1013 GeV) is
undetectable at neutrino telescopes [38]. However, it has
been known that secret interaction of the neutrino can also
give rise to these lines, which should, in principle, be
detectable [39–41]. The absorption lines from sterile
neutrino were first pointed out in [42], and the authors
of [43] applied it in the context of diffuse supernova
background. In this paper, we attempt to explain the two
dips in the IceCube spectrum using resonant absorption by
heavy (mostly) sterile neutrino and the heaviest active
neutrino.
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We have assumed that, due to recoupling of the sterile
neutrinos, the neutrino background has all four mass
eigenstates in equal proportions and at the same temper-
ature. For the benchmark scenarios considered in the paper,
the recoupling is guaranteed [6]. The scattering cross
section is

σij ¼ σðν̄iνj → ν̄νÞ ¼ 1

6π
jgijj2g2X

s
ðs −m2

XÞ2 þm2
XΓ2

X
; ð9Þ

where νi are the mass eigenstates of the four neutrino
species and ΓX ¼ g2XmX=12π is the decay width of the new
boson. The mean free path is

λiðEi; zÞ ¼
�X

j

Z
d3p
ð2πÞ3 fjðp; zÞσijðp;Ei; zÞ

�
−1

≈
�
nνðzÞ

X
j

σijðp;Ei; zÞ
�

−1
; ð10Þ

where fi is the distribution function for the neutrinos
given by

fiðp; zÞ−1 ¼ exp

�
p

Tið1þ zÞ
�
þ 1 ð11Þ

and Ti ¼ 1.95 K for all four components. The approxima-
tion in the rhs of Eq. (10) is valid only when the neutrino is
nonrelativistic. The oscillation data suggest that at least two
active neutrinos are nonrelativistic today. As we see, the
lightest neutrino gives the absorption feature for higher
energies and is inconsequential to our discussion. For the
remainder of the paper, we assume normal hierarchy and
neutrino masses to be

m1 ¼ 5 × 10−3 eV; m2 ¼ 1 × 10−2 eV;

m3 ¼ 5 × 10−2 eV: ð12Þ

The case of inverted hierarchy is commented upon at the
end of this section. One can see that

mi ≫ hpi ¼ 3Tν ∼ 5.3 × 10−4 eV ∀ i; ð13Þ

which allows us to approximate

s¼2Eið1þzÞð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

q
−pcos½θ�Þ≈2Eið1þzÞmi: ð14Þ

The z dependence accounts for redshift during propagation.
The survival rate of the neutrino is given as [41,44]

Ri ¼ exp

�
−
Z

zs

0

1

λið1þ zÞ
dL
dz

dz

�
; ð15Þ

where zs denotes the redshift distance to the source and

dL
dz

¼ c

H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þ ΩΛ

p : ð16Þ

We have fixed the cosmological parameters toΩm ¼ 0.315,
ΩΛ ¼ 0.685, H0 ¼ 67.3 km=s=Mpc using the best-fit val-
ues from Planck [4]. We also assume a power-law flux for
each neutrino near the source. The flux of neutrino of flavor
α ∈ e; μ; τ; s at Earth is

ϕα¼
X4
j¼1

jUαjj2ϕjRj¼ðϕ0E
−γ
ν Þ

X4
j¼1

jUαjj2Rj≡ðϕ0E
−γ
ν ÞRα:

ð17Þ

Since the sterile neutrino does not generate any signal at the
IceCube detector, the flux of neutrinos that can be seen by
IceCube is simply

ϕ ¼ ϕe þ ϕμ þ ϕτ

¼ ðϕ0E
−γ
ν Þ

� X
f¼e;μ;τ

X4
j¼1

jUfjj2Rj

�

≡ ϕ0E
−γ
ν hRðP; EνÞi; ð18Þ

where the parentheses in the last part indicate that hRi
depends on the model parameters and incident neutrino
energy only.
In Fig. 1, we have shown the variation of Rα and Ri for a

benchmark scenario. The gauge coupling is fixed to be
gX ¼ 0.1 and the mass of the gauge boson is fixed to be
MX ¼ 25 MeV.We have assumed that the neutrino sources
are localized around zs ¼ 0.3. There are three features we
would like to highlight: (a) There are two prominent dips in
the function. The one at lower neutrino energy is associated
with the absorption due to heavy (i.e., mostly sterile) mass
eigenstate. The second dip is due to the absorption by the
heaviest active neutrino (i.e., m3 in NH). (b) The dips are
not very sharp and there is a broadening due to redshift
during propagation. For a source located at zs, the dip in the
spectrum occurs for the neutrino energies

Edip∶
Eres

ð1þ zsÞ
→ Eres; ð19Þ

where Eres ¼ M2
X=2mi. This allows us to estimate the width

of the dip as

Δi ≈
M2

X

2mi

zs
1þ zs

: ð20Þ

(c) Since the other active neutrinos are lighter, their
absorption lines are at much higher neutrino energies.
Hence, it is inconsequential for our analysis whether the
lightest neutrino is relativistic or nonrelativistic today.
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The absorption lines are sensitive to the distance to the
source. It can be inferred from (20) that the further the
source, the broader the absorption line. We have assumed
that the ultra-high energy (UHE) neutrinos originate from
blazars and non-blazar active galactic nuclei as opposed to
spatially distributed sources like dark matter decay [37,45–
48]. Future multimessenger observations will help us verify
this hypothesis. For this analysis we assume that the
sources are localized around a particular redshift, hzsi,
which makes the calculations simple. The complete analy-
sis that also considers distribution of the sources is beyond
the scope of this work. Also note that any source located
very far from Earth (zs > 5) will have too broad absorption
lines and contribute negligibly to the flux at high energies
(> 200 TeV). This may be compatible with the fact that
IceCube rarely sees events of such high energies. This
inference cannot be made in the standard picture without
secret interactions. Thus, if future multimessenger obser-
vations infer that almost all the sources of UHE neutrinos
are localized within a sphere, it will strongly hint at
resonant absorption.

IV. CONSTRAINTS FROM FLUX
OF NEUTRINOS AT ICECUBE

In IceCube six-year HESE data, 82 events passed the
selection criterion of which two are co-incident with
atmospheric muons and left out [20]. The best fit for single
power-law flux is

E2
νϕ ¼ ð2.46� 0.8Þ

× 10−8
�

Eν

100 TeV

�
−0.92

GeVcm−2 s−1 sr−1; ð21Þ

which has a softer spectral index than the 3-year (γ ¼ 2.3)
[18] as well as the 4-year (γ ¼ 2.58) data [19]. One can
attribute this to the pileup of low energy events along with

the lack of high energy events in the new data. A prominent
feature that still remains is the apparent lack of neutrinos
with energy 400–800 TeV. From one point of view, one
should be able to see these neutrinos with more exposure.
However, this may also hint at new physics. Another
puzzling mystery is the absence of Glashow resonance.
In the standard model, the astrophysical neutrino can
interact with the electrons in the detector volume and
produce an on-shell W-boson. This happens for neutrino
energy ∼6.3 PeV. Around this energy, the cross section for
neutrino-electron scattering is several orders of magnitude
larger than the charged and neutral current interactions with
nucleons. Thus we expect more numbers of events in the
3.6 to 7.5 PeV bin. Because of this, the best fits to the data
hint towards a softer spectral index. Several scenarios have
been proposed to address the absence of Glashow events
including active neutrino decay, Δþ resonance, and novel
flux [49–51].
Now we examine the ms −MX parameter space that can

explain the observed IceCube spectrum. The following
constraints are imposed.
(1) If Eres ∼ PeV, one cannot explain the observed PeV

events at IceCube unless exceptional circumstances
are evoked. To be general, we constrain the m3

absorption line to be more than 3 PeV. Because of
the broadening during propagation, the constraint
depends on hzsi as

M2
X ≥ 2 × 3 PeV m3ð1þ hzsiÞ: ð22Þ

This is shown in Fig. 2 as a region bounded by green
lines.

(2) Since we wish to explain the dip in the spectrum
using the fourth neutrino, we require

FIG. 1. Left: This plot shows variation of Re (blue), Rμ (red), Rτ (green), and Rs (black, dashed) with neutrino energy. Right: This plot
shows variation of R1 (blue), R2 (red), R3 (green), and R4 (black, dashed) with neutrino energy. See text for details.
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Eres ≤ 800 TeV &
Eres

1þ hzsi
≥ 400 TeV; ð23Þ

which is shown as the blue shaded region in Fig. 2.
(3) We show the region in the parameter space that

requires more than 1, 2, and 3 lighter sterile
neutrinos in the full theory [cf., Eq. (10)].

It can be seen from Fig. 2 that only a small portion of the
parameter space is compatible with all the constraints. With
slightly relaxed assumptions, we chose the representative
point

m4 ¼ 0.4 eV & MX ¼ 25 MeV ð24Þ

for our analysis. The gauge coupling is constrained from
the restrictions on the recoupling temperature. We have
chosen the benchmark point gX ¼ 0.1, which is consistent.
For the choice of mixing angles, we have considered two

scenarios,

Case I∶ θ14¼θ24¼θ34¼0.3 …ðdemocraticÞ; ð25Þ

Case II∶ θ14¼θ24¼π=4 & θ34¼0 …ðmaximalÞ: ð26Þ

For the democratic case, we have checked that the choice
0.3 gives the best fit to the data. The maximal case is
motivated by the mixing angles observed by MiniBooNE.
We have chosen the spectral index to be 2.6, which is
consistent with IceCube best fits. Any softer spectral index
will result in reducing the flux of PeV neutrinos, which is
unwanted. For harder spectral index, one needs to assume
larger values of hzsi to be compatible. The attenuated flux
is shown in Fig. 3.

V. CONCLUSION

To reconcile a light sterile neutrino of the type observed
by MiniBooNE with BBN predictions, one must introduce
gauge or scalar mediated interactions between the sterile
neutrinos. Because of the lightness of the mediators
required, there are observable effects in the spectrum of
high energy neutrinos detected by IceCube. We have shown
that the gaps in the spectrum at 400–800 TeV as well as
beyond 2.6 PeV correspond to resonant absorption of two
heaviest mass eigenstates. The prediction for the model
at IceCube is peaks beyond 6.3 PeVand dips corresponding
to two lighter neutrino mass states. These features may
be observable in future IceCube data. A generic feature
of absorption during propagation is that energy gap in
the spectrum widens with distance to the source. This
renders IceCube invisible to ν sources beyond a certain
zmax. Future multimessenger observations should be able to
confirm this.

FIG. 2. The shaded blue region with solid (dashed) boundaries
can explain the 400–800 TeV dip in the IceCube spectrum
assuming that the sources are distributed around z ¼ 0.6 (0.8).
The solid (dashed) green lines denote the upper bound on the
X boson mass such that the gap due to heaviest active neutrino is
above 3 PeV assuming source distribution around z ¼ 0.6 (0.8).
The green arrows indicate the region that is disfavored. The red
lines (solid, dashed, dot-dashed) denote the number of additional
light particles (1, 2, 3) to be added to the theory to evade

P
mν

constraints. The black point shows the benchmark case consid-
ered in the paper. The MiniBooNE best fit is highlighted. See the
text for more details.

FIG. 3. The flux without attenuation is shown as the dashed
gray curve. The blue (red) curve is the flux with attenuation for
the democratic (maximal) case. The spectral index is chosen to be
2.6 and the normalization is fixed from the second bin. Sources
are assumed to be distributed around z ¼ 0.6.
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In this paper, we present a model for sub-MeV dark matter with strong self-interactions which can solve
some of the small-scale crisis of the ΛCDM. The dark matter is a Majorana fermion with only off-diagonal
interactions with a hidden Uð1ÞD gauge boson. The relic density is obtained by freeze-out of Boltzmann
suppressed annihilations to a light fermionic species. The self-interaction is a one-loop process and
constrained to be between 0.1 to 1 cm2=g. Severe constraints from the BBN on Neff require that the dark
and visible sector are not in thermal equilibrium during freeze-out. The effect of this temperature
asymmetry is studied.

DOI: 10.1103/PhysRevD.97.123017

I. INTRODUCTION

For the past few decades, we have extensively studied the
gravitational interaction of Dark Matter (DM) and very
little doubt remains of its existence (for an overview, see
[1–6] and references therein). However, the particle nature
of DM remains a mystery and we have no clue about its
mass, spin, and interactions with other elementary particles.
During the early days, weakly interacting massive particles
(WIMPs) were postulated to be DM candidate but recent
bounds from null results of terrestrial experiments have
ruled out almost all of the interesting parameter space [7].
Several new candidates have been proposed recently which
get the correct relic abundance and are consistent with
present detector bounds.
One of the simple solutions is to assume that the DM is

light i.e., its mass is in the sub-GeV domain. In this limit,
the local DM cannot produce sufficient recoil and thus will
remain undetected in the traditional detectors. It has been
proposed that electron recoil can be used to probe this
parameter space [8–10]. From the model building perspec-
tive, it was recently proposed that the 3-to-2 and 4-to-2
annihilations may be important for MeVand keV scale DM
respectively [11]. Several interesting follow ups to this
paradigm can be found in [12–23]. One of the biggest
issues with a sub-MeV DM is the conflict with the effective
number of relativistic species (Neff ) during the big bang
nucleosynthesis (BBN) era [24]. To be consistent, one can

assume that the dark sector has lower temperature than the
standard model (SM) bath [25–28], or that it freezes-in after
the BBN [29].
The standard model of cosmology, ΛCDM, has been

hugely successful in explaining majority of the observed
astrophysical phenomenon.However, the assumption of cold
collision-less DM runs into what is dubbed as the “small-
scale crisis.” The most prominent issues are the “core vs
cusp” problem, the missing satellite problem, and the “too-
big-to-fail” problem. While individual resolutions to all the
problems are possible, the assumption of self-interactingDM
can solve some of these problems simultaneously [30–40].
However, observation of galaxy cluster collisions puts a
strong bound on this self-interaction. For a recent review, one
can refer to [41] and references therein. For our analysis, we
take the often used limit σSI=m ∼ 0.1–1 cm2=g.
The outline of this paper is as follows. In Sec. II, we

define the low-energy limit of the interaction Lagrangian
and find the relic density and self-interaction in the model.
In Sec. III, we study the results and discuss the allowed
parameter space before we conclude in Sec. IV.

II. MODEL DESCRIPTION

In this paper, we will consider the dark sector to be
thermally decoupled from the standard model [42–45]. The
temperature asymmetry is characterized by the parameter
ξ ¼ ðTd=TSMÞ ≤ 1. Such a decoupling can be achieved if
the interactions responsible for thermal equilibrium
between the two sectors freeze out at high temperatures.
In the absence of such interactions, one can postulate that
the two sectors have been populated at different temper-
atures during reheating [46]. Because of this temperature
asymmetry, smaller mass for DM are allowed which is
otherwise strictly constrained from the BBN Neff .
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We take DM to be Dirac fermion charged under a dark
Abelian symmetry—Uð1ÞD. The gauge boson of this new
symmetry, Z0, acquires a mass from a high-scale sponta-
neous symmetry breaking. This transition is also respon-
sible for generating a Majorana mass term which splits the
dark fermion into two Majorana fermions (χ1 and χ2) with
a mass gap [47–51]. The lighter of the two Majorana states
(say, χ1) will act as DM in this model. In this mass basis, the
coupling of Z0 is purely off-diagonal as the Majorana states
cannot carry any conserved quantum number. We add a
light (almost massless) right-handed Dirac fermion (f)
which is also charged under Uð1ÞD. The Majorana mass
term for this light fermion can be avoided either by charge
assignments or by assuming additional global symmetries.
A detailed model is presented in the Appendix.
In the simplified picture, the interaction Lagrangian is

given by

L ⊃ −igDZ0
μðχ̄1γμχ2 þ f̄γμfÞ; ð1Þ

where the coupling constant gD ≈ 1 (αD ¼ g2D=4π ≈ 0.1)
for remainder of this paper. We assume the mass hierarchy

mf ≈ 0 ≪ mχ ¼ m1 < m2 ¼ m1ð1þ δÞ ≪ mZ0 : ð2Þ

As the fermions masses are in the sub-MeV domain and ξ
are not infinitesimally small, these particles contribute to
the effective relativistic degrees of freedom during the BBN
era as

Neff ¼ 3.046þ 2 ×

�
11

4

�
4=3

ξ4: ð3Þ

The analysis of the Planck data indicated that Neff ¼
3.15� 0.23 [52] which translates to ξ ≤ 0.45ð0.52Þ at
1σð2σÞ level. However, if alternative cosmologies are taken
into account, these constraints can be either severe or
relaxed [53]. Hence, for our analysis, we take two bench-
mark scenarios ξ ¼ 0.5 and ξ ¼ 0.3 as we do not comment
upon the source of this anisotropy.

A. Relic density from coannihilation

In this model, the relic density for χ1 is obtained from the
coannihilations χ1χ2 → f1f2 (Fig. 1). The importance of
coannihilations has been known for a long time [54], and
novel applications were recently realized in [55–57]. We
follow the prescription in [54] and important steps are
mentioned for completeness. As χ2 can decay into χ1 via
χ2 → χ1f̄f, the coupled Boltzmann equations for tracking
abundances of χ1 and χ2 are approximated by a single
differential equation for the total number density n ¼ n1 þ
n2 where n1 and n2 are the number densities of χ1 and χ2
respectively [58]. During late times, n is dominated by n1
as most of χ2 has decayed. The Boltzmann equation for n is

dn
dt

þ 3Hn ¼ −hσvieffðn2 − n̄2Þ; ð4Þ

where the bar indicates the equilibrium density and

hσvieff ¼
X
ij

hσijviji
n̄in̄j
n̄2

: ð5Þ

Due to the off-diagonal interactions of Z0, processes such
as χ1χ1 → f̄f are forbidden at tree level, and the only
annihilation channel is χ1χ2 → f̄f. Thus, the effective cross
section is given as

hσvieff ¼ 2hσ12v12i
n̄1n̄2
n̄2

≈ 2hσ12v12i
n̄2
n̄1

; ð6Þ

where the approximation obtained by using n̄2 ≪ n̄1 is only
indicative, and we use full expression for the numerical
analysis. Recently, utilization of such Boltzmann suppres-
sion for light DM has been realized in [59,60], but with a
small mass gap (δ < 1). In this paper, we have considered a
significantly large mass gap between the two states
(δ ∼ 2–6). We use the following expression for number
density,

niðm; TÞ ¼ T
2π2

m2K2

�
m
T

�
; ð7Þ

and the thermal averaged cross section in the s-wave limit is
given as

hσ12v12i ¼
1

32π

g4D
m4

Z0
ðm1 þm2Þ2: ð8Þ

One can rewrite (4) using the abundance Y ¼ n=s, where s
denotes the total entropy density of the standard model and
the dark sector. As ξ < 1, the entropy is dominated by the
SM bath and to a very good approximation,

s ≈ sSM ¼ 2π2

45
gs�ðTSMÞT3

SM:

The equilibrium abundance is given by

Ȳðx; ξÞ ¼ ξ3
dχ

gs�ðmχ=xξÞ
45

4π4
x2K2ðxÞ; ð9Þ

where x ¼ mχ=Td is a measure of the dark sector temper-
ature. The freeze-out occurs when

½n̄hσvieff �xf ¼ Hðξ; xfÞ; ð10Þ

i.e., when the interaction rate becomes less than the Hubble
rate H ¼ 1.66g�ðTÞT2=Mpl ¼ 1.66g�ðT=ξÞm2

χ=ðx2ξ2MplÞ.
The present day abundance, Y∞, is given as
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Y∞ ¼ cȲðxf; ξÞ
1þ λJðxfÞcȲðxf; ξÞ

; ð11Þ

where c, λ, and JðxfÞ are defined in Appendix A. The relic
density of DM is given by

Ωh2 ¼ mχs0Y∞
h2

ρc

≈ 282

�
mχ

keV

��
Tγ

2.75 K

�
3

cȲðxf; ξÞ; ð12Þ

where the approximation is true in the limit
λJðxfÞcȲðxf; ξÞ ≪ 1. We use (10) to numerically deter-
mine the freeze-out temperature and enforce that xf ≥ 3 so
that the nonrelativistic approximation is valid. This restricts
us from taking smaller values for ξ and m1. Then we
determine the relic density using (9), (11), (12), and
compare with the observed value from Planck [52],

Ωχh2 ¼ 0.118� 0.002: ð13Þ

Understanding that such an estimate is only an approxima-
tion to solving the complete Boltzmann equations, we
conservatively take an error on 5% in our analysis.

B. One-loop self-interaction

One of the features of this model is that the self-
interaction of dark matter is not a tree-level process. At
one-loop level, there are eight diagrams that contribute to
χ1χ1 → χ1χ1 when χ2 and Z0 are in the loop. A represen-
tative diagram is shown in Fig. 2. In [61,62], the self-
interaction of inelastic DM was studied in the limit of large
mχ and light propagator. In this study, we calculate the self-
interaction in the limit of small mχ and heavy propagator.
Since the loop particles are significantly heavier than the
external ones, we use the decoupling limit where we ignore
the external momenta while evaluating the loop. We use
Package-X [63] and the unitary gauge to calculate the loop
function and the cross section. It was checked that the
infinities cancel systematically and we are left with a finite
part. The self-interaction cross section in the s-wave
approximation is given as

σSI
m1

¼ 9

256π5
gD8

m1

�
m2

6 þ 3m2
2mZ04 þ 6m2

2mZ04 log
�

m2
2

mZ0
2

�
− 4mZ06

�
2

mZ04ðmZ02 −m2
2Þ6 : ð14Þ

The calculation is detailed in Appendix B. The velocity
dependence of the self-interaction is shown in Fig. 3. It can
be seen that the change is very small for nonrelativistic case
(v < 0.1c). Therefore, we use the estimate σSIð0Þ

m1
¼

0.1–1 cm2=g to constrain the parameter space.

C. A comment on the light fermion

One of the crucial assumption of this model is the
existence of a massless fermionic species. One of the
possibilities is that it is a part of the radiation component
today albeit, the strong self-interactions would prevent it
from being hot dark matter candidate. The other interesting
possibility is that it is a sterile neutrino which also mixes

with the active neutrinos. It has been pointed out that in
presence of self-interactions, the sterile neutrino acquires a
large thermal mass in the early Universe and the mixing is
suppressed [58,64]. This allows one to have larger mixing
angles in the present era and helps resolve some of the
short-baseline neutrino anomalies [65]. However, to avoid
DM-neutrino scattering in the early universe, we require
much smaller vacuum mixing angles that cannot explain
these anomalies, but can be probed in future experiments.
The role of the light fermion in cosmology would be

similar to that of dark radiation. The most stringent bounds
on dark radiation comes from BBN Neff which we have
considered already. As this light fermion is part of a

FIG. 1. The annihilation channel for χ1 whose freeze-out
determines the relic density. FIG. 2. The Feynman diagram for the self-interaction of DM.

There are seven other “crossed” diagrams.
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secluded and colder sector, it plays very little role in
structure formation.

III. RESULTS AND DISCUSSION

As pointed out before, we take gD ≈ 1 for our analysis.
This is a domain where the interactions are strong but
perturbativity still holds. In [66], bounds on the mass of
warm dark matter from Lyman-α are determined to be
MWDM ≥ few keV. We only consider m1 > 10 keV in this
work. We analyze the parameter space of δ −mZ0 for
various masses of m1 ∈ f10 keV; 1 MeVg that give the
correct relic density and self-interactions (Fig. 4). As
the self-interactions do not depend on ξ, one can see that
the limits are same for the two benchmark cases. It is to be
noted that a heavier Z0 is associated with smaller self-
interaction.
The dependence of relic density on ξ can be simply

understood as follows. From (9) one can see that Ȳ is a

monotonically decreasing function of x. To compensate for
small ξ, one needs a smaller xf. This means that the
effective cross section should be smaller such that freeze-
out occurs earlier. This smallness is brought by a larger
Boltzmann suppression due to heavier m2. In an analogous
way, one can argue the dependence of the relic density
on c.
As the DM is part of a secluded sector, one does not

anticipate any signals in direct detection experiments and
colliders. This is consistent with the present status of these
terrestrial experiments. Such a dark matter can only have
gravitational signatures and can be probed through struc-
ture formation. Due to the self-interactions, the DM
behaves as WDM and is consistent with the present
understanding. In the future, as the limits on BBN Neff
are tightened, there will be less parameter space for the
model to thrive.

IV. CONCLUSION

In this paper, we have seen that one can get the correct
relic density and appropriate self-interactions for a sub-
MeV dark matter if it has strong off-diagonal interactions
with a heavier spin-1 boson. The annihilation cross section
is Boltzmann-suppressed and the self-interaction is loop-
suppressed, thus allowing the mass scales to go as low as
Oð10Þ keV while keeping the gauge coupling constant
naturally large. Such a light DM must be part of a
decoupled sector at a lower temperature in order to be
consistent with BBN.
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FIG. 4. The allowed parameter space for mχ ¼ 10 keV (blue),
100 keV (green), and 1 MeV (red) is shown for benchmark
models ξ ¼ 0.5 (left) and ξ ¼ 0.3 (right). The upper (lower) limit
of mZ0 corresponds to σSI=m1 ¼ 0.1ð1.Þ cm2=g.

FIG. 3. The relative strength of self-interactions, i.e., σSIðvÞ=σSIð0Þ, is shown as a function of velocity for various choices of
parameters.
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APPENDIX A: CALCULATION
OF RELIC ABUNDANCE

The calculation of relic abundance of dark matter has
been excellently treated in the book The Early Universe by
E. W. Kolb and M. S. Turner [67]. We follow the general
prescription laid by them while making necessary changes
due to the temperature asymmetry. Similar calculation is
performed in [25] and the only difference is that we use
hidden sector temperature to define x while using SM
entropy to define abundance Y. Such a definition is
advantageous in models where the hidden sector entropy
is not conserved explicitly (e.g., when a minor component
decays into SM particles during late times). In such
scenarios, the total entropy density, which is mainly SM
entropy, is a good proxy for dilution effect. Otherwise, the
treatment is analogous and one can use either definitions.
The Boltzmann equation for the total number density (4)

can be conveniently expressed in terms of the abundance,

Y ¼ n
s
; ðA1Þ

which is free from the dilution due to expansion. Note that s
denotes the total entropy density of the dark and visible
sectors. However, due to temperature asymmetry, one can
ignore the contribution from the dark sector. Also note that,
since the total entropy is conserved, _sþ 3Hs ¼ 0. During
the radiation-dominated era, the scale factor R ∼ t1=2 which
gives us

dx
dt

¼ H̃ðmχ ; ξÞ
x

; ðA2Þ

where x ¼ mχ=Td and in terms of the Planck mass
Mpl ¼ 1.22 × 1025 keV,

H̃ðmχ ; ξÞ ¼ 1.66

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g⋆
�
mχ

xξ

�s
1

ξ2
m2

χ

Mpl
: ðA3Þ

Using (9) and

s̃ðmχ ; ξÞ ¼
2π2

45
gs⋆
�
mχ

xξ

�
m3

ξ3
; ðA4Þ

the Boltzmann equation for abundance is

dY
dx

¼ −
s̃

H̃

hσvieff
x2

ðY2 − Ȳ2Þ: ðA5Þ

Note that the temperature (hence, x) dependence in the
effective cross section comes only from the Boltzmann
factor and, hence, one can write

hσvieff ¼ σ0fðx; δÞ; ðA6Þ

where

fðx; δÞ ¼ ð1þ δÞ2K2ðxÞK2ðð1þ δÞxÞ
ðK2ðxÞ þ ð1þ δÞ2K2ðð1þ δÞxÞÞ2 : ðA7Þ

Using the dimensionless quantity λ ¼ σ0s̃=H̃, one can
simplify (A5) as

dY
dx

¼ −λ
fðx; δÞ
x2

ðY2 − Ȳ2Þ; ðA8Þ

which can be further simplified using the difference Δ ¼
Y − Ȳ and approximately solved when x ≫ xf and
Δ ≈ Y ≫ Ȳ, which gives

Δ0≊ − λ
fðx; δÞ
x2

Δ2: ðA9Þ

Upon integration from freeze-out to the present day of
(A9), we get

1

Y∞
¼ 1

Δ∞
¼ 1

Δf
þλ

Z
∞

xf

fðx;δÞ
x2

dx¼ 1

Δf
þλJ ðA10Þ

and the J integral can be performed numerically once xf is
determined. It was shown in [25] that the approximation

Δf ¼ cȲðxf; ξÞ ðA11Þ

agrees with the numerical solution of (A8) if c ¼ 0.2 (0.5)
for ξ ¼ 0.3ð0.8Þ. This gives us the final result,

Y∞ ¼ cȲðxf; ξÞ
1þ λJðxfÞcȲðxf; ξÞ

; ðA12Þ

which is shown in (11). For our analysis, we assume
c ¼ 0.2 and note that any change in c will proportionately
scale the relic density.

APPENDIX B: CALCULATION
OF SELF-INTERACTION

We calculate the amplitude for the process,

χ1ðp1Þ þ χ2ðp2Þ → χ1ðk1Þ þ χ2ðk2Þ; ðB1Þ
where pi and ki are the four momentum of the particles.
There are eight Feynman diagrams for this process which
are related by crossing to the one shown in Fig. 2. In the
decoupling limit, the amplitude is

M1 ∼
g4½ūðk1Þγμðqþm2Þγαuðp1Þ�½v̄ðp2Þγβðqþm2Þγνvðk2Þ�PαβPμν

ðq2 −m2
Z0 Þðq2 −m2

2Þ2
; ðB2Þ
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where q is the loop momentum and Pμν in the unitary gauge
is given by

Pμν ¼ −gμν þ
qμqν
m2

Z0
: ðB3Þ

The other crossed amplitudes (M2 → M6) are related to
M1 by β ↔ μ, β ↔ ν, k1 ↔ k2. There are two diagrams
pertaining to the colloquial “s-channel” due to Majorana
nature of the incoming fermions. The relative sign of
graphs must be taken correctly for cancellation of the
infinities. One can evaluate the loop integral using
Package-X or any other alternative. The final result can
be simply expressed in the fS; V; T; A; Pg basis as

M ¼ g4
X

i¼S;V;T;A;P

ðCi½ūðk1ÞΓiuðp1Þ�½v̄ðp2ÞΓivðk2Þ�

þ C0
i½v̄ðp2ÞΓiuðp1Þ�½ūðk2ÞΓivðk1Þ�Þ: ðB4Þ

Note that the mixed terms (e.g., V − A) are absent. The only
nonzero coefficients are

CA ¼
6m2

2mZ02 log
�

m2
2

mZ0
2

�
ðm2

2 −mZ02Þ3 −
3ðm2

4 −m2
2mZ02 þ 2mZ04Þ

mZ02ðm2
2 −mZ02Þ2

ðB5Þ

CT ¼ −
m2

2ðm2
2 − 3mZ02Þ

mZ02ðm2
2 −mZ02Þ2 −

2m2
2mZ02 log

�
m2

2

mZ0
2

�
ðm2

2 −mZ02Þ3 ðB6Þ

C0
S ¼

6m2
2ðm2

2 − 3mZ02Þ
mZ02ðm2

2 −mZ02Þ2 þ
12m2

2mZ02 log
�

m2
2

mZ0
2

�
ðm2

2 −mZ02Þ3 ðB7Þ

C0
A ¼

3m2
2mZ02 log

�
m2

2

mZ0
2

�
ðm2

2 −mZ02Þ3 −
3ðm2

4 −m2
2mZ02 þ 2mZ04Þ

2mZ02ðm2
2 −mZ02Þ2 :

ðB8Þ

In terms of these coefficients, the nonrelativistic squared
amplitude is

jMj2 ¼ 16m4
1ð3CA þ 2C0

A − 6CTÞ2
− 16m4

1v
2ðCA þ 2C0

A − 6CTÞð3CA þ 2C0
A − 6CTÞ;

ðB9Þ

and the transfer cross section for self-interaction is

σSI ¼
Z

dΩð1 − cosðθÞÞ
�
dσ
dΩ

¼ 1

64π2ð4m2
χÞ
jMj2

�

≈
1

64πm2
χ
jMj2: ðB10Þ

APPENDIX C: POSSIBLE UV COMPLETION

In this section, we consider a possible UV completion of
the simplified model presented above. The standard model
gauge group is extended by an Uð1ÞD symmetry. We add
four fermions and a scalar to the model which are singlets
under SM gauge symmetry. Their charges under the new
symmetry are given in Table I.
The above choice of charges assures that the model is

anomaly free. One can chose a ≈ 1 but ≠ 1 to ensure that ϕ
does not have Yukawa-like interaction with f1 or f2. The
most general Lagrangian for the dark sector is

L ¼ ψ̄1ðD −mÞψ1 þ ψ̄2ðD −mÞψ2 þ f̄1ðD −mfÞf1
þ f̄2ðD −MfÞf2 ðC1Þ

þ yϕψ̄1ψ2 þ H:c: ðC2Þ

þðDμϕÞ†ðDμϕÞ − 1

4
XμνXμν ðC3Þ

þ ϵ

4
XμνFμν þ ηϕ†ϕH†H ðC4Þ

−VðϕÞ; ðC5Þ

where H is the SM Higgs field, Xμν ¼ ∂μZ0
ν − ∂νZ0

μ is the
field strength for the Z0, and

Dμ ¼ ∂μ − igDQDZ0
μ ðC6Þ

is the gauge covariant derivative. To begin with, we
consider the limit where ϵ → 0 and η → 0, which is
motivated from the assumption that the dark sector is
thermally secluded from the visible sector. Also, these
interactions cannot be generated via loops which allows us
to take their coefficients to be vanishingly small.
The potential for the new scalar field has the usual form

considered for spontaneous symmetry breaking,

VðϕÞ ¼ −μ2ϕ†ϕþ λðϕ†ϕÞ2: ðC7Þ

The symmetry breaking not only gives mass to the new
gauge boson, but also generates an off-diagonal mass term
from the Yukawa-like interaction. In the ψ1 − ψ2 basis, the
mass matrix is

M̂ ¼
�

m yvϕ
yvϕ m

�
; ðC8Þ

TABLE I. The new fields in the dark sector and their charges
under Uð1ÞD symmetry.

Fields ψ1 ψ2 f1 f2 ϕ

QD 1 −1 a −a 2
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which has eigenvalues m� yvϕ. One can go to the mass
eigenstates by the transformation,

ψ1 →
χ1 þ χ2ffiffiffi

2
p and ψ2 →

χ1 − χ2ffiffiffi
2

p : ðC9Þ

The Lagrangian for χ1 and χ2 is

L ¼ χ̄1ð∂ −m1Þχ1 þ χ̄2ð∂ −m2Þχ2
þ igDð χ̄1=Z0χ2 þ χ̄2=Z0χ1Þ þ � � � ; ðC10Þ

where the ellipses denote interactions with the Higgs scalar
of the dark sector. In terms of the free parameters, one can fix
vϕ given the mass of the Z0 boson. However, by varying λ
one can make the scalar sufficiently heavy such that it does
not affect the low scale dynamics. Also, one can speculate
that if there are other heavy fields in the dark sector, there
may be large radiative corrections to the scalar mass. The
mass gap between the two states is determined by the
Yukawa coupling (m2 ¼ m1 þ 2yvϕ) and can be considered
as a free parameter. In the limit Mf ≫ m1, m2, this model
essentially reduced to the one considered in the paper.
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