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Chapter 1

Introduction

In 1914, James Chadwick made a bizarre observation while conducting
the beta decay experiment. It was expected that the neutrons decay to
protons and electrons, and since it was a two body decay, the electron
would manifest having fixed energy. But on observation, he found that
electrons, produced during beta decay, had a range of energy as can be seen
in fig. 1.1. In his desperation to uphold the law of conservation of energy
in 1929, Pauli proposed a neutral fermion, which at that time, he called
‘neutron’ (as neutrons were not discovered yet). Later, after the discovery
of neutrons by James Chadwick in 1932, this accompanying particle in
beta decay got its name ‘neutrino’ or the little neutral one. This new
particle was believed to be undetectable since it interacts very weakly, i.e.,
the cross-section is much less as compared to electromagnetic interaction.
However, in 1956 Reines and Cowan detected electron antineutrinos by
directing them to a water detector with CdCly, via the process v.p —
net [1]. The first pulse is that the positron annihilates the electron in the
detector to produce two 0.5 MeV photons, which were detected. Also, there
is a second pulse by the capture of the neutron in the cadmium leading to
a delayed coincidence. Later on, muon neutrino was discovered from pion
decay at the Brookhaven National Laboratory in 1962 [2] and tau neutrino
at the DONUT experiment at CERN in 2000 [3]. These neutrinos are
associated with a family of charged leptons whose mass and interactions
are successfully explained by the Standard Model (SM) of particle physics.
The SM is a theory based on Lorentz and gauge invariance. All the particles

known to us interact via either one or in the combination of the three forces,
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i.e., the electromagnetic, the electroweak and the strong force and all the
particles interact gravitationally. The former three are well described by
the SM, whereas the gravitational interaction, which is based on coordinate
invariance, does not find its explanation within the SM framework. In this
chapter, the SM is revisited, and its successes and failures in the context

of neutrinos are discussed.

£ Observed Expected
% spectumof | electron
Q energies energy
o
S
&
o
£
=
z
Ener
o Endpoint of
spectrum

Figure 1.1.  Electron spectrum vs. energy in beta decay. (Figure courtesy:
Ref. [4].)

1.1 Symmetries and Gauge invariance

Noether’s theorem states that for every continuous symmetry of the La-
grangian, there exists a conserved quantity [5]. In this context let us con-

sider the free Dirac Lagrangian
L=V(ijd—m)¥,

where, U is a Dirac field with mass m. Under the transformation, ¥ —
U’ = ¢ it is evident that in the case of global transformation, i.e., when
[ is not a function of space-time, £ remains invariant. But the invariance

does not hold for local transformation. If 3 is a function of space-time

L— L =V(id—m)V — Uy"9,8V.
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Thus £ is not invariant under a local transformation. The invariance
can be restored by the addition of a gauge field A, that transforms as,
Ay — A, = A, + (1/Q)9,8 and defining the kinetic term with a covari-
ant derivative d, — D, = 0, — iQA,. Hence, one obtains a U(1) gauge

invariant Lagrangian

L=Vl —m)V,

V(i) — m)¥ + QUAHTA,.

As can be seen from the transformation of A,, the mass term of A, will
break the symmetry, hence its mass term is forbidden. Therefore in U(1),,,,
photons do not have mass. On adding the kinetic term for A, the Quantum

electrodynamics (QED) Lagrangian can be written as,
- . 1 )
Lo, = V(id —m)¥ + QU WA, — L F, P,

where, F),, = 0,4, — 0,4, and @ is the conserved electric charge of field
U under the U(1)c,, symmetry.
Similarly, for SU(N) multiplet field ¢, which transforms as

Y=y =Ty,

where, T represents the generators of the group that satisfies Lie Algebra:
[T%, T9] = if9%*T* and f¥* are the structure constants. Also, in the case
of non-abelian gauge theory, the gauge fields transform as: A} — AY =
A; — %@ai — flkqd Al]j. Finally, one obtains the gauge invariant Lagrangian

for the SU(N) group analogous to the abelian group, given as

e T ai Lo

Lsyn) = (i — m)y + g(Yy"T ¢)Au - Z(AW)Z’ (1.1)
where Al = 0,A, — 9,A! — gf7"AJ A% and g is the coupling strength
associated with SU(N) group. Strong interactions, described by invoking
a SU(3) group symmetry, have the same form as given in eq. (1.1). The
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quarks, v, are triplets under this group and there are eight vector bosons,
Gfu where ¢ = 1, 2, ..., 8, that mediate the interaction. The Quantum chro-

modynamics (QCD) Lagrangian is given as

_ _ . . 1 .
£SU(3)C = wq(ia —m)y + gs (wq’V#leq>GL - Z(GLV)27

where g, is the coupling strength of the strong interaction.

1.2 The Standard Model Revisited

The Standard Model is a gauge theory, based on three local symmetry
groups, namely SU(3)cx SU(2),x U(1)y, where C, L, and Y stands for
colour, left chirality and electroweak hypercharge respectively. The SU(3)¢
describes the strong interaction, and SU(2),x U(1)y governs the elec-
troweak interaction. The electromagnetic interaction is described by the
remnant group U(1).,, after the breaking of SU(2);,x U(1)y. Hence, out
of four interactions known to humanity, i.e., electroweak, electromagnetic,
strong and gravitational interaction, the SM successfully describes the for-
mer three. The number of gauge bosons present in the SM corresponds
to the number of generators of the group. Thus the strong interaction is
mediated by eight gauge bosons called gluons, and the messengers of elec-
troweak interactions are four vector bosons W=, Z and photon (). Other
than gauge bosons, the SM consists of 12 fermions, 6 quarks and 6 lep-
tons, and 1 scalar doublet, the Higgs field (¢). The quarks interact via
electroweak, strong and electromagnetic (EM) interactions, whereas the
charged leptons participate in electroweak and EM interaction, while neu-
trinos take part only in weak interactions. There are three generations
of quarks and leptons, of which, the left-handed fields belong to SU(2),
doublet, whereas the right-handed are singlets under SU(2),. Both the
left-handed and right-handed fermion fields are charged under U(1)y. The
Higgs field generates the mass of the fermions and massive gauge bosons

via spontaneous electroweak symmetry breaking, called the Higgs mecha-
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nism. The particle content and the corresponding charge under the SM

gauge group can be seen in table 1.1.

Fields SUB)e | T3 Y ([ Q=T3+Y/2
Lepton doublet | ¢f = (VZILL) 1 _11//22 —1 _01
Lepton singlet lr 1 0 -2 -1
Quark doublet | ] = (g’i) 3 _11//22 1/3 _21/?3
Quark singlets Ur 3 0 4/3 2/3
Dp 3 0 —2/3 -1/3
Higgs doublet o= (i;) 1 _11//22 1 é

Table 1.1. Charges of the particles under the SM. Here, | = {e,u, 7}, v =
{ve,vu, v}, U ={u,c,t}, and D = {d, s,b} represent the three generations
of leptons and quarks. ¢ is the Higgs doublet.

1.3 Electroweak Interaction

In the case of SU(2),x U(1)y, the left-handed fields and right-handed fields

transform differently

by — Py = TRy,

VYr — Yy = P g, (1.2)

where, T" denotes the three generators of SU(2),, group and ¢y = (1 £
v5)/2 1. The generators are expressed as 1% = o'/2, where o' represent

the Pauli matrices, given as

The SU(2),x U(1)y Lagrangian obtained in analogy to Sec. 1.1 reads

Lrw = V(i — gUiWi - %YE)ZDL + Pr(id — %YB)@DR
1

, 1
Wi W = 1B B, (1.3)

4
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where, B,, W are the vector bosons associated with U(1)y, SU(2)r, and
their kinetic terms are given as By, = d,B, —0,B,,, W}, = 0,W,—0,W -
gf*Wiw}, g and ¢ are the coupling strengths under SU(2), and U(1)y
respectively. As mentioned earlier, the left-handed fermion fields are dou-
blets under SU(2), while the right handed ones are singlets. On the other
hand, all the SM fermions are charged under U(1)y. This charge is called
the electroweak (EW) hypercharge, represented as Y. The U(1)p, is the
remnant symmetry after the breaking of electroweak symmetry SU(2) x
U(1)y and the hypercharge (Y) is related to the EM charge (Q) and the
third component of the electroweak isospin (73) as, Y/2 = Q — T5.

1.3.1 Neutrinos in the Standard Model

In this section, we will discuss the interaction of neutrinos with other SM
particles within the SM framework. As mentioned earlier, in the Standard
Model neutrinos interact only via weak interaction. Leptons and quarks

are SU(2)., doublets which can be represented as

éT = (VlLa lL)7 %T = (UL, DL),

where, [, U, D represents leptons, up and down quarks respectively and
I =A{e,u, 7}, U= {u,c,t}, D = {d,s,b}, as given in table 1.1. Thus
the Lagrangian obtained after assigning appropriate hypercharges to the
doublet fields from eq. (1.3) is given as

15 iq/t ' 1 ity ! q
£y = —30loo W' — g B — S0 W' + <o B

_ 9 1
+4'lrBlg — gg,URBUR + gngRBDR-

Considering only the leptonic part of the Lagrangian one obtains

%433 lL +9/ZRBZR-

r_ 1/, - gW’ —g'B Q(Wl - @Wz) UL
t— 7y ( > 1 2 3,
g +iW") —gW —gdB) \ L
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The diagonal part of the Lagrangian defines the neutral current (NC) in-

teraction, whereas off-diagonal parts lead to charged current (CC) interac-

tion. Taking the CC interaction and defining W, = (W —iW?)/v/2 and
- 1 . 2 . . .

W, = (W} +iW?)/V2, the CC Lagrangian is given as

g _ +
Loc=——= lr, +h.c. 1.4
cc \/§VZLW L ( )

On the other hand, NC interaction can be explicitly expressed as

1

1_ _
Lyc = _QﬂzL(gW?’ — g Bz + §lL(gW3 + 9Bl +glrBlr.  (1.5)

The QED Lagrangian is a part of the EW Lagrangian, therefore the photon
field A, and Z, are obtained by appropriately rotating the fields Wj’ and
B,, by the Weinberg angle 0y, [0]

A, = sin HWWE + cos Oy B,

Z, = cos QWW;;’ — sin Oy B,,. (1.6)

Putting eq. (1.6) into the Lagrangian in eq. (1.5), one obtains

1
Lyc = -3 [ﬁlL{(gcos Ow + g sin by ) Z — (g’ cos Oy — gsin QW)A}WL

— l_L{(g cos Oy — ¢’ sinby )2 + (g’ cos O + gsin GW)A}ZL

— QQIZR(—SiHQWz+CosewA)lR] . (17)
As neutrinos do not interact with photons, from the above equation
g cos by = gsin Oy, which implies tan 0y, = ¢'/g. Also, as electron has the

electric charge e, ¢’ cos Oy = gsinfy, = e. Hence, the NC Lagrangian can

be written as

Lyc=— {51LZV1L — (1= 2sin® Ow)l 211, + 2sin’ GWZ_RZZR}

2 cos Oy

+ g sin Oy LAl (1.8)
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Coming to the quark coupling with the electroweak vector boson, the La-

grangian can be written as

L, - 1 (— DL) g 1+ g’B/23 g(V/V3 — W) Ug
2 gW +iW?") —gW +¢B/3) \Dy
- %g/URBUR + %’DRBDR.

And the charged current and neutral current parts are given as

‘CqCC = — %ULW+DL + h.C.,

2 - 1_ _
LYe =— gsin 6’W<§U7“U — gDv“D)A“ -9

UM (gt — u5U
Tooso U7 (9v — 947"

+ Dy (gi — giv5)D] Zy, (1.9)

where, U = Up+Ug, D = D+ Dg, gt = £ —5sin® Oy, g% = —5+2sin” Oy,
94 = % and g¢ = —%. The total number of light neutrino flavours was
first determined at LEP by the NC interaction of the neutrinos. In the
LEP experiment, the invisible decay of Z boson is very precisely measured.
The total invisible decay width of Z boson (I, ), when compared with the
expected decay width to a single v flavour (I'z_,,, ), the number of neutrino

flavours were obtained [7]

= 2.984 £ 0.008.

N, = Lo

Lz
Also, for the SM, the CC and NC interactions lead to the conservation
of lepton numbers. There are three lepton numbers L, L, and L,. The
first, second, and third generation of the lepton doublets are charged under
L., L, and L., respectively. The particles and antiparticles have a lepton
number of +1 and —1, respectively. The conservation of lepton numbers is

an accidental symmetry of the SM.
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1.3.2 Neutrino-Nucleon interaction

As can be seen from eq. (1.5), (1.7) and (1.9), in the SM, neutrinos interact
with charged leptons and quarks via W and Z exchange. At lower energy,
neutrino undergoes quasielastic charged current interaction or elastic neu-
tral current interaction, and under both the neutrino interacts with the
nucleon as a whole. Whereas, at energy higher than a few GeV, neutrinos
undergo a deep inelastic scattering (DIS), where it interacts with the con-
stituent of the nucleon, i.e., (anti)quarks, called partons. At energies less

than a few GeV neutrino interacts with the nucleon as:

vi+n—>p+1-,

Dl+p—>n+l+.

For [ = e, the former of above interactions is referred to as inverse beta
decay and v, were first detected wia this process by Cowan and Reines [1].
Out of the three flavours, v, and v, are produced in the laboratory ex-
periments via beta decays and pion decay respectively. However, v, are

produced by leptonic decay of the charmed meson D;.

Charged Current DIS: Neutrino-nucleon interaction above a few GeV

undergoes a Deep Inelastic Scattering (DIS) given as

A+ NI+ X,

v+ N—=IT+X,

where, X denotes hadrons and N = n, p. In the case of DIS as the energy
of neutrino, E, is much higher than mass of the nucleon, my, the leptons,
hadrons and partons are essentially massless. Let p,, pn, pg, 01, and px be
the four momenta of incoming v;, N, parton, outgoing lepton and hadron

respectively, and ¢ = p, — p;, i.e., momentum transferred to parton.

The momentum of hadron can be written as px = p, + ¢ and since
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ve(py) ) ) )

Vf(pl/i) V‘?(plff)
W*(q) Z(q)
X(px) X(px)
N(pn) N(pn)
Figure 1.2. Feynman diagram for neutrino-nucleon interaction. (Figure
courtesy: Ref. [3].)
the mass of hadrons is negligible
(pq + q)2 =0,
— pi+2pgq+q° =0,
= 2p,.q — Q* =0,
= 21pn.qg = Q7
2
= = ¢ , (1.10)
2pN-q

where Q* = —¢?. Clearly, from eq. (1.10) it can be seen that z is the
fraction of momentum transferred to the parton out of that of the nucleon.

Also, defining another variable

_ Dn.g
y - ’
PN-Pv
which in the lab frame simplifies to y = Z—s = %. Here, 1 — y denotes

the fraction of energy transferred to the lepton. For DIS the Mandelstam

variables are

5= (pl/ +pq)2 = 2pu-pq = pru-pN = IS,
t=q¢"=—-Q* = —2xpn.q = —2xYypN.p, = —2xymnE,

=—8—1=—(1—1y)us,
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where §, t, @ are the Mandelstam variables for partons and s = 2myE.

As can be seen from the above equations, all the Mandelstam variables
for DIS depend on two variables namely the fraction of energy transferred
to the produced lepton, y = 1 — E;/E, and the fraction of energy trans-
ferred to the parton, z = Q?/(2myEy). y, x and E; are the inelasticity,
Bjorken scaling parameter [9] and outgoing lepton energy respectively. As
mentioned earlier, the nucleons are composed of partons and hence the
cross-section of this interaction depends on the probability of finding a cer-
tain quark in the nucleon given by the parton distribution function (PDF),
fi(z,Q%). The double-differential neutrino-nucleon DIS cross-section of CC

interaction is given as [10, 1]

d’o,N B 2GimyEx M{}V
dedy T (ME, + Q?)?

(fala. Q%) + (1 =) fala. Q1) (117)

For isoscalar targets such as ice, the number of protons is equal to neu-
trons, and their average is taken into account, i.e., N = (n + p)/2. Here,
fe.q(z, Q%) are certain combinations of parton distribution function (PDF)

of the quarks and antiquarks

fq:@‘i‘fs"‘fba fq:@ﬂ%ﬂ%,

where, f;; are the individual PDFs for the quarks and antiquarks, with

1 =u,d,c,s,t,b.

In order to evaluate o,y for neutrino energy FE, the PDFs are re-
quired to be known in the z-range {T i, 1} with, T ~ Q*/(2myE) ~
M, /(2myE). Thus for the calculation of neutrino-nucleon cross-section
for astrophysical neutrinos of energy up to PeV, PDFs for x > 10~*
are required. These are known from ep collisions at HERA [12, 13] for
x 2 2 x 107°. Also, LHCb significantly reduces the uncertainties in PDF
for such small values of x [11-16]. The differential cross-sections for an-

tineutrinos are obtained by replacing f, by f; and vice-versa. The cross-

section obtained after folding the eq. (1.11) with the CT10 PDF, increases
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with energy [10] as depicted in fig. 1.3.
Neutral Current DIS: Neutrino-nucleon interaction by the exchange of a Z

boson is Neutral Current (NC) interaction
I/lN — VlX.

The cross-section for NC DIS is given as

Ao, N B 2GimyEx Mg
drdy 7T (M2 +Q?)

s (Fal@, @) + (1= y)file, @),

Here, as well, f,s(x,Q?) are combinations of parton distribution func-

tion (PDF) of the quarks and antiquarks:

(fu =+ fa) (fa + fa)

fq= T(L3+L§)+T(R3+R§)
+ (fs + fo) (BT + L) + (fo + f) (R, + L),

+ (fs + fo)(RE+ L3) + (fe + fo) (L2 + R2),
with,

L,=1—4/3 sin® Oy, Lq=—1+42/3 sin® Oy,

R, = —4/3 sin® Oy, Ry =2/3 sin® Oy

Glashow Resonance: The neutrino-electron interaction which is a ¢-
channel process, leads to a very small cross-section as compared to the
neutrino-nucleon interaction. However, electron antineutrino-electron in-
teraction can happen wia s-channel, 7.e~ — W~ — hadron, at reso-
nance, i.e., /2Em, = My,. The differential cross-section of the above

process at resonance is given as

['(W — hadrons)
(W — o) -’

(1—y)*

d d
d—ya(ﬁee — hadrons) = d—ya(ﬂee — D) X

" 2G3m.E MG,

~6.7
iy
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Here, m., My, I'y, and ['(W — X) are electron mass, W boson mass,
total decay width and partial decay width of W boson respectively. The
resonance happens at neutrino energy around 6.3 PeV and is popularly
called Glashow resonance after the name of the physicist who proposed
it [17]. At E = 6.3 PeV, the cross-section comes out to be around
3.41x1073! ecm?, which is around 240 times greater than neutrino-nucleon
CC interaction [17-20], as shown in fig. 1.3. The effect of the Glashow
resonance is decided by the full width at half maximum (FWHM) of the
cross-section, i.e., for energy range from (My — 2w )?/(2m.) = 5.7 PeV to
(My + 2T'w)?/(2m.) = 7 PeV. The observed signals from such events are
hadronic showers, which are expected to show up as excess in the number

of events at IceCube around the above energy range.

1“—3!)

1“—1{2-

m?]

21073k

o

lu—lifi:

o 107

1“—:{3‘) 3 ATREPITTS ENETT ORI | {'.' PR | ‘k_). .
10 107 10/ 10
E, [GeV]

Figure 1.3.  Cross-section of (anti)neutrino-nucleon interaction. Here the
solid and dashed lines denote DIS for neutrino and antineutrino respectively.
(Figure courtesy: Ref. [21].)

1.4 Higgs Mechanism

All the particles in the SM get their mass via the Higgs mechanism [22-25].
Higgs is a doublet under SM and is given as
¢t (x)

¢(r) = ,
¢*(z)
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where, ¢ (), and ¢'(x) are charged and neutral complex scalars respec-
tively. Under SU(2),xU(1)y transformation, the invariant Lagrangian gov-

erning the Higgs interaction is

EH = (D“(b)T(DA@) - M2¢T¢ - >\<¢T¢)2 + /:MH + ﬁqu,
Loyg = YEQ%CMR +he., Lyn= Yd&%d)DR + Yu@%QEUR + h.c.,

where, D, = (0, + i40'W! + iV B,), ¢ = io?¢* and Y, Yy, ¥, are the
Yukawa couplings for leptons, U and D quarks respectively. As can be seen
from the above equation the Higgs potential is V (¢) = pu2¢T¢+ \(¢'¢)? and
if 42 < 0, for a positive value of A there exist a minima in the potential
at ¢'¢ = p?/(2)). This makes it possible to realise spontaneous symmetry
breaking: SU(2),xU(1)y — U(1)em. The minimum of the field corresponds

to its vacuum and as Higgs attains its vacuum expectation value (vev),

v = /u?/(2)), the doublet can be written as

o(e) = et [0 )
V2 v+ H(z)
where, H(x) is the physical scalar and scalars x'*3 can be set to zero by

gauge fixing. This particular choice of gauge is called unitary gauge and

under it the doublet can be written as,

1 0
V2 v+ H(z)

The Yukawa term for leptons, after Higgs attains the vev, reads

From the above equation, it can be inferred that the Lagrangian is not
invariant under SU(2),xU(1)y, but conserves only the EM charge. The
mass of the fermions, m; = ng/\/i, is a parameter of the SM and is

measured experimentally. Therefore, though the SM gives a mechanism
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by which fermions attain their mass, it fails to explain the hierarchy in
the fermion mass spectrum. Hence, it is believed that the SM is a low
energy effective theory of a more elaborate theory which operates at higher
energy scales. The incompleteness of the SM can be realised by the fact
that neutrinos, as they come with only as left-handed fields, do not find
any explanation of their masses in the SM framework. These observations
along with others, e.g., the existence of dark matter (DM), dark energy
(DE), baryon asymmetry, etc., exemplify the pressing need for new physics

in order to address the shortcomings of the SM.

1.5 Neutrino Mass

The evidence of neutrino mass came from the observations of atmospheric
and solar neutrinos. Atmospheric neutrinos are of energy ~ GeV produced
in the Earth atmosphere, whereas solar neutrinos have energy around MeV
and are produced in the interiors of the Sun. The observations of atmo-
spheric and solar neutrinos are as follows:

Atmospheric Neutrinos: The cosmic rays interact with nucleon in the at-
mosphere, and this leads to the production of 7 and K, which in turn decay
to produce neutrinos, in the ratio v, : v, = 1 : 2. But on observation of
atmospheric neutrinos at SuperKamiokande (SK) [20], it was found that:
e Low energy, i.e., sub-GeV upgoing v, events were always less than ex-
pected. Here, the upgoing events were the neutrinos that cross the Earth
to reach the detector, i.e., zenith angle > 7/2, whereas, the downgoing
events are the neutrinos that reach the detector from directly above with-
out crossing the Earth matter, i.e., zenith angle < /2. It was seen that
the depletion of downgoing v, was less than that of upgoing ones. This
is because the upgoing events travel a longer distance than the downgoing
neutrinos which reach the detector from above.

e The number of multi-GeV upgoing v, events were less than what was ex-
pected. On the other hand, the number of downgoing multi-GeV v, events

almost agree with the expected flux.
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e The observed flux of v, matched the expected flux.

From the above observations, it was inferred that v, were getting
converted to v, with the probability oc L/E, where L is the length traversed
by neutrinos and F is neutrino energy. It was seen at SK that the conversion
of one flavour of neutrinos to another has an oscillatory nature and was
explained via neutrino oscillation and, as discussed in the next section, the

probability of conversion neutrino flavour, from v, to v, is given by,

Am2,L
M3 ) (1.12)

P, = sin? 20y, sin? ( o

where Am32, = m3 — m3, the mass square difference of two neutrino mass
states, and f,3 is the mixing angle which corresponds to the mixing be-
tween the two flavours under consideration. K2K, an accelerator based
experiment in Japan, produced ~ GeV neutrinos, was among the first ex-
periments to confirm neutrino oscillation as the solution of atmospheric

neutrino problem with Am2, = (1.5 —3.5) x 1072 eV?, sin? 2053 > 0.92 [27].

Solar Neutrinos: Sun produces v, via nuclear fission and these neutri-
nos are detected by CC interaction, through the process “Ga + v, —
'Ge + e~ on earth. Similar to the atmospheric neutrino problem the so-
lar neutrino problem is nothing but the disappearance of v, as detected
at earth. KamioKande detected v, via elastic scattering of v.e™ — ve.e™
and the observations revealed that the flux of v, is deficient by a factor
of ~ 2, which was later confirmed by SuperKamiokande [28]. SNO [29]
which relied on heavy water for detection, observed all the three flavours
of neutrinos via: a) v.e~ — vee , b) v.D — vepp, ¢) D — v,D. The
detection of v; and v, illustrated that v, is oscillating to v, and v.. The
KamLand experiment in Japan, which produced ~ MeV neutrinos, con-
firmed neutrino oscillations with values of Am2; = (7.2 — 9.5) x 107° eV?,
sin? 2615 = 0.21 — 0.37 at 30 CL [30], as the solution of solar neutrino prob-
lem. Thus, there are two mass square differences for three neutrinos. This
allows for the arranging of masses of neutrinos in two ways: a) Normal

Hierarchy (m; < ms < mg) b) Inverted Hierarchy (ms < m; < ms), where
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m,; stands for neutrino mass.

Dirac and Majorana Neutrino Mass: As neutrinos do not carry EM charge
they can have Dirac and/or Majorana mass. Majorana mass can be de-
scribed by only one Weyl spinor and their conjugate can be related as
¢ = —nrCYT, where 7, is phase and in Dirac basis, C' = iv?y° [31]. Ma-

jorana neutrino is its own antiparticle and is given as, v

= v +vf and
the mass term is written as Ly = —mpyvpv§ + h.c. The Majorana mass
term can be generated by the dim-5 Weinberg operator [32] using the SM

fields given as
L= 5 W) ).

As Higgs gets vev this term reduces to Ly = cv?vpv§/(2A). As Ym; <
0.2 eV [33], which implies cv?/A < 0.2 €V, leading to A/c 2 1.6 x 10 GeV,
which demarcates the energy scale of new physics required to explain neu-
trino mass. In the SM, lepton number is an accidental symmetry but in
BSM theories, such as this, it is not conserved.

Dirac mass can be generated similar to other SM fermions, though it re-
quires the addition of extra particle v to the SM. vy are singlet under the

SM and the mass term of the Lagrangian reads,
ﬁp = Y,ﬂ;éqgl/pb + h.c.

After symmetry breaking the above Lagrangian reduces to Lp =
Y, uirvr/v/2+h.c. Since ¥m; < 0.2eV,Y,v £0.2¢eVandY, S 7.8x10713,
This Yukawa coupling is several orders of magnitude lower than that of SM
fermions; hence they are considered unnatural [31]. The lepton number

conservation holds good in the case of Dirac mass.

1.6 Neutrino Oscillations in Vacuum

Neutrinos are produced and detected in the flavour basis, i.e., v,, where
a = e, u, 7, but they propagate in another basis which is called the mass

basis. The mass basis is generally denoted by v;, where i = 1,2, 3 and each
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v, can be expressed as the superposition of v;. The neutrino states in the

two basis are related by a unitary transformation, given as:

vo =U 1, (1.13)

where, U is the mixing matrix, referred to as PMNS matrix [35, 36]. Neu-
trino oscillations in vacuum are quite different from that of matter. In
this section we discuss the neutrino oscillations in vacuum. The neutrino
propagation in mass basis can be expressed by the Schrodinger equation:
i0v;(t)
ot

= Hy,(t). (1.14)

In mass basis, the Hamiltonian H is diagonal. For two neutrino flavours,

H and U are expressed as:

Ey 0 cosf sinf
H= , U= , (1.15)
0 Es —sinf cos6
where, 6 is the mixing angle and F; are the eigenvalues of H. From
eq. (1.14) and (1.15), the neutrino state at time ¢ can be given as,

ot

= FEw;(t) = v;(t) = exp(—iE;t) 14(0).

As H is diagonal in mass basis, the amplitude of transition from one mass
state to another is 0. Hence, the amplitude for two states can be expressed
as a 2 X 2 matrix, given as S(0,t) = diag(exp(—iEit), exp(—iFst)). The
square of (4, 7) elements of S(0,t) gives the probability of transition from
7 mass state to j. Thus, the neutrino states at time ¢, in flavour basis is

given as,

Va(t) = Uai eXp(_ZEzt> Vi<0)7
= Uss exp(—iEt)UJ; v5(0),

= Uqiexp(—iE;t)Ug; v5(0). (1.16)



1.6. Neutrino Oscillations in Vacuum 19

Here, the amplitudes of transition are denoted by the elements of (S¢)as =

Ul exp(—iE;t)Ug;. Also, for three flavours, the mixing matrix is given as:

1 0 0 cos b3 0 sinf3 e ¥or
U=10 cosfy; sinbqs 0 1 0
0 —sin ‘923 COS 023 —sin ‘913 62601) 0 COS 913

COS@lg sin012 0
X | —sinfyy cosbiy 0],

0 0 1

where, 0;; and 6cp are the mixing angles and CP violating Dirac phase
respectively. In vacuum: 31.61° < 15 < 36.27°, 41.1° < f#y3 < 51.3°,
8.22° < 13 < 8.98° and 0.87 < dcp < 1.987, with their best fit values
given as: 015 = 33.82°, a3 = 48.60°, 613 = 8.60° and dcp = 1.227 [37]. The
probability of conversion from flavour g to « is obtained via square of the

amplitude, i.e.,

Pso = (Sp)asl® = Uk exp(—iEit)Usi|* = UUpiUpy U exp(—i(E; — Ep)t).

(1.17)
Since neutrino mass is rather small, ¥m; < 0.2 eV [33], By = \/p? + m7 ~
E+m?2/(2E), where F is the energy of each mass state, and is much greater
than the mass of the neutrinos. Therefore, the difference of energy of the
two neutrinos, in the eq. (1.17), can be written as Ey — E; = Am2,/(2E),

where Am?, = m? —m?. Hence, the probability of flavour conversion reads

Pi = U UsiUsUnkeap(—ilm? t/(2E)),
= D ULPIUsl + ) UiUakUsilfy exp(—ilAmi;t/ (2E)),
i=k ik
 |Unl1Us + 3 2Re [U;ankUBing cos(Am2.t/(2E))].
>k
As one can infer from the above equation, the mass square difference leads
to the probability of flavour conversion with time ¢. Hence, P, is referred

to as oscillation probability, and the phenomenon of this oscillatory flavour
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conversion is called neutrino oscillation. As mentioned earlier, there are
compelling evidences that neutrinos are massive particles. If the time of
propagation 7' is much greater than the oscillation time period T,s, =
2E/Am?,, then the time dependence of the probability gets averaged out,

1.€.,

(cos(t/Tpsc)) = lim Jo dteos(t/Toe) _ (o sin(T/ L)

T—o0 fOT dt T—o0 T/Tosc

Thus, the information of the length and mass square difference is lost.
This is the case with the high energy astrophysical neutrinos that travel
cosmological distances from their source to the Earth. Thus the probability
of the oscillation reads,

Pso = |Usi*|Uwil?. (1.18)

As it will be discussed in the next chapter, astrophysical high energy neu-
trinos are produced via pp and pvy interactions at source, leading to the
production of charged pions (7", 7). Each charged pion decays to give 2
muon (anti)neutrinos and 1 electron neutrino and no tau neutrinos; hence
the flavour ratio at the source fJ = (1 :2: 0). These neutrinos escape from
the source, but as the length of propagation, O(1) Gpc, is much larger than
oscillation length, 2E/Am3, < 1073 pc for E < 1 PeV, they get averaged
out. In standard scenario, where there is no interaction during production

and detection, the flavour ratio of neutrinos at the detector is given as
2 = Papf§ = Ul (Ueil* + 2|Ul?).

As |Uyl? ~ |Upi|? for vacuum oscillations and |Ug|? 4 |Uuil® + |Uri* = 1,
Ut |* + |Ue)? + |Ues|* = 1 for unitary matrix, the flavour ratio at the
detector ~ (1 : 1 : 1). This equality is exact in the case when 613 = 0.
However, in the presence of interacting matter/ dark matter of significant
density, there can be deviation from the standard scenario in the detected

flavour ratio.
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1.7 Neutrino Oscillations in Matter

In constant matter density, the mixing matrix in matter (Uy) is constant
and eq. (1.17) faithfully expresses the probability of flavour conversion with
a simple substitution of U — U,,;. On the other hand, in the presence of
varying matter density, the mixing matrix varies during neutrino propaga-
tion [38]. The evolution of state for constant or slowly changing matter
density, from eq. (1.14), reads

; Ve 1 M2 0 Ve
0 Uy | Ul

a7 = s5nUMm M )

ot vy 2K 0 M3 v
where M?2/(2E) and M2/(2E) are the eigenvalues of an arbitrary Hamil-
tonian with matter effect. Hence, in the presence of matter density signif-
icantly varying with time, the equation of states in the mass basis is given

as

10 v 1 M?2 0 v
Coul T = —=uy [ "
8t Vs 2E 0 M22 Vs
— @ o i ME 0 _ ULZ@UM Y1
ot Vo _QE 0 M22 ot Vs
10 [ 1 [ ME 0 [ cosb,, —sinb,
_— — — _ —
ot \ v, 2B\ o0 w2 sinf,, cosb,y,
o sin QW% cos QW% 2
— cos Gmdg—;" — sin deg—;" Vs
) ME
10 [ ﬁ % 41
- ot | e M3 ’
V2 : ot 2_5 V2

One can redefine the fields with a overall phase factor v} = exp[i(M? +
M3)t/(4E)] I, v;, where I, is the identity matrix. Thus on redefinition, the
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evolution equation gets modified as

o [V (MQ 4 M2>t U M} —id0,, v
10 1 n 1 5 I Ly _ [ 2B ot 1
ot ! 4F Ul 00, M3 Ul ’
2 2 ot 2E 2
o (v, —(M5-M?)  —idOm v
= i = 4B 2 : (1.19)
at V/ Zaem (M2 _M1 ) I//
2 ot 4E 2

As can be followed from the above equation, if the magnitude of difference
between the off-diagonal elements is much less than the diagonal elements of
the mass matrix, then the neutrino remains in the original mass state during
propagation. This is called adiabatic propagation of neutrinos. Whereas,
if the off-diagonal elements are comparable to the diagonal elements, then
the particle can jump from one mass state to another. This is called non-
adiabatic propagation [39]. The measure of adiabaticity in propagation is
evaluated by the ratio of the diagonal elements to that of the off-diagonal

elements, also called the adiabaticity parameter. This can be expressed as:

v = (Mfa_gni‘gi/ B (1.20)

The value of 06,,/0t is related to the change in matter density.

Effective Potential in Matter: When neutrons propagate in matter, their
evolution equation is influenced by the effective potentials due to coherent
interactions with the medium wia elastic CC and NC interactions. Us-
ing eq. (1.4), for low energy, the effective CC scattering the Hamiltonian

corresponds to

Heps(w) = %[9e($)7p(1 = 7)e(@)][e(x)y,(1 = 7°)ve(2)].

Using Fierz transformation the above equation becomes

Gr

ﬂ[ﬂe(x)v”(l — 7" ve(@)][E(@)7,(1 — 77 )e(@)].

Hepp(z) =

In order for the scattering to be coherent, the initial and final four-

momentum and helicity of the electrons in the medium must be the same.
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For a finite normalization volume V', the average of H.rs(x) over the elec-

tron background is given as

Ry = SEnan (0= wile)] [ Ep (B
<2 3 e = PDe@llen ). (121)

he==%1

Using |ep, 1) = (aéhe)(pe) / V2E.V)|0), the average over electron helicity

simplifies
1 - 5
) Z (€pe.ncl[E(@)7p(1 —77)e(@)]lep, n.)
he==%1
1 _
= T Y )il ()1 )
¢ he==+1
L Ty (apea + )1 — 7)) = L2 (1.2
4E6V YaPea e)Vp Y Eev' .

Substituting eq. (1.22) in (1.21) one obtains

_ G ep
Heff = 7}; dgpef(Eea T)[l/e(l‘)’}/p%<1 - ’75)7/6(‘%)]‘

The integral over d3p. in the above equation is given as

[ s = [ @i -2

e

where we use [ d*p.f(E.,T) = NV, which is the total number of electrons

in volume V. Hence, finally the average effective Hamiltonian has the form
Fleff = VCC[DB(ZE)VOPLVG($>]7

where Voo = v2GpN,.. The NC interaction is equally felt by all the
flavours of neutrinos, hence this term can be gotten rid of field redefinition,

and does not affect the effective matter potential.

For two neutrino case, where the matter effect is only felt by the
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electron neutrino, the Hamiltonian in the flavour basis is given as,

1 [ (m2 o A O
Hy=-—|U Ut + :
2B\ 0 m2 0 0
i _ 2 PR
_ b (2 + 2 + AV, + A — Am3, cos 26 Ams, sin 260 |
| Am3;sin20  —A+ Am3, cos 20
(1.23)

where, m; is the mass of v; and A = vV2GrN.E. Antineutrinos interacting
with matter follow the same equation of motion given in eq. (1.23) with
the following changes due to CP symmetry: A — —A and U — U* [10].
For two generations of neutrino U = U*. The effective mass square and

the mixing angles of the Hamiltonian H; are given as,

1
M;3, =3 [(m% +m2 4+ A) + {(A— Am2, cos20)? + (Am2, sin20)?}Y/?],

Am?, sin 20
tan 26,, = 21 . 1.24
an Am3; cos20 — A (1.24)

Following eq. (1.24), the rate of change of mixing angles can be written as:

0y 1 Amj3, sin 26 0A (1.25)
ot 2(A— Am3, cos20)2+ (Am3, sin20)2 ot ‘

Substituting these values in eq. (1.20), the adiabaticity parameter reads

_ (M¢ — M3)°
~ 2EAmM3, sin? 20|0A/0t|

o (1.26)

If v > 1, the neutrino propagation is adiabatic, otherwise it is non-
adiabatic, and it becomes extremely non-adiabatic at v ~ 0. 7 is minimum
when the difference in the square of effective mass is minimum, which hap-
pens when A = Am3, cos26. This is called the resonance condition, and at
this point, the mixing angle 6, is 7/4, which facilitates maximum mixing
between the flavour states. The adiabaticity parameter at resonance reads,

B Am2, sin? 20
~ 2Fcos20|dInn,(z)/dz|p’

YR (1.27)
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where, © = ct. Similar to eq. (1.16), the amplitude of evolution in the

flavour basis for a non-adiabatic case is given as

Sp=U(t)S(t,0)UT,
Uea(t) Ue(t)\ (S S5\ [Ua(0) Ujy(0)
Ua®t) Uw(t)) \Sa 57 \Uk(0) Ui(0)
cosOp(t)  sinbn()) (S Si
_sin(t) cosfun(t)] \ S S
008 0,,(0)  — sin 6,,(0)
sind,,(0)  cos6,,(0)

X

where 6,,(t) and 6,,(0) are the initial and final effective mixing angle at
time 0 and ¢ respectively. S (t,0) is the amplitude matrix in the mass
basis. Owing to the off-diagonal elements of S(¢, 0), there can be transition
between v, — 1, states in the non-adiabatic case. Also, as S(t,0) is unitary
matrix, meaning |S1;|? + |S12|> = 1 and the probability of conversion from
Vo — Vg is given as |(Sy)ap|?. Hence, the survival probability of v, is given

as

[(Sf)ee(t,0)]7 = 111+ cos26,,(t) €08 26,,(0)| — | S12]* cos 26,,(t) cos 26,,(0)

+ Pint, (1.28)
where the interference term is

1
Ping = 7 5in 20, (t) sin 20, (0) [5121 + 51+ Shy + Siﬁ]
1
—§m{%Mw—%MmH&ﬁg+&ﬁﬂ.
If the propagation length is much greater than the oscillation length, as

Sij o< exp(—it/Tpse) [39], each term of P

wnt

has a factor of exp(—it/T,s.),

which when averaged out yields

= 0.

i RRT fOT dt eXp(_it/Tosc) T 7 eXp(—iT/TOSC)
(exp(—it/Tpse)) = Tll_{lolo fOT " = 711—{20 T/T,.
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Thus, on averaging out FP;,; = 0. Similarly, the probability of flavour

transition, v, — vg, 1s given as

(S)as(t, O = |Ust (1) (Sl (0) + S5,U2(0)) + Usa(8) (S21Uz1 (0)

)

+ S1,U%,(0))

= U1 () (1 = [5211*) [Ua1 (0)* 4 |So1|* (1Ua2(0) 12| Up1 (£)]?
+ [Ua1 (0)*|Upa () ?) + |Upa () (1 = 5211*) [Ua2(0)|* + Pins.-

With no interference terms, the above probability of flavour transition has
the form
1-P,  Ph |Uan (0)]
Pas = ([Un (P [Un®P) | C | (29)
Py 1=Ph ) \[Ua(0)]
where P = [S;;|*. Thus, in the case of one resonance during non-adiabatic

propagation, the probability of flavour transition can be generalised as,
Pog = U PIUGE = P5(IUz1? = (U5 (UZ P = U1, (1.30)

where UP | and U® are the mixing matrices at detector, and source respec-
tively. In the same way, for three neutrino flavours and two resonances,

v; — v3 followed by 17 — 15, the probability of flavour transition is given as

1-P, P, 0
Pas = (0P U 10s0F) | Pu 1-P5 0

0 0 1
1-P5 0 P Va1 (0)?
X 0o 1 0 |Ua2(0)2 | - (1.31)

Piy 0 1=Pf ) \|[Uas(0)

Hence, for the case of two resonances, the probability of flavour conversion
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can be generalised as

= U PIUsP = PS(UZP — U3 (UGE - [U5P)
D (UG = U ) (U = U5 . (1.32)

As can be seen from eq. (1.31), for the non-adiabatic contributions only
those terms relevant for the scenario are taken into account. For example,
if the 13 resonance is followed by a 12 resonance, only the term with Pf, Pfy
is included for two resonances. Here, P, jumping probability from ith state

to jth state, is expressed as [11—13]

T 1] F’L
e riF) - e~ D)
Pij: 1— T Fz] ’ (133)
exp( Q,YR sin? 0 )

where, F;; is dependent on the density profile of medium and is defined as:

2 ”
WE’yI% th
2

A*
dA
=— _Im —\/ A — Am? cos20;;)? + (Am?2. sin26;:)2,

WE’Y;% /AR dA/d.I’ ( 17 ]) ( 1] 1 J)
where x = ct, tr, and t* are the time at which resonance happens, and
when the term M7 — M? is zero respectively. Ag, and A* are the values of
A at time tg, and t* respectively. For exponential density profile, i.e., p
exp(—z/x¢), using transformation b = (A—Amg; cos26;;)/(Am;; sin 26;;),

the above expression reads

2 ©Am2 sin® 20,;1/1 + b2
Fj=—"1 / dp—1 !
0

WE'Y;% Ccos 292J<b tan 291] + 1) ’

4 <x0Am - sin 2%) /db V1 + b2

™4 2F cos 20;; btan26;; +1°
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Also, for the exponentially falling matter density profile %% =
onm?j sin? 20,; /(2E cos 20;;). Hence, Fj; is given as

__Im/ ]_ 1—tan291»j, if 01]<7T/4
btan?&w +1)

(1.34)
1—cot?,;, if 6;;>n/4.

Here, as matter effect changes only the (1,1) component of the Hy, thus
Vo3 states never undergo resonance, i.e., Py, = 0 [8]. Similarly, if new
physics changes the V.. only, as discussed in Chapter 4, then the resonance

never occurs for the ;-1 states, as such Py, = 0.

In addition to having mass, neutrinos stand out from the rest of the
SM fermions as they do not interact with photons or gluons. Further,
because of their tiny masses, they are assumed to be stable; therefore, they
may be wrongly confused as dark matter particles. However, the same tiny
masses make them relativistic at the time of structure formation, thereby
erasing out the small scale density perturbations and disrupting the large
scale structure formation. Therefore, neutrinos or any other relativistic
species can account for a tiny component of dark matter (DM) in the
universe. The dominant component of DM is unknown, and no SM particle
can be a candidate. In the following section, we discuss the evidences of the
existence of DM and some of the BSM particles that are widely perceived
as DM candidates.

1.8 Dark Matter

Dark Matter is another open question in particle physics, unexplained in
the SM framework. There have been several cosmological and astrophysical

evidences for the existence of dark matter.
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1.8.1 Evidences of Dark Matter
Galaxy Cluster

In 1933, Zwicky et al. used virial theorem to estimate the velocity disper-
sion of Comma galaxy cluster [11]. Velocity dispersion (oy) is the variance
of velocity for a galaxy cluster about its mean velocity. Using virial theo-

rem, it can be estimated as

GM
o0 =1\ ==

3R’

where G is the gravitational constant, and M is the mass contained within
the radius R. The author estimated the dispersion velocity to be around 80
km /s for 800 observed galaxies, with an average mass of 10° M, and within
the radial distance of 10° light years. However, the observed dispersion
velocity came out to be around 1000 km/s. As the dispersion velocity is
proportional to the square root of mass contained inside a radial distance,
the resulting missing mass was explained by the presence of invisible matter
with a net contribution to the galactic mass much greater than from visible

martter.

Galactic rotational curves

Further, in 1970 these speculations about the non-luminous matter were
confirmed by radio observations of galactic rotational curves [15]. The
observations of the circular velocity profile of the gas and stars within the
galaxy beyond the luminous disc revealed a flat velocity profile. However,

from the Newtonian gravity, it is known that the circular velocity is

where M is the mass enclosed within the radius R. As the mass of the lu-
minous matter contained inside the galactic disc is constant, in the absence

of DM, v(r) must fall as one moves away from the disc. But instead v(r)
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stays flat, which not only confirms the presence of DM but also suggests

that it has a density proportional to 1/r2.

Bullet Cluster

The X-ray and gravitational weak lensing observations of the two merg-
ing clusters, called the Bullet Cluster, is another evidence of the DM. The
X-ray observations depict the distorted distribution of the baryons within
the cluster, resembling a bullet. Whereas, the weak lensing observations
showed two well separated clusters, confirming that dark matter must dom-
inate the mass of this astrophysical system [1(]. These observations of
Bullet Cluster suggest that DM particles must have feeble self-interaction

which reads, o/mpy < 1.25 cm? gL

Cosmic Microwave Background

Cosmic Microwave Background (CMB) radiation represents the photons
that were last scattered off the baryons in the primordial soup. After this,
they got decoupled from the soup, and the Universe turned transparent
at the epoch of recombination, i.e., redshift around 1100. These photons
have a remarkably uniform temperature of about 2.7 K with fluctuations
of around 30 puK. These tiny fluctuations are observed with great preci-
sion, that leads to the probe of various cosmological parameters, e.g., relic
density of dark matter, dark energy, baryonic matter, the expansion rate
of the Universe, etc. The A-CDM model with cold and weakly interacting
DM with a relic density of Qpyh? = 0.118640.0020 [17] can fit the Planck
observations very well. This is around 5 times the abundance of visible
matter in the Universe. Computer simulations have shown that cold dark
matter (CDM) can lead to large scale structures, which are in agreement

with the observed universe [15].
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1.8.2 Dark Matter Candidates

For a particle to qualify as a DM candidate, it should be cold (non-
relativistic), weakly interacting and stable. There are various BSM par-
ticles ranging from ultralight, mpy ~ 10722 eV [19] to massive compact
halo objects (MACHO) of a few M, [50], which are proposed as DM can-
didates.

Weakly Interacting Massive Particles (WIMPs), mpy ~ 10 GeV are
the most popular thermal DM particles in the literature, and they can be
both fermions or bosons. However, from the observations of dwarf galaxies,
fermionic DM of mass < 70 eV is disfavoured [51]. WIMP of mass ~

10 GeV and interaction strength similar to weak interactions can lead to

correct DM relic density [52]. This is called the ‘WIMP miracle’.

However, numerical simulations with the ACDM model show a few
tensions with cosmological observations at small, i.e., galactic scales [53—
]. At galactic and sub-galactic scales, the WIMPs predict steep ‘cusp’ like
features [50] at galactic centres in which the DM density p is expected to
fall with the radius r as 1/r. This is contrary to the observed flat ‘core’ like
features, p ~ r® [57]. This discrepancy is known as the core/cusp problem.
Also, WIMP predicts too many sub-halos of DM in the vicinity of a galactic
DM halo, thus predicting the existence of many satellite galaxies which have
not been observed. This is known as the missing satellite problem [58,
]. Self-interaction among the DM particles is a viable solution to these

problems [60-62].

Another candidate, ultralight bosons of mass less than around 1 eV,
can exist as Bose Einstein condensate (BEC) from a very early epoch [63].
Fuzzy Dark Matter (FDM), mpy ~ 10722 eV, are non-relativistic and can
lead to structure formation, such that at large scales they mimic CDM.
Whereas, at smaller scales, self-gravitating bosonic fields can support sta-
ble and localized field configurations with constant DM density known as
soliton. These solitons are formed at the center of galaxy, the so called

solitonic cores [10, 64=06]. In the presence of self-interactions, ultralight
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scalar DM of masses mpy = 10722 eV also become viable [66-69]. The
quantum pressure at small scales suppresses structure formation at those
scales, thus leading to a smaller number of galaxies, and hence solving the
missing satellite problem [19, 70, 71]. For mpy much greater than 10722 eV,
the de Broglie wavelength which is relatively small, and the gravitational
collapse is prevented with the help of tiny repulsive self-interaction with
quartic coupling A given as, mf /A < 50 eV* [67]. This leads to additional
pressure against gravity, thereby stabilising the system. The observation
of CMB and Lyman-a spectra disfavours the ultralight scalar DM of mass
<1072 eV [72]. If the DM was in thermal equilibrium with photons before
recombination, in order for such a scalar to remain in a BEC in the present

Universe, its mass should be < 1.87 eV [73].

1.9 Motivation and Organisation of the

Thesis

The origin of neutrino masses and neutrino interactions are not completely
known to us [74]. In literature, there is a plethora of beyond standard mod-
els (BSM), explored in an attempt to explain neutrino mass [75—81]. Some
of these models have DM candidates as well, as a part of their particle
content [32-81]. Also, the addition of right-handed neutrinos can lead to
neutrino mass. To generate the Majorana mass term, these right-handed
neutrinos have a mass greater than ~ 10'* GeV, as discussed in Sec. 1.5.
Even light sterile neutrinos are explored in the context of neutrino mass [31]
and as a viable explanation of reactor anomalies, i.e., LSND and Mini-
BooNE. In reactor anomalies, sterile neutrinos of mass ~ 1 eV with max-
imal active-sterile mixing, can lead to observed v.—v, transitions [31-85].
However, such explanations are in serious disagreement with the cosmo-
logical observations [29]. The primary constraint, in this case, is that the
maximum mass of neutrinos allowed from structure formation has to be

less than 0.2 eV [33]. Also, the presence of light species, e.g., sterile neutri-
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nos, extra gauge bosons (Z'), scalar or fermionic DM [90-93], of mass less
than a few MeV, are highly constrained by the precise measurement of ef-
fective degree of freedom of relativistic particles (Neg) [0, 95], discussed in
Chapter 3, Sec. 3.3.2. Further, DM mass and cross-section suffers stringent
bounds from the observations of relic density [96]. Thus, precise cosmo-
logical observations are essential tools for the study of dark matter and

neutrinos interacting within and beyond the SM.

As we move to new physics at higher energy, the measurements from
LEP [97], LHC [98-100], BABAR [101, 102], CCFR [103], oscillation ex-
periments [38, | provide stringent constraints on new physics. LHC
excludes heavy DM and Z’ [105], RH neutrinos [106, 107], extra SU(2),
doublet bosons Wg [108], neutrino non-standard interactions (NSI) with
quark, and leptons [109] with O(1) coupling up to ~ TeV. As in the case
of NSI, another way to explore new physics is to integrate out the massive
fields at lower energies and generate effective operators. This allows us
to put a bound on the scale of new physics without getting into the de-
tails of the model. The constraints on such effective operators from LEP,
Belle, CHARM and LHC can be followed from refs. [110-116]. Future ex-
periments like Hyper-Kamiokande, MEMPHYS, DUNE and DARWIN can

improve the bounds on neutrino-DM interactions [117].

In addition to these observations, the recent detection of astrophys-
ical neutrinos at IceCube opens up a new avenue for explorations of such
interactions beyond the scope of the present experiments. Astrophysical
neutrinos at IceCube have a wide range of energy, and they travel through
cosmic distances to reach earth. As the astrophysical neutrinos travel
through a long column of cosmic DM, if neutrinos interact with DM, such
changes are bound to show up in the observed neutrino spectrum. Signifi-
cant neutrino-DM interaction changes the flux and/or flavour ratio of the
neutrino spectrum. Also, the upgoing neutrinos pass through the various
length of earth matter to reach IceCube, whereas the downgoing neutrinos
reach the detector without any hindrance. Thus the comparison of upgoing

and downgoing neutrino events can be used to determine neutrino-nucleon
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interactions, both in the SM and BSM frameworks. Hence, cosmic neutri-
nos are ideal for the study of new interactions of neutrinos with DM as well
as ordinary matter. Therefore, this thesis aims to explore the implications
of a wide variety of new interactions, effective as well as renormalisable,
with ordinary matter and DM. We attempt to draw a comparison among
various experiments in order to understand the role of cosmic neutrinos at
IceCube in the search for BSM physics. Such exploration will pave the way
for a better understanding of new interactions, needed to explain various
observations. The opportunity to search for these interactions grow with

upcoming experiments, e.g., IceCube-Gen2, KM3NeT, GRAND, etc.

The thesis is organised into six chapters. In the second chapter, we
discuss the modes of production and methods of detection of extragalactic
neutrinos. We briefly study the relation to other messengers and various
sources of high energy neutrinos. We review the main observations of the
IceCube experiment and mention the upcoming experiments for the obser-

vation of astrophysical neutrinos.

In the third chapter, we explore the possibility that high energy as-
trophysical neutrinos can interact with the dark matter on their way to
the Earth. Keeping in mind that new physics might leave its signature at
such energies, we have considered all possible topologies for effective in-
teractions between neutrino and dark matter. Building models that give
rise to a significant flux suppression of astrophysical neutrinos at Earth is
rather difficult. Encompassing a large variety of models, a wide range of
dark matter masses from 1072* eV up to a TeV, this study aims at high-
lighting the challenges one encounters in such a model building endeavour
after satisfying various cosmological constraints, collider search limits and
electroweak precision measurements. The observed spectrum of high en-
ergy astrophysical neutrinos at IceCube might be indicative of absorption

of such neutrinos in ultralight dark matter halos.

High energy astrophysical neutrinos interacting with ultralight dark

matter can undergo flavour oscillations that induce an energy dependence
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in the flavour ratios. In the fourth chapter, we point out that such a
dependence on the neutrino energy will reflect in the track to shower ratio
in neutrino telescopes like IceCube or KM3NeT. This opens up a possibility
to study DM density profiles of astrophysical objects like AGN, GRB, etc.,

which are the suspected sources of such neutrinos.

In the fifth chapter, we find the constraints on various non-standard
interactions of neutrinos from monojet+F, searches at the LHC. Also, we
show that the measurement of neutrino-nucleon cross-section from the ob-
servation of high energy astrophysical neutrino events at IceCube facilitates
strong constraints on NSI as well. To this end, we pursue a comparative
study of the prospects of LHC and IceCube in detecting NSI, also mention-
ing the role of low-energy experiments. We discuss the case of NSI with
a new vector boson Z’; and it is found that for some range of myz LHC
puts a more stringent bound, whereas IceCube supersedes elsewhere. We
also pay special attention to the case of Z' of the mass of a few GeVs,
pointing out that the IceCube constraints can surpass those from LHC and
low-energy experiments. Although, for contact-type effective interactions
with two neutrinos and two partons, constraints from LHC are superior.
Finally, in the sixth chapter, we summarise our findings and draw our

conclusions.
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Chapter 2

Aspects of Astrophysical

Neutrinos

For centuries, humanity has strived to understand astrophysical objects.
Exploration of cosmic objects began with the study of photons. In the
interiors of the astrophysical sources, photons are frequently absorbed and
re-emitted by the atoms, which makes their escape impossible from within.
Also, high energy photons with energy greater than a TeV are highly at-
tenuated by their interactions with the background photons during their
propagation towards the Earth. In addition to photons, the astrophysical
objects also emit cosmic rays which are charged particles, mainly consist-
ing of protons or heavier nuclei. The trajectory of the cosmic rays gets
distorted on their way due to the deflection suffered in the presence of the
cosmic magnetic field. Only cosmic rays of energy greater than around
EeV can point back to their sources. Along with these messengers, there
are neutrinos produced by pp and p7y interactions at the source [118, ].
As discussed in the previous chapter, neutrinos are neutral elementary par-
ticles that are very light and interact only weakly. For example, 10 MeV
photons have a mean free path of ~20 cm in carbon, whereas neutrinos
with the same energy can travel a distance of 1 light year in lead unab-
sorbed. This enables neutrinos to carry information from astrophysical
objects to the detector unattenuated and undeflected. But the same weak
interaction makes the Earth transparent to most of these neutrinos. Hence,
observing astrophysical neutrinos is difficult, and it is compelling to build

huge detectors. Various aspects of astrophysical neutrinos, their produc-

37
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tion mechanism and detection methods, are discussed in this chapter. The

motivations of studying astrophysical neutrinos are:

e Neutrinos are the most abundant particles after photons. Neutrinos in-
teract only weakly; they travel unhindered through the intervening matter.
Hence, they can give us information about regions of the Universe which

are inaccessible to the traditional photon astronomy.

e Neutrinos are the only way to understand the interior of the astrophysical
sources. This has been observed from the sun where the only experimental
accessibility to the interior of the sun is through the observation of solar
neutrinos [120]. So is the case of other astrophysical objects and observing

such neutrinos is the only way for probing such sources.

e In the astrophysical objects neutrinos are produced by hadronic channels
only, i.e., pp and pvy. So the study of neutrino flux from such objects, e.g.,
AGN, GRB, supernovas, is essential for the understanding of the mecha-
nism at work, by which such high energy particles (cosmic ray, photons)

are generated from the astrophysical sources [121].

e As far as energy is considered, these astrophysical objects are more power-
ful than any human-made accelerator ever built on earth. Neutrinos coming
from these objects have energies much higher than the energy available at
Large Hadron Collider (LHC). Therefore new physics at higher energies
can be probed by the study of such high energy neutrinos.

e Studying flavour ratios of these incoming high energy neutrinos can help
us understand neutrino oscillations at high energies. Many new physics
scenarios lead to change in the neutrino oscillation at high energies; thus,

this study can help us probe such new physics models.

e As these neutrinos travel through cosmological distances, they pass
through the cosmic dark matter on their way. Studying the flux and flavour
of such neutrinos may give us hints about the dark matter interactions they
pass through. The condition for producing high energy neutrinos from a
source is either the generation of high energy cosmic rays (CR) from the

source or the exposure to CRs from other sources. Thus, high energy neu-



2.1. Cosmic Rays 39

trinos at IceCube can be naturally related to the high energy cosmic rays.

2.1 Cosmic Rays

Cosmic Rays are protons and atomic nuclei of very high energy that can be
detected at earth. The typical energy of cosmic ray lie between 100 TeV and
about 100 EeV, following a broken power-law spectrum, dN/dEy x Ey°.
The flux varies from event/(m? s) at 1 GeV to event/(km? 100 years) at
100 EeV, as shown in fig. 2.1. The cosmic ray spectrum is divided into

three main regions [122]:

EVT, if Ey < 10 eV,

dN

dEn x § By, if 1016 < Ey < 10189 eV,

EVT, if 10189 < By < 10209 eV,
\

where Fy is the energy of the nucleon detected. The cosmic ray spectrum
has two breaks; the first break at around 10'® eV after which the spectrum
becomes softer, called the knee. For the energy above the knee, the spec-
trum suffers another break at energy ~ 10'8% eV and gets harder, leading
to the ankle region. A close look at the knee region from more recent ob-
servations suggests a second knee at around 4 x 107 eV, after which the
power spectrum gets steeper to o = 3.2 before it flattens around the ankle

region [7].

The spectrum up to the knee is expected to be of the galactic ori-
gin. In contrast, cosmic rays of higher energies can neither be produced
nor be contained inside the galaxy; hence they are considered to have orig-
inated from the extragalactic sources. Cosmic rays up to the knee need
relatively smaller detectors and can be detected by balloons and satellites
upon interaction with the atmosphere [123]. At higher energies, cosmic
rays interact with the atmosphere, giving rise to secondary particles, which
in turn interact with the atmosphere leading to showers. Cosmic rays of

energies greater than 10'* eV lead to extensive air showers (EAS). These
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Figure 2.1. Cosmic ray spectrum from various experiments. (Figure courtesy:
Ref. [122].)

showers are detected with a large surface area of sparsely placed particle de-
tectors, e.g., Pierre Auger Observatory. Pierre Auger Observatory (PAO)
and Telescope Array (TA) experiments have observed high energy cosmic
rays up to 4 x 10¥ eV and 5.4 x 1012 eV respectively. PAO observes a
mixed composition of cosmic rays with protons as the dominant compo-
nent of the spectrum up to 10'® eV and the higher energies have heavier
nuclei [124], whereas TA observes protons throughout [125]. We do not
expect to observe cosmic rays of energy higher than 10?° eV, as protons of
energy greater than ~ 70 EeV gets suppressed on their way to the Earth
via Greisen Zatsepin Kuzmin (GZK) suppression. The GZK suppression
occurs when the Ultra-high energy cosmic rays (UHECR) interact with
cosmic background radiation (CMB) and lead to photo-production of pi-
ons, attenuating the cosmic rays at ultra-high energies. These pions decay
to high energy gamma rays and neutrinos. The high energy gamma rays

above a TeV interact with background photons, leading to the suppression
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of their flux. But high energy neutrinos reach earth and can be observed
via neutrino telescope, with energies greater than ~ 10 PeV. Such neutri-
nos are called cosmogenic neutrinos. Not all astrophysical sources would
lead to such high energy protons and, in turn, high energy neutrinos. The
astrophysical sources must have a magnetic field as well as a size appro-
priate to accelerate the protons to such high energies, the so called Hillas

Criterion.

2.1.1 Hillas Criterion

According to the Hillas criterion [126], the maximum energy imparted to

an accelerated particle is given as
Fraz = BqRa

where B, ¢ and R are the magnetic field of the source, the charge of the
accelerated particle and gyroradius respectively. For a particle to be ac-
celerated, R should be less than the size of the astrophysical source, i.e.,
the accelerated particle should be confined within the source. The sources
which could lead to UHECR are plotted in the Hillas plots, with their

magnetic field and size, in fig. 2.2.

2.2 Acceleration of Cosmic Rays

In this section, we discuss the mechanisms for the acceleration of cosmic

rays particles [127].

2.2.1 Fermi Acceleration Mechanism

In 1949, Fermi came up with a mechanism of acceleration of cosmic parti-
cles inside astrophysical objects [128]. These objects are full of magnetic
turbulences, i.e., the ionised ‘clouds’, which are in motion with respect to

the galactic frame. As the charged particles enter these clouds, they get
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respectively. (Figure courtesy: Ref. [129].)

Ez'n

Figure 2.3. A charged particle deflected by the magnetic cloud.

reflected back, which leads to change in velocity. Let us assume a particle

with a velocity v ~ ¢ encounters a cloud moving with a velocity V', then
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the energy of the particle entering and leaving the cloud can be given as

E’Zn = ’YCZEm(l - ﬂcl COs Qm)y

Eout - 'YCZE(/)ut(l + BCZ COS egut%

where Ejpoury and O our) is the incoming (outgoing) particle energy and
angle between incoming (outgoing) particle and the cloud respectively.
The primed (unprimed) index represents the quantities in cloud (galac-
tic) frame, Sy = V/c and 74 = 1/ \/1—766% Assuming elastic collision,
E!. =F'

! ., the final energy of the particle in the galactic frame is

Eout = 702[Ezn(1 - /Bcl Cos an)(l + Bcl COos elout)-

The increase in energy per unit original energy is given as

AE  Euy— Ein B4 — Bacosbiy, + By cosbl,,, — B2 cos by, cos b,

out

E, B, 1-753

As the velocity distribution of the particles inside the cloud is isotropized

(cos @,

) = 0. Whereas, the probability of particle to encounter the cloud

with angle 6;, is proportional to the relative velocity v — V cos 6;,. Hence,

(cos0y,) = f_lldcos Oin. €08 0i(v — V cosby,) _=2V/3 =B

1 . SCRNCRY
J-, dcosbin(v—V cosbyy,) v

Therefore, as the cloud moves much slower than the particle 5, < 1,
the change in energy after one encounter with the cloud is proportional to
AFE/E = 4/2/3. This second order increase in energy, AE o 3%, makes the
Fermi mechanism highly inefficient for accelerating the particles. Suppose
a particle with initial energy Ey undergoes multiple collisions with clouds

separated with a length L. The time between two collisions is t.; = L/c,

and the time rate of change in energy of the particles is

dE AE  4B%cE

dt te 3L
= E(t) = Eyexp(t/tace), (2.2)
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where, t,.. = 3L/(4c3%). Suppose the particle leaves the system after an
average time f.s., then the probability of escape is P.s. = dt/tes. and the
fraction of particles still within the system after time ¢ is o< exp(—t/tesc)-
Hence, if Ny be the injection rate of the particles, then from eq. (2.2) their

number between energy E and F + dFE per unit area is given as

ndE = Nodt eXp(_t/tesc)a

t E 7iacc

: dE — N aCCdE(—) esc7
" " “\E,

— . Not ( FE )‘(1"';5:?)

n = EO acc EO .

Here n is the differential flux from astrophysical sources, and it displays a
power law behaviour, with (1 + t,../tesc) as the spectral index. To obtain
an estimate of the efficiency of this mechanism, from eq. (2.2), keeping
By =10"* and L = 1 pc, one can estimate that it will take ~ 10° years to
double the energy of the charged particle [130]. Hence, in realistic scenarios,

the Fermi mechanism is highly inefficient as the acceleration is rather slow.

2.2.2 Diffusive Shock Acceleration

Another method to accelerate the charged particles is the propagation of
shock in the interstellar medium [130]. The region of the medium which is
already in the influence of shock is called the downstream and the region
to which the shock moves is called upstream. These two regions have
different velocities, temperature, pressure and density. Let T, Py(2), v1(2)
and p;(2) be the temperature, pressure, velocity and density of upstream
(downstream) fluid. These quantities are related by the shock conditions:
e Mass conservation: pjv; = pavs.

e Momentum flux conservation: P + p1vi = Py + pov3.

e Energy conservation: pyv; (% + % + w1> = Pl <§ + % + wg), where w;
is the energy density of the gas given as w; = %—171% and 7, is the adiabatic

index, which is 5/3 for a monoatomic gas.
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From the shock conditions the velocity relation can be given as

V2 _ Yot Mi?E(1- M)

, 2.3
U1 Ya + 1 ( )

where M; = v;/vs is the Mach number and v, is the velocity of sound
in the upstream medium given as vy = \/%Tl/f’l . In the limit of strong
shocks, i.e., My > 1, considering the negative sign in the eq. (2.3), leads
to the relation v; = rvy where r = (v, + 1)/(7, — 1) and the density of the

downstream region is r times greater than the upstream. In the upstream

shock front

0y, Py T2 nl,pl,Tl
V2 Vi
«— -«
downstream medium upstream medium
(a)
Upstream Downstream
rest frame rest frame
ViV, /) V V1.V,

(b)

Figure 2.4. (a) Velocities of upstream (v;) and downstream medium (vs)
observed from shock rest frame. (b) Left, and right diagrams represent the
velocities of shock and medium in upstream, and downstream rest frames re-
spectively. (Figure courtesy: Ref. [131].)

frame, the shock moves towards the upstream with a velocity v; and the
downstream moves towards it with a velocity v; —vy = (r—1)v; /7, as shown
in fig. 2.4. As the particle crosses to reach downstream, in the downstream
frame, the shock seems to move away with a velocity of vo. However, the
upstream seems to move towards it with a velocity v; — v9, and again the

particle moves into the upstream region. This cycle repeats itself and with
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each cycle the particle gains in energy. Similar to the Fermi mechanism
discussed above, the net increase in energy per unit initial energy in one

complete cycle is given as

AE  [?+ fcosty, — fcost,,, — (7 cosby, cost,,

out

E 1— 32 ’

where, 8 = (v1 —v2)/c = (r — 1)Be/7, Oin(our) is the angle with which the
particle enters (exists) the downstream. Here, primed (unprimed) index
denote the downstream (upstream) reference frame. Only the particles
moving in the direction of the shock front will cross it and get accelerated.
Suppose a particle with velocity v, making an angle 6 with the shock front,
then the number of particles crossing the shock between angle € and 0+df

cosfldcost. Hence,

cos Opmi
(cosf) = o = -
0
fcos " dcosf cosf 3 \ cos? emax — cos? emin

coS Omin

fCOS Omaz dcosf COSZ 0 2 <C083 Qmagj - COS3 0mzn> . (24)

For a particle in the upstream, as the shock moves toward it, O,,in(maz) =
0(7/2). Whereas for downstream, the shock moves away from it, leading to
Omin(maz) = 7/2(m). Therefore (cosb,,) = 2/3 and (cos#,,,) = —2/3, which
in turn means that AE/E ~ 43/3. Hence, in Diffusive Shock Acceleration

(DSA) the increase in energy is more efficient than Fermi mechanism.

The number of particles in the solid angle df2, area dS and time dt,

is given as
o o
dN = 1 °0 Ov,dQdSdt = < 08 fv,dSd cos dt,
T

where ng is the number density of the particles at the source. As the shock
moves towards upstream, particles in the upstream always gets accelerated
and move to downstream. But in downstream as the shock keeps on shifting
away with speed vy, the particle can land up at a position much far away
from the shock front and can eventually escape. Thus the flux that can

escape from the system can be given as ®.,. = ngvo. Whereas the flux in
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the upstream is

b, = @vl/ dqb/ dcosf cosf ~ %. (2.5)

Hence, the probability of escape from the system is given as P, =
Do/ Pus = 4Bsp/r. If one initially injects Ny particles with energy Ey,
after n cycles the energy of the particles is £ = (1 + 45/3)"Ep, and the

number of particles per unit area per unit time still in the system is

In(B/Eq)

N = NO(l - Pes)n = NO(l - j:)es)ln(H'w/3> .

Using the relations o™ = b In(1 + z) = S;(—1)"2'/i, 8 < 1 and

P., < 1, the above relation is simplified as

n(l1—Peg) 3P,
FE 11n(1+4,3/3) EN- 453
) =m(g)

NN(
o\, o\ g,

Thus, the differential flux can be obtained as dN/dE oc E~'73Fes/(46),
Hence, similar to Fermi mechanism we end up with a power law flux, having
the spectral index I' = 14+3P.,/(43) = (r+2)/(r —1), and for monoatomic
gas I' = 2.

2.3 Production of Astrophysical Neutrinos

The accelerated protons in the astrophysical sources lead to the production
of high energy neutrinos via pp or py interactions. These interactions are
described below:

e Hadronic collision or pp interaction: pp interaction leads to the production

of pions
p+p— N+ X,

where, N, is pion multiplicity. Here charged and neutral pions have the

equal probability of production. These pions further decay into neutrinos
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and gamma rays:

G T T e R
pt et vy, pT e+ U+ 1y,

7'['0 — Y-

In this process, the inelasticity, i.e., the fraction of energy transferred from
the parent particles, to each pion, neutrino and photon are k, ~ 0.2,
k, ~ 0.25, and k, ~ 0.5 respectively. Therefore 5% of the total energy
of the nucleon is transferred to the neutrino, whereas 10% is transferred to
photon [132].

e Pion photo-production or py interaction. The production process of neu-

tral and charged pions:

p+y—p+n°

p+y—=n+at.

Similar to the pp process, the inelasticity of pion and neutrinos is k, ~ 0.2
and k, ~ 0.25 respectively [133], and the probability of production of 7+ is
same as ™. Hence, 5% of the nucleon energy is transferred to the neutrinos,

i.e., for a source at redshift z, the neutrino energy

€

5
E, = 0.05E, — P (—p) 2.
0058, = 777 PV qom oy (2.6)

where E,, €, are the proton energy at the Earth and the source respectively.
Hence, PeV neutrinos can be produced by cosmic rays with energies around

the knee region of the CR spectrum.
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K is the ratio of number of charged pions (N,+) over neutral pion
(Nyo) and it is 1, 2 for py and pp interaction respectively. The probability

of production of charged pion is given as,

N+ K,

P+ = = .
™ N,+ + Noo K,+1

(2.7)

2.4 Relation with Multi-messengers

As discussed in the previous section, gamma rays and neutrinos are pro-
duced from the same py or pp interaction processes. Hence, the rates of
production of neutrinos and gamma rays are related to the production rate
of cosmic rays [133]. Apart from cosmic rays and photons, gravitational
waves may be produced when a neutron star merges with a black hole or
with another neutron star. These mergers are ideal for the production of
high energy particles, including neutrinos as discussed in Sec. 2.5. In this
section, we find out the relation between the production rates of different

messengers.

Following eq. (2.7), charged pion production rate Q,+(FE,), i.e., the
number of charged pions produced per unit time per unit energy is given
as,

AN, = (E,) K.
E pr— pr—
Qns (Ex) dtdE, K. +1

QN (EN)|Ey=E k- (2.8)

In optically thick sources, i.e., the sources in which matter density is
greater, produce more neutrinos as compared to the ones which are rare.
The optical thickness of the source is taken care by the factor f, which
is given as f, = 1 — exp(—nok,f), where n, ¢ and o are source nucleon
number density, diameter of the source (assuming spherical symmetry),
and cross-section of pp or pvy interaction respectively. f, ~ 1 for a dense

source whereas f, < 1 for rare sources. Hence, the energy squared rate of
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production of charged pions is given as

K

E? = fr—r—
WQ’TI':t f K7r+1

[EXQN(EN)Ey=E, ks -

As each charged pion decays to produce 2 v, + 7, and 1 v, (or 7,), and
each neutral pion produces 2 v, the rate of production of pions, with the
energy between E; and Fj, can be related to that of neutrinos and photons

as

1 [FEn dN,
No+== / dE, —2-
k

2 J1 5, dE,’

1 [FrEn dN.
Nyo== / dE, .

2 k’VEl dE’Y

For very small difference between E; and Ej, dN,, /dE, is a constant and

the above equations can be written as,

AN+ ky dN,,
dE, 2 dE, ’
Ex E,=FE k.,
dNyo|  kydN,
dE, | 2 dE,
Ex Ey=Frky

The production rates for neutrino and photon related to pion are given as,

Q. (E,) = ,%Qﬂiwu/kyx
Qu.(E,) = ,ﬁiy@wiw,,/m,
QV(EV) = %QﬂO(Ev/kv)' (2.9)

The produced neutrinos undergo vacuum oscillation and as the path tra-
versed by such neutrinos is much larger than the typical oscillation length
of neutrinos, they get averaged out. As shown in the previous chapter, the

final flavour ratio at earth is 1 : 1 : 1 and the rate of production followed
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from eq. (2.9) for each flavour is given as,

1 1 1 E,
§ Z Qua (Eu) = §<QuM + Qw) = k_VQwi (k_> . (210)

v

Multiplying F, on both sides we obtain

. 2.11
Ex=FE,/k, ( )

3 S BQu(B) = %(E) ErQue (Er)

Following egs. (2.8), (2.10) and (2.11), neutrino production rate is con-

nected to the cosmic rays as,

Y BQu(B) = hufer e ERQx(Bw) SNCAE)

1+ K En=Ey,/(kvkx)

Also, the production rate of neutrinos is related to gamma rays as,

Q (%) Q’Y<E k > = KWQ’Y(QEV)a

_ZQua
K

k 7
- Z E2Q,. (E,) L[B2Q1 (B By=Bk, k= TEin(Ev)
'Y

E,=2E,

Initially, the produced gamma rays have the same spectral index and twice
the energy of that of neutrinos. Both are produced with energies between
TeV and PeV, depending on the source. But gamma rays with energies
greater than a TeV tend to pair produce on interaction with infra-red pho-
tons, a part of extragalactic background light (EBL). On inverse Compton
scattering with the background photon, these pairs lead to photons of lower
energy, between 10 and 800 GeV, as detected by Fermi LAT [134]. These
observations from Fermi LAT lead to stringent constraints on almost all
models of neutrino production wvia pp process. For py production of neu-
trinos, as the efficiency of py increases, the efficiency of 7+ interaction
increase as well, leading to suppression of + emission from the source. As
such, the high energy gamma rays are attenuated, and such sources do
not have stringent constraints on their v counterparts. Many sources that

predict high energy neutrinos and gamma rays are optically thin. As such,
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these lead to the escape of gamma rays and the expected neutrino flux are
severely constrained by Fermi LAT. If these gamma rays are absorbed or
attenuated on their way out of the source, then these will be hidden from
Fermi LAT, and hence the name hidden sources [135]. Various sources of

astrophysical neutrinos are discussed in detail in Sec. 2.5.

2.4.1 Relationship of Low Energy Gamma Rays and
High Energy Cosmic Rays with Intermediate

Energy Neutrinos

Cosmic rays below the ankle can lead to TeV-PeV energy neutrinos and
gamma rays at the source. Both + and v have the same spectral index
as that of cosmic rays. Still, on their way, the high energy gamma rays
with energy greater than ~ 1 TeV are attenuated due to interactions with
the background photons [136], whereas the neutrinos reach the detector
unaltered. Thus the gamma rays of energy greater than TeV shifts to
around 100 GeV and can be observed at Fermi LAT. These observations put
bounds on the spectral index for production of gamma rays, I' < 2.1 [137].
The neutrino spectrum observed at IceCube is consistent with I' ~ 2 for
E, 2 100 TeV, whereas the High Energy Starting Events which subtends to
even lower energy predict a softer flux and hence is in marginal agreement
with the bound [1358]. These bounds do not apply to the sources with py
as their dominant process of neutrino production. For such sources the
~7 interactions do not allow the emission of high energy gamma rays, and
hence the connection between the neutrinos and gamma rays are difficult
to observe. The blue solid (dashed) lines in fig. 2.5 shows the expected

gamma rays (neutrinos) observed from I' = 2.

In order to estimate the flux of neutrinos from a cosmic ray point

source, we consider a source P located at redshift z, luminosity distance
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Figure 2.5. The solid blue and green lines represent the gamma ray spectrum
and cosmic ray spectrum respectively. A The blue dashed, solid line are the
neutrino, gamma ray flux from pp process from pion decay from a source. B
Neutrino flux from a source with I' = 2 in calorimetric limit. C Green dotted
line depicts the cosmogenic neutrinos. (Figure courtesy: Ref. [139].)

xr. The neutrino flux from P for each flavour is given as

A ki ZQ% +2),

4?3

where,

z dzl
0 H(Z/).

H(z) = Ho\/Qa + (1 + 2)3Q,, is the Hubble parameter, where Hy ~ 70

rr(z) = (1+2)° (2.13)

km/(s Mpc), Q4 = 0.7 and 2, = 0.3. Considering all such sources dis-

tributed with density p(z) within a comoving volume

B dr [ zp(2) ’
v = dZH(z) ((1 —i—z)) ’

the neutrino flux is given as

For Q,, (E,) x E,
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redshift 0, the above equation reads

_ZE2¢V : __/ Zz 1+z ZEQQVQ
0 T

Vfﬂl—i—K PN Qn(Ex )EN=20EV
4 (149 (2
/ i H(po

From the above equation, it can be inferred that the flux of astro-
physical neutrinos depends on the source density distribution, p(z). Thus,
different source densities lead to different neutrino flux at the detector. For
example, if one considers Star Burst Galaxies, then the source distribution
follows the star formation rate (SFR), i.e., p(2) = po(1+2)% and po(1+1.5)3
for z < 1.5, and 1.5 < z < 4 respectively. In the calorimetric limit f, = 1,
K, =2, T =2 and E3Qn(EN)|py—1015 v = 10% erg/(Mpc’yr), the
neutrino flux comes out to be E?¢, ~ 2 x 107® GeV/(cm? s str) above

100 TeV [110].

2.4.2 Waxman-Bahcall Bound

From the measurements of cosmic rays above ~ 107 eV, Waxman et
al. [141, 142] derived an upper bound for the neutrino flux. In their work, it
was assumed that the cosmic rays above this energy are proton dominated.
If such cosmic rays are produced via an optically thin source with f, < 1,
and are accelerated via Fermi shock acceleration, the production rate of

cosmic rays for the energy between 10 and 102! eV is given as,

EJQVQN(EN) ~ 10% erg/(MpcByr).

If all the energy of the proton is transferred to the pion, with no loss of
energy due to magnetic field in the source, then the upper bound of the
neutrino flux is found to be E?¢, < 2 x 107% GeV/(cm? s str), which is in
agreement with IceCube observations for E, > 100 TeV [110]. This bound

can be avoided by
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e Considering an optically thick source, e.g., AGN core models.
e Sources in which neutrinos are not produced wvia pp interaction, e.g.,

production through decaying dark matter.

Also, the derivation of Waxman-Bahcall bound assumes that high
energy cosmic rays are proton dominated, which might not be the case.
In ref. [143] the possibility of neutrino production via heavy nuclei was
explored, and it was found that if such heavy nuclei are the source of
high energy neutrinos, the flux of the neutrinos was around one order of

magnitude lower than the Waxman-Bahcall bound.

2.5 Sources of Astrophysical Neutrinos

Different astrophysical sources lead to a different neutrino flux dominant at
different energies. In this section, we study various sources of astrophysical

neutrinos and their implications for multi-messenger observations.

2.5.1 Active Galactic Nuclei

Active Galactic Nuclei (AGN) are astrophysical objects characterised by a
supermassive black hole (SMBH) surrounded by an accretion disc. Particle
accretion leads to the production of radio, optical, X-rays and gamma rays
detectable at earth. AGNs which emit radio and X-rays up to luminosity of
10% erg s7! are called low luminosity AGNs (LLAGN) [144, 145]. AGN,
whose luminosity is around four or more orders of magnitude higher than
LLAGN, are further classified into two types: Radio Quiet (RQ) AGN and
Radio Loud (RL) AGN. RQ AGNs [116-118] have radio and X-rays as their
dominant emissions, whereas RL AGNS emit radio, optical, X-rays as well
as high energy gamma rays. RL jet AGNs are further divided into two
classes: FR-I and FR-II. The FR-I galaxies have jets of irregular shape,
low luminosity and these do not extend beyond the galaxy. On the other
hand, FR-II AGN jets are more luminous, and their jets extend hundreds

of kpc and overshoot their host galaxies. Blazars are the class of AGNs
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whose jets are aligned towards our line of sight. The blazars emitted from
aligned FR-I galaxies are called BL Lac whose luminosity lies within the
range 10* — 10%° erg s7'. Whereas, blazars from FR-II are called flat-
spectrum radio quasars (FRSQs) with the luminosity of 106 — 107 erg

s~ Refs. [119, 150] provide excellent reviews on this aspect.

The BL Lac objects are generally characterised by the presence of
two distinct ‘humps’ in the spectral energy distribution (SED), shown in
fig. 2.6. The lower energy peak is attributed to the synchrotron emission
of relativistic electrons. Whereas, the origin of the high energy peak is not
clearly known. Two classes of models are proposed to explain the emis-
sion of these high energy photons at BL Lacs; the leptonic and hadronic
model. In leptonic model, high energy photons are produced by inverse
Compton scattering via relativistic electron [151]. Hence, in this frame-
work, the gamma rays are always accompanied by a low energy photon
peak, in the form of enhanced X-ray emission due to electron synchrotron
radiation. This model does not lead to the production of neutrinos. How-
ever, there have been observations of high energy TeV photons without
the accompanying X-rays, popularly called the orphan TeV flares from BL
Lac [152, 153]. Such observations find their explanation in the framework
of hadronic models [154]. In these models, the high energy gamma rays
are produced along with neutrinos, via py interaction. The detection of
neutrinos from the direction of blazar will lead to the confirmation of the
hadronic model. So far, as reported, only one such neutrino source has

been detected [155].

Apart from blazars, neutrinos are also produced in AGN core like in
FRSQ [157] and LLAGN core [145]. The dominant mode of production
of neutrinos is when an accelerated proton hits a photon either within the
accretion disc or in the dust cloud surrounding the accretion disc. Near
the core where the density of proton is high, pp can be the dominant mode
of neutrino production. However, the efficiency of py mode increases with
the increase in energy and surpasses the pp mode above ~ PeV energy.

A general characteristic of these AGNs is that they predict a peak in the
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Figure 2.6. Spectral energy distribution (SED) of BL Lacs. (Figure courtesy:
Ref. [156].)

neutrino flux greater than or around a few PeV and under-predict neutri-
nos up to energy ~ 100 TeV. Such models are in tension with IceCube
observations [149, 150]. Further, in a stacking analysis conducted by Ice-
Cube collaboration, the neutrinos from EM bright AGNs were correlated
with their gamma ray counterparts observed at Fermi LAT. The analysis
concluded that AGNs with a spectral index of 2.5 cannot lead to neutrino

flux more than 25% of the observed neutrino spectrum at IceCube [158].

2.5.2 Galaxy Clusters

Galaxy clusters are objects consisting of around 102 to 103 galaxies, bound
by gravity. These massive objects are the reservoir of cosmic rays which
are confined within, due to their magnetic field [159, |. Such galaxy
clusters can lead to neutrino production mainly via pp interaction. There
are two methods of acceleration of cosmic rays in such objects:

e Accretion shock : The cosmic rays can be accelerated by accretion shocks
within the cluster. These sources can contribute to high energy neutrino
spectrum no more than ~ 10% of the total flux seen at IceCube [161].

e Acceleration through another source: Cosmic rays are accelerated by a

source like AGN or supernova residing inside the cluster and those high



58 Chapter 2. Aspects of Astrophysical Neutrinos

energy cosmic rays interacting with the proton in the galaxy cluster lead
to the production of high energy neutrinos [162]. These sources can be
responsible for the whole neutrino spectrum seen at IceCube for spectral
index from 2 to 2.2. However, the flux with spectral index steeper than
the spectral index of 2.1 is in tension with the Fermi LAT observations for

gamma rays [103].

2.5.3 Starburst Galaxy

Starburst galaxies (SBG) are objects in which star formation happens at a
very high rate. For instance, in the Milky Way star formation happens at
a rate of 3 solar mass per year, but in SBGs, the rate is at least a hundred
times higher [161]. SBGs lead to the formation of many supernovas (SN) in
their starburst phase. These SNs are the ultimate sites for the acceleration
of CRs. Also, around 5% of SNs are much brighter with around energy two
orders of magnitude greater than average SNs, the so called hypernovas
(HN). SNs lead to CR with a maximum energy of around PeV, whereas,
HNs lead to ~ 100 PeV CRs, via DSA [165]. If such SBGs hosts an AGN,
the cosmic rays get accelerated to 10-100 PeV. Hence, SBGs can lead to

TeV to PeV neutrinos at IceCube mainly via pp interaction.

The X-ray observations dictate that star formation rate (SFR) peaks
at around z ~ 2 [166]. From the observations of Fermi LAT gamma rays
and considering a spectral index of 2.3, IceCube found that SFR can lead

to around 30% of the neutrino flux observed at IceCube [138].

2.5.4 Gamma Ray Burst

Gamma Ray Burst (GRB) is a catastrophic event in which there is either
collapse of the core of a massive star under gravity or merger of binary
objects, i.e., two neutron stars or a neutron star and black hole. These
events are seen by the Fermi LAT and Swift as an initial emission of gamma

rays from energy O(100) keV to 100 GeV, which lasts for a few milliseconds
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to a few minutes. This prompt emission is followed by an afterglow which
has radiation from X-rays to radio waves and lasts from a few days to a few
months [167]. Both the prompt emission and afterglow are expected to lead
to the acceleration of cosmic rays, which in turn leads to the production
of neutrinos via py interaction. As they are optically thin, these GRBs
are bright, and their EM radiations are well detected. In the observation
of 4 years of IceCube data, where they have used a sample of 592 GRBs,
it was found that these GRBs cannot be contributing to more than 1%
of IceCube flux [168]. Apart from high energy photons, cosmic rays and
neutrinos, these mergers are the sources of gravitational waves. However,
till date, no neutrino event has been observed coinciding with the sources

of gravitational waves [169].

2.5.5 Low Luminosity and Choked Gamma Ray

Bursts

Low Luminosity GRB (LLGRB) are the class of GRB, which are EM
dim [170, |.  These are more in number as compared to the EM
GRBs, but their photons can be detected for redshift z < 1. Choked
GRBs [172, 173] are the ones where the stars undergo a core collapse, and
the jets do not have enough momentum to leave the source or are absorbed
by the stellar envelope. Fermi LAT is blind to such sources, and hence the
stacking analysis of IceCube which correlates the photons to neutrinos are
not applicable in such scenarios. Thus LLGRBs and Choked GRBs are
“hidden” sources and these can account for neutrino flux at IceCube [174].
The jets which are absorbed by the stellar envelope can lead to neutrino
production via py interaction. The neutrinos which interact weakly escape
the envelope, whereas the gamma rays are trapped within. Therefore, the
LLGRBs or choked GRBs can account for the neutrinos observed at Ice-
Cube as

e They are more in number than their cousin luminous GRB.

e These cannot be constrained by neutrino-electromagnetic analysis, which
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correlates the photons to neutrinos from astrophysical sources.

2.5.6 Cosmogenic Neutrinos

For cosmic rays at energies higher than a few EeV, i.e., above the ankle
region, the most dominant interactions that happen are:

e Photo-disintegration: The cosmic radiation on interaction with the heavy
nucleus, breaks it into lighter nucleons. It is given as, A+~v — (A—1)+ N,
where A and N stand for nuclei mass number and nucleon respectively, e.g.,
D+y —1H+n.

e Pion production: The high energy cosmic rays interacts with CMB pho-
tons to produce pions which, in turn, decay to produce high energy neutri-
nos and gamma rays.

Both these interactions peak at around 50 EeV [175]. Hence, independent
of the composition of cosmic rays, the cosmic rays flux must have a cut-off
at this energy. Hence, on the one hand, due to high UHECR-CMB inter-
action cross-section, no UHECR can reach earth beyond ~ 100 Mpc, and
on the other hand, the production of cosmogenic neutrinos are guaranteed.
One of the main objectives of the neutrino telescope is the detection of
cosmogenic neutrinos.

The flux of the cosmogenic neutrinos are dictated by three dependen-
cies [170]:

e Source of cosmic rays: The sources which accelerate the cosmic rays to
higher energies, i.e., from Hillas Criterion has greater E,,,., and have a
flatter spectrum are more feasible for the production of cosmogenic neu-
trinos. Cosmogenic neutrinos estimated from various sources, like galaxies
and AGNs, are constrained from the IceCube [177].

e Redshift evolution of the cosmos: Since the UHECR are depleted for
distances farther than ~ 100 Mpc, the sources which have strong redshift
(z) evolution are favoured. This means for source luminosity, L, where
L x (1 + 2)", cosmogenic neutrinos flux increases with an increase in n.

e Chemical composition of the cosmic rays: The cosmic rays made up of
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heavier nuclei produce less flux of cosmogenic neutrinos. If the cosmic rays
are made up of protons, then they predict higher flux, called the optimistic
scenario.

The neutrinos observed at IceCube, i.e., the TeV to PeV cannot be due
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Figure 2.7. Limit on high energy neutrino flux from lceCube data. The black
solid, and dotted lines represent upper limit on neutrino flux from 9 years, and
seven years of data respectively. The purple [179], cyan, and green lines [180]
are cosmogenic neutrino fluxes assuming optimistic scenario. (Figure courtesy:
Ref. [181].)

to cosmic rays-CMB interaction as they will lead to overproduction of high
energy gamma rays at Fermi LAT [178]. For the chemical composition of
cosmic rays as observed at HiRes and the source distribution of SFR, it
was shown that IceCube has started to constrain the optimistic scenario,
as shown in fig. 2.7. If the chemical composition of the cosmic rays is purely
iron, then the neutrino flux is at least two orders of magnitude below the
optimistic scenario [182]. As IceCube has not observed any cosmogenic
neutrinos so far, they provide the upper limit of allowed flux. This itself

constraints many models of sources that predict optimistic neutrino flux.
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2.5.7 Decaying Dark Matter

Although one of the properties of DM is that it should be stable, rare
decays of DM, with a lifetime greater than the age of the Universe, can
lead to high energy neutrinos flux at IceCube [183]. DM particles of mass
mpm ~ 400 TeV [1841, 185] and a few PeV [1806—-188] have been studied in
the literature as the source of astrophysical neutrinos. The lifetime of such
DM is typically around 10%® s in order to be concordant with the observed
neutrino flux at IceCube [183]. Both galactic and extragalactic DM can lead
to such neutrino flux. Along with neutrinos, the decay of DM into charged
particles can lead to the production of gamma rays wvia Inverse Compton
scattering, in which charged particles scatter off the low energy photons
in the galaxy, leading to the upscattering of the gamma rays. These high
energy gamma rays lie within the energy reach of Fermi-LAT, and the non-
observation of such events lead to stringent constraints on the lifetime of
DM [189]. However, such constraints do not apply to the models in which
the DM can only decay to neutrinos and dark fermions [190]. DM of mass
~ 500 TeV with a lifetime of 2.7x10?" s can lead to neutrino events around
100 TeV, whereas DM mass of a few PeV and lifetime 1.9 x 10?® s leads
to PeV energy neutrinos, thereby explaining the excess in the spectrum.
The neutrino flux from DM decay is generally considered along with other
sources like the galaxy cluster in order to explain the entire high energy
neutrino spectrum at IceCube. The scenarios in which DM decay is the

only source of the high energy neutrino flux, are disfavoured [183].

2.6 Observation of Astrophysical Neutrinos

The weak interaction, which makes the neutrinos such a faithful messenger,
also leads to difficulties in their detection. Also, the flux of high energy
neutrinos decreases with the increase in energy. Therefore in order to detect
astrophysical neutrinos, we require a large detector. Also, as the detection

happens due to ultra-relativistic secondary particles emitting Cherenkov
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radiation, such detectors have to be transparent. This made water or ice
with huge volumes ideal for the detection of high energy neutrinos. Ice-
Cube, which is a km?® detector made in the Antarctic ice, is functional and
taking measurements for the last ten years. The predecessors of IceCube

are described below:

Brief History: The need for an astrophysical neutrino detector was felt
long back around 1976 with the building of Deep Underwater Muon And
Neutrino Detector Project (DUMAND) experiment [191]. It was a wa-
ter Cherenkov detector built in the Pacific ocean around 5 km beneath
the sea. Although, due to technical difficulties, this detector could not be
completed. However, the technology pioneered paved its way to smaller
detectors like Lake Baikal [192]. Astronomy with a Neutrino Telescope
and Abyss environmental RESearch (ANTARES) [193] experiment is built
in the Mediterranean Sea and is completed on May 30, 2008, two years
after the deployment of the first string. It is a 0.1 km? detector and will
be succeeded by Cubic Kilometre Neutrino Telescope (KM3NeT) [194].
The first string of KM3NeT was successfully installed in 2019. Antarctic
Muon and Neutrino Detector Array (AMANDA) [195], which is the optical
Cherenkov detector built in the South Pole ice in the year 1997. It worked
on ten strings, after which it was upgraded to AMANDA II with 19 strings,
which was operational from 2000 to 2005. AMANDA II observed around
6595 of upgoing high energy atmospheric neutrino events in 3.8 years [196].
It served as the precursor of IceCube, which was completed in 2010. Ice-
Cube was the first to observe PeV neutrino events, which had astrophysical
sources with 5.70 confidence. Within three years of its observation, in 2013,
IceCube had observed 37 neutrino events in the energy range of 30 TeV to

2 PeV [197].
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2.7 IceCube
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Figure 2.8. IceCube detector. (Figure courtesy: Ref. [194].)

IceCube is a 1 km? detector deployed at Antarctica [194]. Tt is instru-
mented with 86 vertical strings and a total of 5160 digital optical modules
(DOMs). The DOMs are spherical glass pressure vessels containing pho-
tomultiplier tubes and electronic digitisers that can collect light from all
directions. Photomultiplier signals are registered using fast waveform digi-
tisers in each DOM. The direction and energy of the incoming particles are
known by reconstructing the light collected by these DOMs. Each verti-
cal string contains 60 DOMs and is deployed in about 2500 m deep holes.
DOMs are located inside ice at a depth between 1.5 km to 2.5 km. Deep
Antarctic ice is very pure and highly transparent; thus, Cherenkov photons
can be detected easily. The 86 strings in IceCube are deployed 125 m apart,

2 of the surface. The vertical distance between two DOMs

covering 1 km
on a string is 17 m. The upper layer of ice, above 1450 m filters the cosmic

rays and muons and acts as a veto. Each string is supported by a cable that
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contains 30 twisted pairs; each pair is connected to two DOMs in parallel.
These cables run to a counting-house at the centre of the array. Each Ice-
Cube string is independent of the other, which facilitates observation since
the time of deployment of string. IceCube takes observations throughout

the year; hence the uptime of 99%.

DeepCore:

The remaining six strings out of 86 are placed closer to each other, around
72 m apart, making the denser triangular looking part of IceCube called
the ‘DeepCore’. Each DeepCore string has 60 DOM with a vertical spacing
of 10 m for the first 10 and 7 m for the last 50. The closely spaced strings
of DeepCore and denser DOMs gives DeepCore a lower threshold in terms
of neutrino energy, compared to the rest of IceCube, as low as 10 GeV.
DeepCore is used for the observation of atmospheric neutrinos and has
been used to probe neutrino oscillations up to a TeV. The most stringent
constraints on muon neutrino and sterile neutrino mixing come from the

observations of atmospheric through-going muon events at DeepCore [198—

).

IceTop:

In addition to the DOMs buried into the ice, the IceCube Observatory
includes IceTop to detect surface air showers. IceTop consists of 160 ice-
filled tanks, each instrumented with two IceCube DOMs. Two tanks are
deployed about 10 m apart, near the top of each IceCube string. Each
tank is 1.8 m in diameter and filled with ice to a depth of about 50 cm.
The water is frozen in a controlled manner to minimise air bubbles. The
tanks are lined with reflective material to increase light collection. IceTop
detects cosmic-ray air showers, with a threshold of about 300 TeV. Its main
function is to study cosmic-ray flux and composition and TeV muon fluxes.
IceTop is also be used to veto high-energy neutrinos in IceCube as the high

energy muons can be differentiated as compared to high energy neutrinos
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due to IceTop [201, 202].

2.7.1 Detection of high energy neutrinos

Neutrinos being weakly interacting particles travel through the source unat-
tenuated and reach IceCube. At IceCube, they interact with the nucleus
or electrons to give secondary charged particles. These particles are seen
in the detector, depending on the flavour and interaction. For neutrinos
to be detected at IceCube, they must interact with the ice and produce

ultra-relativistic charged particles.

2.7.2 Signals Observed

The Cherenkov radiation, in a transparent medium as ice, is transformed
from radiation to electrical signals with the help of photomultipliers, which
is reconstructed to infer energies, arrival directions, arrival time and flavour
of the incoming neutrinos. Neutrinos can arrive from above the sky and
go through the detector, called downgoing events, or can cross through the
Earth and reach it, called the upgoing events. While they interact with
the ice, neutrinos can either undergo a charged current (CC) interaction
or a neutral current (NC) interaction. The signals seen at IceCube help to

distinguish between different events. These signals are:

Tracks:

A high energy muon neutrino on hitting the ice leads to the production
of highly boosted, long-lived muon events wvia a CC interaction. The
Cherenkov radiation emitted by this long-lived muon is referred to as a
‘track’. High energy muons can travel several kilometres in the ice; thus,
they leave a track like signature in the detector volume. As the muon moves
through the ice, its energy gets depleted, and the Cherenkov light decreases
in brightness with time. The energy of the incoming muon neutrino is re-

constructed by measuring the brightness of these tracks. However, on the
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increasing the energy, the track length and energy loss of the muons in-
creases, i.e., dE/dr o< E. As such, the muons cannot be contained inside
the detector leading to poor energy estimation of high energy track events.
On the other hand, due to the known starting and ending direction of the
Cherenkov cone in the detector, the arrival direction of the muon tracks
are reconstructed with higher precision, i.e., the uncertainty in the arrival

direction is around 1 degree for neutrino energy greater than 100 TeV.

Cascades:

Electron neutrino may interact with the IceCube via CC interaction, gen-
erating a high energy electron. Electron losses energy more rapidly than a
muon predominantly via bremsstrahlung and gives rise to electromagnetic
showers. All the flavours of neutrinos can lead to hadronic showers via an
NC interaction. Due to the large spacing between the strings, electronic
showers cannot be distinguished from the hadronic ones, as both lead to
almost spherical spreading of light called a cascade. As the cascade events
are contained within the detector, their energy is well estimated as com-
pared to muon track events. The Cherenkov light has more intensity in the
arrival direction, which leads to a bulge in this direction and this deviation
from perfect spherical distribution leads to an estimation of arrival direc-
tion. However, the resolution of the arrival direction has more uncertainty,
i.e., 10-15 degrees for neutrino energy greater than 200 TeV, which is much

greater as compared to the track events.

Taus:

Tau neutrino via CC interaction yields a tau which decays to produce either
a hadronic shower (66% of times), or an electromagnetic shower (17% of
time) or a muon track (17% of times). The tau neutrino, after hitting the
ice first produces a hadronic shower and a tauon. The produced tau leads
to a track and finally decays to produce another cascade. This leads to

two cascades separated by a track signature called the ‘double bang’ event.
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Instead, if the first cascade happens to be outside the fiducial volume of the
detector, this is called an inverted lollipop event. Instead of a cascade, if
the tau decays to a muon, this leads to a track after the first shower, which
is called a lollipop event. The resolution of the two separate showers, or
a shower and a track happens only at higher energy. For neutrino energy
~ PeV, the two cascades are separated at about a distance of 50 m. Thus
lower energy tau events have two cascades overlapping with each other and
are rather indistinguishable from the electron events. Similarly, the taus

decaying into muons give tracks and are confused with muon tracks.
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Figure 2.9.  Track, cascade and double-bang signals at IceCube. (Figure
courtesy: Ref. [203].)

2.7.3 IceCube Observations

The astrophysical neutrino reaching the detector is accompanied by cosmic
rays, high energy muons and atmospheric neutrinos. The flux of the atmo-
spheric neutrinos fall very steeply with respect to energy in comparison to
astrophysical neutrino flux, i.e., @um o< E37; hence after ~ 60 TeV, the
astrophysical neutrinos dominate over the atmospheric background [197].
To distinguish it from the other particles hitting the detector and giving
Cherenkov radiation, IceCube typically observes HESE and throughgoing

events discussed below
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Throughgoing Muon Tracks:

The neutrinos coming from the northern sky have to go through the Earth
before reaching the detector. Hence, the Earth acts as a filter for the cosmic
rays and muons prohibiting them from reaching the detector, and only
the high energy muon neutrinos can get through. These events are called
throughgoing track events. The flux from the throughgoing events for the
last 9.5 years, i.e., May 2009 to December 2018 can be given as d®/dE =
(1.447025) (E/100 TeV) 22605 x 1078 GeV~! cm~2 5! sr~! [204]. The
flux has become softer than the six-year analysis, where the spectral index

was 1.91£0.20 [205].

High Energy Starting Events (HESE):

The particles coming from the southern sky have to pass through 1500 m
of ice to reach the detector. The high energy muons get through the en-
tire length of the ice, emitting Cherenkov radiation to reach IceCube. To
differentiate them from the high energy neutrinos, only the events starting
within the fiducial volume of the detector are considered. These events
are generated when neutrinos interact with the ice via NC or CC inter-
actions. They are called High Energy Starting Events (HESE). They in-
clude both cascades as well as tracks. The flux of the HESE for 7.5 years
from 2010-2017 is given by d®/dE = (6.45%14) (F/100 TeV) 289701 x
10718 GeV™' em™2 s7! sr™! [207]. The spectral index is not very different

from the six-year HESE IceCube analysis, I' = 2.877520 [205, 200].

Most of the high energy neutrino events are observed below 250 GeV,
with only a few events in the range of 500 TeV to 1 PeV. This leads to
the soft spectral index of 2.89. Till date IceCube has reported observations
of five events at energies above a PeV : 1) Bert with energy 1 PeV, 2)
Ernie, 1.1 PeV, 3) BigBird, 2 PeV, 4) High Energy track, 2.6 PeV and 5)
Hydrangea, 5.9 PeV. Bert, Ernie and BigBird are contained cascade events,

and Hydrangea is an uncontained cascade event [208].

In addition to these events, the IceCube collaboration is developing



70 Chapter 2. Aspects of Astrophysical Neutrinos

samples in which they explore uncontained cascade events for HESE and
very high energy (VHE) events. VHE events have an energy range from
around 10 PeV to EeV. This is done to explore Glashow events around
6.3 PeV at IceCube [20]. The highest energy event of this sample, i.e., Hy-
drangea, is the promising candidate of the Glashow event. The number of
expected Glashow events depends greatly on the spectral index and cut-off
of the flux. For a spectral index of 2.2, the number of events varies from
around 6 to 9 for cut-off energy of 2.2 PeV to 100 PeV respectively [20].
Hence, the behaviour of the astrophysical neutrino spectrum can be under-
stood by the observations or paucity of Glashow events. With the increase
in data, with time and detector size, the number of Glashow events can be

known with better accuracy.
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Figure 2.10. Left panel: Number of events vs. neutrino energy; Right
panel: Number of events vs. cosine of declination angle observed in 7.5 years
at IceCube. (Figure courtesy: Ref. [207].)

Double Cascade Events:

Tau neutrinos, as discussed earlier, give rise to two cascades separated by a
track which is difficult to resolve below neutrino energy ~ PeV. According
to the IceCube analysis, only one event which is most likely a double cas-
cade event is observed [209]. It has a total energy of 89 TeV, with the first
cascade energy of 9 TeV and the second cascade has the energy of 80 TeV.
Both the cascades are separated by 17 m.



2.7. lceCube 71

Flavour Ratio:

Along with the energy dependence of the flux, the observations of the high
energy neutrinos lead to the estimation of the flavour ratio of neutrinos
Ve : v, : U at earth. In the last 7.5 years, IceCube has observed 41 cascades,
17 tracks and 2 double cascade candidate events above 60 TeV, out of the
total of 102 events above 20 TeV. Using the candidate tau neutrino events,
the best fit for the flavour ratio has shifted to (0.29 : 0.5 : 0.21) [209, 210],
in contrast to (0.5 : 0.5 : 0) as obtained from the 6 year analysis with no
candidate v, events [205]. The low energy degeneracy of v, and v,, leads to
large uncertainty in the flavour ratio, as shown in fig. 2.11. (Anti)Neutrinos
produced via charged pion decay with initial flavour ratio of (1:2:0) and
damped muon decay with initial flavour ratio of (0 : 1 :0) are still allowed
by the IceCube data. However, the neutrinos produced dominantly by
neutron decay, with initial flavour ratio (1 : 0 : 0), is excluded by 2¢ in the
case of standard neutrino oscillations. Following eq. (1.18) from the first
chapter, the final flavour ratio at the detector for charged pion, damped
muon and neutron decay are (0.30 : 0.36 : 0.34), (0.17 : 0.45 : 0.37) and
(0.55 : 0.17 : 0.28) respectively. The increase in the number of observations
will lead to a decrease in the uncertainties in the flavour ratio, making any
deviation from the standard scenario very evident [211]. Such a deviation

may imply the presence of new physics.
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Figure 2.11. Flavour ratio allowed by 68%, 95% CL given by solid and dashed
black line respectively after including a tau neutrino event. (Figure courtesy:
Ref. [209].)
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Neutrino Nucleon Cross-Section:

The throughgoing muon neutrinos cross the Earth to reach IceCube. Hence,
they get attenuated on their way, depending on their zenith angle. IceCube
collaboration used these events to constrain the neutrino-nucleon interac-
tion at high energies from 6.3-980 TeV, using the data from 2009-2010.
The best fit of the analysis preferred 1.3 times the cross-section predicted
by the standard model. But the SM cross-section is allowed within 20
confidence [212]. Bustamante et al. [213] constrained the neutrino-nucleon
cross-section using six years of HESE data for energy range 18 TeV to 2 PeV
at IceCube. They showed that the flux preferred the soft spectral index of
around 2.4 [213]. Since the arrival direction of cascade events has larger
uncertainty, the cross-section using such events had more uncertainty than
track events. Further, IceCube collaboration used 7.5 years of HESE to
constrain the neutrino-nucleon cross-section [214, ]. The results from
both the analysis, do not show any abrupt rise of cross-section, and the

data still agree with the SM prediction within 1o CL.
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Figure 2.12. Neutrino-nucleon cross-section vs. neutrino energy for 7.5 years
and 6 years of HESE IceCube data given by black and orange error bars up to
1o CL respectively. (Figure courtesy: Ref. [214].)
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Observation of blazar coincident event from TXS 05064+056:

On September 22, 2017, IceCube observed a muon neutrino event, IC-
170922A, of energy 290 TeV. Within 1 min of this observation, an automatic
alert was communicated worldwide to facilitate multi-messenger astron-
omy. The Fermi-LAT detected an excess of gamma rays from the direction
of arrival pointed out by the muon neutrino event. Further, Major Atmo-
spheric Gamma Imaging Cherenkov Telescopes (MAGIC) as well observed
400 GeV of gamma-ray events from the same direction within 24 hours of
an alert [155]. These observations point out that the TXS 0506-+056 is the
source of the neutrino event with 30 confidence. This observation is the
first to point out the hadronic mode of the AGN emission, as neutrinos
can only be produced by the hadrons in such sources. Such observations
will help us to understand the mechanism at work for the production of
high energy particles at AGNs. This marks the new era of multimessenger
astronomy. Apart from astronomy, this event puts constraint on neutrino-

DM interactions [216, 217].

.
572k

654 P et

SRR S 1| Miorr oyl
i S " C TN AL 713773
6.0+ it ihaiets : NSRS i
Y ¥ Se N,
d = \
N : S
N XS 05064056 iy
- M v 7
554 Tibed i g e i

Declination [°]

lceCube (50%) | - -
— - lceCube (90%) |: : Lo |

MAGIC (95%) ; " PKS.0502+049

Fermi (95%) g : 4

TXS 0506+056

504

785 780 75 770 765
Right Ascension [°]

Figure 2.13. 1C-170922A 50% and 90% containment regions given by grey
and red dashed lines respectively. Regions of high energy gamma ray excess
seen at MAGIC and Fermi LAT shown by the yellow and blue lines respectively.
(Figure courtesy: Ref. [155].)

IceCube data were analysed for astrophysical neutrino events coming
from this direction, and it was found that for a period of September 2014

and March 2015, there has been an excess in the number of events, with
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3.50 confidence, above the atmospheric background [218]. The number of
events coming from this direction with this period is 13+5. Fig. 2.14 shows
the IceCube observations from the region of IC-170922A from the duration
of May 2008 to October 2017.
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Figure 2.14. IceCube observations from the direction of TXS 05064056 from
5th April, 2008 to 31st October, 2017. (Figure courtesy: Ref. [218].)

Critical look at IceCube Data: Expectations vs. Observations

A few important points evident from the IceCube observations from the
last 7.5 years are:

(7) IceCube has observed 60 neutrino events with energy F 2 60 TeV, out
of the total of 102 events above 20 TeV [219], with no events after a few
PeV. Most of the events lie below 250 TeV, and very few events are between
400 TeV to PeV. This has been suggested in the literature as a possible
gap or a dip in the observed spectrum of astrophysical neutrinos [220-222].
Moreover, the steep fall in the flux suggests a cut-off after a few PeV. With
more data over time, these features may turn out to be statistically signif-
icant.

(71) Cosmogenic neutrinos, which are guaranteed due to the interac-
tions of ultra-high energy cosmic rays with the cosmic microwave back-
ground (CMB) photons, have not been observed yet. This rules out many
models of cosmogenic neutrinos as well as other astrophysical sources which
predict substantial flux above ~ 5 PeV [223]. Moreover, due to the reso-
nant interactions of 7, with the electrons present in the detector via the W
boson, an excess of events at E ~ 6.3 PeV is expected at IceCube within

the standard model [I7-19]. Such Glashow events might be observed in
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astrophysical neutrino spectrum anytime soon [20)].

(73i) As it was mentioned earlier, only one high energy neutrino source has
been identified by IceCube: the blazar. But the overall non-observation
of events with F 2 PeV suggests that the models of active galactic nu-
clei (AGN) which predict substantial neutrino flux above a few PeV might
be ruled out from the present observations [119].

(iv) The puzzle is further accentuated by an excess of events at energies be-
tween 40—160 TeV [154], when one considers a power law of E?~22 favoured
by pp process of v production.

(iv) The number of double bang events was expected to be 2 [224]. Ice-
Cube has observed two candidate v, events, with 76% and 98% probability
of them being v, [210]. With more data, if any deviation in the number of

v, events is confirmed, it would clearly point towards new physics.

2.8 ANTARES

The ANTARES detector is built in the Mediterranean Sea, 40 km offshore
of Toulon, France. It is built around 2.47 km beneath the sea and is one-
tenth the volume of IceCube. It is a Cherenkov detector with an angular
resolution of 4 degrees for shower events and 0.4 degrees for track event
above 10 TeV. In nine years of observations, from 2007 to 2015 of the
upgoing events, it has observed 19 track events with a background estima-
tion of 13.54+4 and 14 shower events with background estimation of 10.5+4
in the energy range of 100 GeV to PeV. The observed diffused flux is in

agreement with IceCube [225].

ANTARES, due to its location in the northern hemisphere, is suitable
for the detection of neutrinos from the Galactic Centre and Southern sky.
From the southern sky, the neutrinos pass through the Earth; hence there is
less background from below the horizon. In collaboration with the IceCube,
there have been attempts to search for neutrino point sources by taking into
account the data from both experiments. Though the sensitivity to source

improved by a factor of 2 in comparison to individual searches, no source
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of astrophysical neutrinos was identified [220].

2.9 ANITA

Antarctic Impulsive Transient Antenna or ANITA is a balloon-borne exper-
iment flying around 35-40 km above the Antarctic ice [227]. It is exposed
to about a million of km?® of Antarctic Ice and is sensitive to neutrinos of
energy greater than ~ EeV. ANITA consists of a series of radio antennas
and when very high energy neutrinos interact with the nucleons in the ice
or atmosphere they radiate Cherenkov radiation which is detected by the

ANITA experiment.

Till date, ANITA has observed 3 events of around EeV energy [223,

|. At these energies, due to large neutrino-nucleon cross-section, the
mean free path of tau neutrinos through the Earth is around 290 km [230];
therefore, such neutrinos get absorbed before reaching the detector. Hence,
detecting such high energy events is anomalous. T'wo of the observed EeV
events at ANITA are anomalous as they travel through the ice and reach
ANITA. The anomalous events cross 5740460 km and 7210£55 km with
energy 0.640.4 EeV and 0.56103) EeV respectively. The third event came

from the southern sky and had energy greater than 10 EeV.

2.10 Future Detectors

In addition to the existing high energy neutrino detectors, there are power-
ful upcoming neutrino detectors which will take neutrino astronomy to the
next level. IceCube itself is going to be upgraded with its first upgrade to
be undertaken in the Antarctic summers of 2022-2023. This upgraded ver-
sion of IceCube will be called IceCube Upgrade which will be the testing
ground of a much larger detector to be built, i.e., IceCube-Gen2. Fur-
ther ANTARES will be upgraded to KM3NeT which will be operational

in the northern hemisphere. The upcoming experiments, Baikal-GVD and
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GRAND, are being constructed in Russia and China, respectively. The

future neutrino telescopes are briefly described as:

2.10.1 IceCube Upgrade and IceCube-Gen2

In around 2022, 7 new strings with 700 additional optical sensors, with a
vertical spacing of 3 m, will be established in the DeepCore between 2150 m
and 2425 m from the surface [231]. This will remarkably reduce the en-
ergy threshold above which neutrinos can be detected to ~ O (1-10) GeV.
The detection of the photons will be improved by the inclusion of new
devices like Dual optical sensors and Multi-PMT Digital Optical Module
(mDOM) [232, ]. This upgrade will improve the neutrino oscillation
measurements, tau neutrino appearance observations and dark matter in-
direct detection bounds. IceCube Upgrade uses the optical sensors and
mDOM, which are to be used in IceCube-Gen2, a much larger avatar of

IceCube; hence it also serves in testing and calibrating these new devices.

IceCube-Gen? is proposed to be a ten km? neutrino detector with an
array of optical strings placed at a separation of 250 m, twice the distance
between present IceCube strings [234]. This is done to decrease the cost
and increase the number of neutrino events. Present IceCube has observed
only one candidate tau neutrino event and Glashow event each in the last 10
years. However, with the increase in the size of the detector, the number
of events should increase to one event per year. Also, as the size of the
detector increases, very high energy tracks and cascades can be contained in
the detector, and this increases our sensitivity to GZK and Glashow events
even more. With the increase in the number of events, the uncertainty in

the flux will come mainly from systematics.

PINGU is proposed to be the part located at the centre of IceCube-
Gen2, which consists of 60 DOMs with a horizontal spacing of around 5 m
between two strings. PINGU shall reduce the threshold for observation of
atmospheric neutrinos to 1 GeV, and will be used in the exploring neutrino

mass ordering problem.
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2.10.2 KM3NeT

KM3NeT will be around a cubic km array of optical sensors in the Mediter-
ranean Sea, which will be consisting of two parts Astroparticle Research
with Cosmics in Abyss (ARCA) and Oscillation Research with Cosmics
in the Abyss (ORCA) [1941]. The ARCA array will be 100 km offshore of
Italy, and its main function will be to study diffused astrophysical neutri-
nos, whereas the ORCA will be 40 km offshore of France, which will focus
on neutrino mass ordering. Three ARCA strings and one ORCA string
have already been established in the detector. When completed, ARCA
would consist of 115 strings with a height of 700 m spread in a square km
area, and ORCA will have six strings with a horizontal distance of 20 m

and 140 m height.

KM3NeT will be able to confirm the diffuse flux seen by IceCube
within a year of its operation, and due to its location in the Northern
Hemisphere [235], it will be able to explore the sources of neutrino flux in
partnership with IceCube. For neutrino energy greater than 100 TeV, its
angular resolutions are 0.1 degree and 2 degree for track and shower events

respectively, which are much better than the present IceCube detector [235].

2.10.3 Baikal-GVD

Baikal Gigaton Volume Detector (Baikal-GVD) is being built in Lake
Baikal, Russia [230]. A smaller cluster with 192 optical modules was de-
ployed in 2015 by the name of Dubna. This cluster was upgraded with the
deployment of more optical modules in 2016 and 2017. After the upgrade
in April 2018, Baikal GVD has a total of 846 optical modules arranged in
24 strings. By 2020-2021 Baikal GVD will have a volume of 0.4 km?. The

completed detector will have a volume of 2 km?.

Baikal GVD has observed 23 atmospheric events with a background
of 6 in the year 2016. The detector has searched for astrophysical cascade
events for observations between April 2016 and January 2017. Within this



2.10. Future Detectors 79

time it has observed around 5 events above 100 TeV. Due to its location
in the Northern Hemisphere, the detector can observe the sources in the

southern sky pretty well [230].

2.104 GRAND

Giant Radio Array for Neutrino Detection (GRAND) is proposed to be con-
structed as a huge array of antennae covering up an area around 20,000 km?
around China [237]. These antennae will detect radio signals given out ex-
tensive air showers produced when very high energy cosmic rays, gamma
rays or neutrinos interact with the rocks or atmosphere. Its energy thresh-
old will be 100 PeV. Tau neutrinos are expected to be the most dominant
detection channel for neutrinos at GRAND. As the mean interaction length
of EeV tau neutrino at earth is 290 km, only the neutrinos glancing the
Earth can reach the detector. The detection is based on the emission of
extensive air shower emitted due to the decay of tau produced when initial
tau neutrino interacts with the Earth. These air showers produce the radio

signal, which will be detected by the GRAND detector.

Currently, GRANDProto35, consisting of 35 antennae, are being de-
ployed in the Tian Shan, China. Around the year 2020, the deployment of
300 antennas will be done followed by 10000 antennas till 2025, and finally,
the completion is expected in 2030 when 2,00,000 km? of the area will be
instrumented making GRAND the largest detector in the world.

IceCube vs. KM3NeT: Future Prospects

The observation of the TXS 05064056 neutrino event, starts the era of neu-
trino astronomy. In the future, both IceCube Upgrade and KM3NeT would
have an improved potential of discovering new point sources of cosmic neu-
trinos. Further, the upcoming telescopes will lead to stronger constraints
on many proposed neutrino fluxes compared to present IceCube constraint,

discussed in Sec. 2.4.1. Owing to more sensitive detectors at IceCube-Gen2,
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the angular resolution of the cascade events are improved from 10 — 15 de-
grees to around 5 degree, above 200 TeV. At the same time, the resolution
for KM3NeT ARCA is less than 2 degrees for cascades. For tracks at energy
greater than 100 TeV, IceCube-Gen2 (ARCA) has a resolution less than 1
(0.1) degree, which will lead to a better probe for sources [2358]. For the
discovery of a point source, the neutrino signal should be greater than the
background, mainly consisting of muons and atmospheric neutrinos. The
discovery potential refers to a statistically significant excess from a point
source, e.g., a bo discovery potential for the sources with £~2 neutrino flux,
is shown in the right plot of fig. 2.15. The sensitivity, which is shown in
the left plot of fig. 2.15, is the upper limit of the allowed neutrino flux with
90% CL. As can be seen from the figure, both the discovery potential and
sensitivity of the KM3NeT/ARCA is an order of magnitude better than

IceCube for the southern sky and rather competing for northern sky [239].
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Figure 2.15. Left plot represents the sensitivities of the detectors at 90 percent
CL. The right plot represents the discovery potential for the sources [239].

From the fig. 2.16 it can be seen that IceCube-Gen2 with 15 years of
running time can improve the sensitivity of IceCube by a factor of around
4.5. But still, KM3NeT is more sensitive than IceCube-Gen2 when it comes

to pinpointing the sources of cosmic neutrinos in the northern sky.

The IceCube Upgrade with 7 additional strings and more sensitive de-
tectors at DeepCore, decreases the threshold of the lower energy neutrinos.

By the time of its deployment 2022—2023 [210], KM3NeT/ORCA will reach
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Figure 2.16. The blue solid, dashed lines represent the sensitivity and dis-
covery potential for IceCube-Gen?2 after 15 years of running. (Figure courtesy:
Ref. [241].)

its completion in 2023 [212]. Both IceCube Upgrade and KM3NeT/ORCA
will lead to a better measurement of oscillation parameters, tau normal-
isation and mass ordering. Tau normalisation is defined as the ratio of
measured v, events to expected v, events. By observing the disappearance
of v,, in the throughgoing events, and attributing the resulting the cas-
cade events to v, the neutrino telescopes measure tau normalisation. The
expected uncertainty in the tau normalisation for IceCube Upgrade is es-
timated to be 13% after three years of running at 90% CL [210]. Whereas,
ORCA estimate of tau normalisation uncertainty to be around 20% at 3¢
after one year [212]. Also, as the atmospheric v, pass through the Earth
matter, the probability of oscillation is very different from vacuum oscil-
lations. This helps to uncover the mass ordering of the neutrinos. Using
atmospheric neutrinos, IceCube is expected to reveal the mass ordering
with ~ 30 CL in 3-8 years, and ORCA will reach 3-60 CL in 3 years of
its running [224]. Thus IceCube Upgrade and IceCube-Gen2 are competi-
tive with both ARCA and ORCA, and the combined measurements from
these experiments are expected to improve our understanding of neutrino

oscillations and astrophysical sources.
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Chapter 3

Interactions of Astrophysical
Neutrinos with Dark Matter:

A model building perspective

IceCube has been designed to detect high energy astrophysical neutri-
nos of extragalactic origin. As discussed in the previous chapter, be-
yond neutrino energies of ~ 20 TeV the background of atmospheric neu-
trinos get diminished and the neutrinos of higher energies are attributed
to extragalactic sources [213]. However, there is a paucity of high energy
neutrino events observed at IceCube for neutrino energies greater than
~ 400 TeV [241]. There are a few events around ~ 1 PeV or higher, whose
origin perhaps can be described by the decay or annihilation of very heavy
new particles [180, , —250] or even without the help of any new
physics [119, , ]. In the framework of standard astrophysics, high
energy cosmic rays of energies up to 10%* eV have been observed, which
leads to the prediction of the existence of neutrinos of such high energies as
well [141, , |. In this context, it is worth exploring whether the flux of
such neutrinos can get altered due to their interactions with DM particles.
However, it is challenging to build such models given the relic abundance
of dark matter. Few such attempts have been made in literature but these
models also suffer from cosmological and collider constraints. Hence, in
this chapter, we take a model building perspective to encompass a large
canvas of such interactions that can lead to appreciable flux suppression at

IceCube. The results presented in this chapter are based on ref. [251].
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In presence of neutrino-DM interaction, the flux of astrophysical neu-
trinos passing through isotropic DM background is attenuated by a factor
~ exp(—noL). Here n denotes number density of DM particles, L is the
distance traversed by the neutrinos in the DM background and o represents
the cross-section of neutrino-DM interaction. The neutrino-DM interaction
can produce appreciable flux suppression only when the number of inter-
actions given by nolL is 2 O(1). For lower masses of DM, the number
density is significant. But the cross-section depends on both the structure
of the neutrino-DM interaction vertex and the DM mass. The neutrino-DM
cross-section might increase with DM mass for some particular interactions.
Hence, it is essentially the interplay between DM number density and the
nature of the neutrino-DM interaction, which determines whether a model
leads to a significant flux suppression. As a pre-filter to identify such cases
we impose the criteria that the interactions must lead to at least 1% sup-
pression of the incoming neutrino flux. For the rest of the chapter, a flux
suppression of less than 1% has been addressed as ‘not significant’. While
checking an interaction against this criteria, we consider the entire energy
range of the astrophysical neutrinos. If an interaction leads to 1% change
in neutrino flux after considering the relevant collider and cosmological
constraints in any part of this entire energy range, it passes this empiri-
cal criteria. We explore a large range of DM mass ranging from sub-eV
regimes to WIMP scenarios. In the case of sub-eV DM, we investigate the
ultralight scalar DM which can exist as a Bose-Einstein condensate in the

present Universe.

In general, various aspects of the neutrino-DM interactions have been
addressed in the literature [91, 92, 255-261]. The interaction of astrophys-
ical neutrinos with cosmic neutrino background can lead to a change in the
flux of such neutrinos as well [220, 221, 262-268]. But it is possible that the
dark matter number density is quite large compared to the number den-
sity of the relic neutrinos, leading to more suppression of the astrophysical

neutrino flux.

To explore large categories of models with neutrino-DM interactions,
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we take into account the renormalisable as well as the non-renormalisable
models. In case of non-renormalisable models, we consider neutrino-DM
effective interactions up to dimension-eight. However, it is noteworthy that
for a wide range of DM mass the centre-of-mass energy of the neutrino-DM
scattering can be such that the effective interaction scale can be considered
to be as low as ~ 10 MeV. We discuss relevant collider constraints on
both the effective interactions and renormalisable models. We consider
thermal DM candidates with masses ranging in MeV—TeV range as well
as non-thermal ultralight DM with sub-eV masses. For the thermal DM
candidates, we demonstrate the interplay between constraints from relic
density, collisional damping and the effective number of light neutrinos on
the respective parameter space. Only for a few types of interactions, one

can obtain significant flux suppressions.

In Sec. 3.1 we discuss the nature of the DM candidates that might
lead to flux suppression of neutrinos. In Sec. 3.2 we present the non-
renormalisable models, i.e., the effective neutrino-DM interactions cate-
gorised into four topologies. In Sec. 3.3 we present three renormalisable
neutrino-DM interactions and the corresponding cross-sections in case of
thermal as well as non-thermal ultralight scalar DM. Finally in Sec. 3.4 we

summarise our key findings.

3.1 Dark Matter Candidates

In this section, we systematically narrow down the set of DM candidates
we are interested in considering a few cosmological and phenomenological

arguments.

As mentioned in Sec. 1.8.2, the Lambda cold dark matter (ACDM)
model explains the anisotropies of cosmic microwave background quite
well. The weakly interacting massive particles are interesting candidates of
CDM, mostly because they appear in well-motivated BSM theories of parti-
cle physics. Nevertheless, CDM with sub-GeV masses are also allowed. The
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most stringent lower bound on the mass of CDM comes from the effective
number of neutrinos (Neg) implied by the CMB measurements from the
Planck satellite. For complex and real scalar DM as well as Dirac and Ma-
jorana fermion DM, this lower bound comes out to be ~ 10 MeV [91, 92].
Thermal DM with masses lower than ~ 10 MeV are considered hot and
warm DM candidates and are allowed to make up only a negligible fraction
of the total dark matter abundance [269]. The ultralight non-thermal Bose-
Einstein condensate dark matter with mass ~ 102! — 1 eV is also a viable
cold dark matter candidate [270]. In the rest of this chapter, unless men-
tioned otherwise, by ultralight DM we refer to the non-thermal ultralight
BEC DM. As discussed in Sec. 1.8.2, ultralight DM form BEC at an early
epoch and acts like a “cold” species in spite of their tiny masses [271]. Nu-
merous searches of these kinds for DM are underway, namely ADMX [272],
CARRACK [273] etc. It has been recently proposed that gravitational
waves can serve as a probe of ultralight BEC DM as well [271]. But the ul-
tralight fermionic dark matter is not a viable candidate for CDM, because
it can not form such a condensate and is, therefore “hot”. The case of

ultralight vector dark matter also has been studied in the literature [275].

The scalar DM can transform under SU(2), as a part of any multi-
plet. In the case of a doublet or higher representations, the DM candidate
along with other degrees of freedom in the dark sector couple with W=, Z
bosons at the tree level. This leads to stringent bounds on their masses as
light DM candidates can heavily contribute to the decay width of SM gauge
bosons, and hence, are ruled out from the precision experiments. More-
over, Higgs-portal WIMP DM candidates with mpy < my, /2 are strongly
constrained from the Higgs invisible decay width as well. The failure of
detecting DM particles in collider searches and the direct DM detection
experiments rule out a vast range of parameter space for WIMPs. In light
of current LUX and XENON data, amongst low WIMP DM masses, only
a narrow mass range near the Higgs funnel region, i.e., mpy ~ 62 GeV,
survives [276-278]. As alluded to earlier, the ultralight scalar DM can

transform only as a singlet under SU(2);, because of its tiny mass.
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We investigate the scenarios of scalar dark matter, both thermal and
ultralight, as possible candidates to cause flux suppression of the high en-
ergy astrophysical neutrinos. Such a suppression depends on the length of
the path the neutrino travels in the isotropic DM background and the mean
free path of neutrinos, which depends on the cross-section of neutrino-DM
interaction and the number density of DM particles. We take the length
traversed by neutrinos to be ~ 200 Mpc, the distance from the nearest
group of quasars [279], which yields a conservative estimate for the flux
suppression. Moreover, we consider the density of the isotropic DM back-
ground to be ~ 1.2 x 107 GeV ¢cm™® [280]. Comparably, in the case of
WIMP DM, the number density is much smaller, making it interesting to
investigate whether the cross-section of neutrino-DM interaction in these
cases can be large enough to compensate for the smallness of DM number

density. This issue will be addressed in a greater detail in Sec. 3.3.3.

3.2 Effective Interactions

In order to exhaust the set of higher dimensional effective interactions con-
tributing to the process of neutrino scattering off scalar DM particles, we
consider four topologies of diagrams representing all the possibilities as de-
picted in fig. 3.1. Topology I represents a contact type of interaction. In
case of topologies II, III, and IV we consider higher dimensional interac-
tion in one of the vertices while the neutrino-DM interaction is mediated

by either a vector, a scalar or a fermion, whenever appropriate.

vv DM DM effective interactions can arise from higher dimensional
gauge-invariant interactions as well. In this case, the bounds on such in-
teractions may be more restrictive than the case where the mediators are
light and hence, are parts of the low energy spectrum. In general low
energy neutrino-DM effective interactions need not reflect explicit gauge

invariance.

We discuss the bounds on the effective interactions based on LEP



Chapter 3. Interactions of Astrophysical Neutrinos with Dark Matter: A
88 model building perspective

monophoton searches and the measurement of the Z decay width. The

details of our implementation of these two bounds are as follows:

e Bounds from LEP monophoton searches

For explicitly gauge-invariant effective interactions, v DM DM inter-
actions come along with {*/~ DM DM interactions. ete™ DM DM interac-
tions can be constrained from the channel ete™ — v + F; using FEMC
data at DELPHI detector in LEP for 190 GeV < /s < 209 GeV. To ex-
tract a conservative estimate on the interaction, we assume that the new
contribution saturates the error in the measurement of the cross-section
1.71 £0.14 pb at 1o [281]. By the same token, we consider only one effec-
tive interaction at a time. The corresponding kinematic cuts on the photon
at the final state were imposed in accordance with the FEMC detector:
204 < E, (in GeV) < 91.8, 12° < 6, < 32° and 148° < 6, < 168°. Here
E, stands for the energy of the outgoing photon and 6, is its angle with
the beam axis. We use FeynRules-2.3.32 [282], CalcHEP-3.6.27 [283]

and MadGraph-2.6.1 [281] for computations.

Although here we considered gauge-invariant interactions, v DM DM
interactions can be directly constrained from the monophoton searches due
to the existence of the channel ete™ — ywv DM DM wvia a Z boson. But
such bounds are generally weaker than the bounds obtained from Z decay

which we are going to consider next.

wp~ DM DM interactions can contribute to the muon decay width
which is measured with an error of 107%%. However, the partial decay
width of the muon via 1 — v,e~ . DM DM channel is negligible compared
to the error. Hence, these interactions are essentially unbounded from such
considerations. The percentage error in the decay width for tauon is even

larger and hence, the same is true for 777~ DM DM interactions.

¢ Bounds from the leptonic decay modes of the Z-boson

The effective v DM DM interactions can be constrained from the

invisible decay width of the Z boson which is measured to be I'(Z —
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inv) = 0.48 £ 0.0015 GeV [280]. When the gauge-invariant forms of such
effective interactions are taken into account, [/~ DM DM interactions may
be constrained from the experimental error in the partial decay width of
the channel Z — [Ti7: AIN(Z — [Tl7) ~ 0.176,0.256,0.276 MeV for
¢ =e,u,7at 1o [280]. To extract conservative upper limits on the strength

of such interactions, one can saturate this error with the partial decay width

I'(Z — I*1- DMDM).

If such interactions are mediated by some particle, say a light 7’
then a stringent bound can be obtained by saturating AT'(Z — (*]~) with
['(Z — IT1~Z'). Similar considerations hold true for Z — v DM DM
mediated by a Z’. We note in passing that such constraints from Z decay

measurements are particularly interesting for light DM candidates.
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Figure 3.1. Topologies of effective neutrino-DM interactions. Fig. (a), (b),
(c) and (d) represent topology I, I, 11l and IV respectively.

3.2.1 Topology 1

In this subsection effective interactions up to dimension 8 have been con-
sidered which can give rise to neutrino-DM scattering. The phase space
factor for the interaction of the high energy neutrinos with DM can be

found in appendix 7.1.1.
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1. A six-dimensional interaction term leading to neutrino-DM scattering

can be written as,

1)
£> 9 (igv)(9* D), (3.1)

A2
where v is SM neutrino, ® is the scalar DM and A is the effective

interaction scale.

Now, for this interaction, the constraint from Z invisible decay reads
AV /A2 £ 8.8 x 1073 GeV~2. The bounds from the measurements of
the channel Z — [T]~ are dependent on the lepton flavours, and are
found to be: ¢t /A2 < 5.0x 1073 GeV~2, ¢!V /A2 < 6.0x 1073 GeV 2
and cgl)/A2 < 6.2 x 1073 GeV~2. The gauge-invariant form of this
effective interaction leads to a five-point vertex of vv®®~Z, which in
turn leads to a new four-body decay channel of the Z boson. Due to
the existence of such a vertex, the bound on this interaction from the
Z decay width reads ¢! /A2 < 9 x 1073 GeV~2. The electron-DM
effective interactions can be further constrained from the measure-
ments of eTe™ — v+ P, leading to cél)/A2 < 107* GeV~2. It can be
seen that for the effective interaction with electrons, the bound from
the measurement of the cross-section in the channel ete™ — ~v + Fr
can be quite stringent even compared to the bounds coming from the
7 decay width. Among all the constraints pertaining to such different
considerations, if one assumes the least stringent bound, the interac-
tion still leads to only < 1% flux suppression. The renormalisable
model discussed in Sec. 3.3.1 is one of the scenarios that leads to the

effective interaction as in eq. (3.1).

. Another six-dimensional interaction is given as:

(2)
Lo Cj\—Q(Wy)(@*a,,@ — $0,0%). (3.2)

The constraint from the measurement of the decay width in the

Z — inv channel reads 01(2)//&2 < 1.8 x 1072 GeV~2 for light DM.
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The bounds on the gauge-invariant form of the interaction in eq. (3.2)
from the measurement of Z — (+1~ reads ¢ /A% S 1.7x 1072 GeV~2,
AP /A < 1.2 x 1072 GeV~2 and P /A2 £ 1.3 x 1072 GeV~2.
The bound from the channel ete™ — ~ + Fp reads c?/A2 <
2.6 x 107° GeV 2. Even with the value 01(2)//\2 ~ 1072 GeV~2, such

an effective interaction does not give rise to an appreciable flux sup-

pression due to the structure of the vertex.

. Another five dimensional effective Lagrangian for the neutrino-DM

four-point interaction is given by:

3
LD ’TV‘CU d*P. (3.3)

The above interaction gives rise to neutrino mass at the loop-level
which is proportional to m#,,. This, in turn, leads to a bound on the

effective interaction due to the smallness of neutrino mass,

(3)
a_ < 1672 M 1.67T2< 16V>2( U )eV_l, (3.4)

A miy mpn/ \0.1eV

up to a factor of O(1). In the ultralight regime mass of DM < 1 eV.
Hence eq. (3.4) does not lead to any useful constraint on cl(?’) /A. The
constraint from invisible Z decay on this interaction reads c§3) JA <
0.5 GeV™!, independent of neutrino flavour. The gauge-invariant
form of this interaction does not contain additional vertices involving
the charged leptons and hence leads to no further constraints. For
such a value of coupling, there can be a significant flux suppression for
the entire range of ultralight DM mass, independent of the energy of
the incoming neutrino as shown in fig. 3.2. On considering the BBN
constraints on this interaction, the rate of vv — P at temperature
~ 2 MeV must be less than Hubble expansion rate. This leads to
a bound cl(s)/A < 2.5 x 107® GeV~! and the cross-section of 3.5 x
1073* eV~=2. Hence, mpy < 4 x 1078 eV can lead to a significant flux

suppression.
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In passing, we note that the interaction can be written in a gauge-
invariant manner at the tree-level only when A, a SU(2) triplet with
hypercharge Y = 2, is introduced. The resulting gauge-invariant term
goes as (cl(3) JA?)(L¢ L)®*® A. When A obtains a vacuum expectation
value va, the above interaction represents an effective interaction
between neutrinos and DM as in eq. (3.3). Such an interaction can
arise from the mediation of another scalar triplet with mass ~ A.
The LEP constraint on the mass of the neutral scalar other than
the SM-like Higgs, arising from such a Higgs triplet reads ma 2
72 GeV [285]. Furthermore, theoretical bounds, constraints from 7-
parameter and Higgs signal strength in the diphoton channel dictate
that ma 2 150 GeV [280] for va ~ 1 GeV. For smaller values of
va, such as va ~ 107% GeV, the bound can be even stronger, ma =
330 GeV. Moreover, the corresponding Wilson coefficient should be
perturbative, 01(3) < V/4r. These two facts together lead to cl(g) JA? <
2.5 x 107° GeV~2 for A ~ ma ~ 150 GeV. Such values of ¢{”) /A? are
rather small to lead to any significant flux suppression. While this is
true for a tree-level generation of this interaction via a triplet scalar
exchange, such interactions can be generated at the loop-level or by

some new dynamics.

The renormalisable case corresponding to the effective interaction in

eq. (3.3) is discussed in greater detail in Sec. 3.3.3 and Sec. 3.3.2.

. There can also be a dimension-seven effective interaction vertex for

neutrino-DM scattering:

)
L5 D (e 1)(9,8° 9, — 9,90, P). (3.5)

A3
Bound on this interaction comes from invisible Z decay width and
reads 01(4) /A3 < 2.0x1073 GeV~3. There is no counterpart of such an
interaction involving the charged leptons. Thus the gauge-invariant
form of this vertex does not invite any tighter bounds. Such a bound

dictates that this interaction does not lead to any considerable flux
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Figure 3.2. Cross-section vs. mass of DM. Blue line represents cross-section
for m, = 0.1 eV, cl(g)/A = 0.5 GeV~! for interaction (3) under Topology I.

Grey line represents the required cross-section to induce 1% suppression of
incoming flux.

suppression.

5. Another seven-dimensional interaction can be given as:

(5)
L5 L 9r(ev)9, (0 D). (3.6)

A3

From invisible Z decay width the constraint on the coupling reads
A JA3 < 7.5 x 10" GeV—3. The measurement of Z — [*1~ or LEP
monophoton searches does not invite any further constraint on this
interaction due to the same reasons as in case of eq. (3.3) and (3.5).
Due to such a constraint, no significant flux suppression can take

place in presence of this interaction.

6. Another neutrino-DM interaction of dim-8 can be written as follows:

®)
L5 L (50"1"1)(8,8°8,® — 9,90, P). (3.7)

A4

The coupling cl(6) /A* of interaction given by eq. (3.7) is constrained
from invisible Z decay width as /A% < 25 x 107° GeV—4,
The constraint on the gauge-invariant form of this interaction reads
01(6) JA* < 1075 GeV™*, which is similar for all three charged lep-

tons. The gauge-invariant form of the above effective interaction also

gives rise to five-point vertices involving the Z boson. These lead
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to bounds from the observations of Z — inv and Z — [T]~ which
read ¢/ /A% < 4.0 x 107° GeV~4 and ! /A% < 2.8 x 107° GeV
respectively. The bound from the process efe™ — ~®*® reads
9 /AT < 1.2x107% GeV—. Even with the least stringent constraint
among the different considerations stated above, such an interaction
does not lead to any significant flux suppression of the astrophysical

neutrinos.

3.2.2 Topology 11

1. We consider a vector mediator Z’, with couplings to neutrinos and

DM given by:

(7)
c
LD 1_2(61@)*81@) — VD)L, + [ Py 2, (3.8)

A
This interaction has the same form of interaction as in eq (3.7)
of Topology 1. Bound on this interaction from invisible Z decay
reads flclm JA? < 4.2 x 1072 GeV~2 The constraints on the gauge-
invariant form of such interactions are f.ct” /A2 < 5.8 x 1073 GeV =2,
FulD I ~ £ /A2 < 8.1% 1073 GeV~2. The bound on the process
ete™ — y®*® reads focl) /A2 < 1.9 x 1075 GeV~2.

For this interaction, the ®®*Z’ vertex from eq. (3.8) takes the form,

(7) (7
.C .C
Z_/lxg (p2-pa — M) (P2 +P4)“Z;/L ~ Z_/l\g mpm(Es — mpwm) (P2 +p4)MZ,/u

where p, and p4 are the four-momenta of the incoming and outgoing
DM respectively. In light of the constraints from Z decay, the factor
<cl(7)mDM(E4 —mpwm)/ AQ) is much smaller than unity when the dark
matter is ultralight, i.e., mpy < 1 eV and incoming neutrino energy
~ 1 PeV. The rest of the Lagrangian is identical to the renomalis-
able vector-mediated process discussed in Sec. 3.3.3 and Sec. 3.3.2.
Further the charged counterpart of the second term in eq. (3.8) con-

tributes to g — 2 of charged leptons and also leads to new three-
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body decay channels of 7. As mentioned in Sec. 4.8, the bounds on
the these couplings read f. ~ 107°, f, ~ 107% and f, ~ 1072 for
myz ~ 10 MeV. So among the constraints from different consider-
ations, even the least stringent one ensures that no significant flux

suppression takes place with this interaction in case of ultralight DM.

2. Consider a scalar mediator A with a momentum-dependent coupling

with DM,

(8)
Lo CZT@“@F@MA + fievA. (3.9)

Here, A can be realised as the neutral component of a SU(2).-
triplet scalar with ¥ = 2. A Majorana neutrino mass term with
m, = fiua also exists along with the second term of eq. (3.9), where
va is the vev of the neutral component of the triplet scalar. The
measurement of the T-parameter dictates, va S 4 GeV [280]. For
va ~ 1 GeV, the smallness of neutrino mass constrains the coupling

fi at ~ O(107'1). The mass of the physical scalar A is constrained

to be ma 2 150 GeV [230] for va ~ 1 GeV. For f; ~ O(1071)
and ma 2 150 GeV, such an interaction does not give rise to an

appreciable flux suppression for ultralight DM.

3.2.3 Topology III

We consider the vector boson Z’ mediating the neutrino-DM interac-
tion, with a renormalisable vectorlike coupling with the DM, but a non-
renormalisable dipole-type interaction in the vvZ’ vertex. The interaction

terms are given as,

9)
L5 CL (9", — $O, D) 2" + ClT(JcUWPLV)Z’W. (3.10)

This interaction can be constrained from the measurement of the invisible

decay width of Z. The flavour-independent bound on the coefficient cl(g)

reads, cgg)/A < 38 x 107% GeV~!. The interactions in eq. (3.10) can
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be realised as the renormalisable description of the effective Lagrangian
as mentioned in eq. (3.5). The BBN constraint on this interaction reads,
cl(g) /A < 2.5%107% GeV ™!, which disfavours any significant flux suppression
at IceCube.

10‘14 10‘16 10‘18 10 20

Energy (eV)

° -37
£ 10

0% 10° 10" o001 1
DM mass (eV)
(b)

Figure 3.3. (a) Cross-section vs. incoming neutrino energy. (b) Cross-section
vs. mass of DM. Grey line represents the required cross-section to induce 1%
suppression of incoming flux. The dashed and solid blue lines represent cross-
sections for myz = 5,10 MeV respectively, (a) with mpy = 0.5 eV and (b)

with £, = 1 PeV. In both plots, ¢!” /A = 3.8 x 107% GeV~' and C; = 1.

3.2.4 Topology IV

We consider the fermionic field F7, r mediating the neutrino-DM interaction
with
(10)

Lo Cj\—QEFRCI>|H|2 4 CLLFr® + h.c. (3.11)
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In eq. (3.11), after the Higgs H acquires vacuum expectation value (vev),
the first term reduces to the second term up to a further suppression of
(v?/A?). Following the discussion in Sec. 3.3.1, such interactions do not
lead to a significant flux suppression.

e Effective interactions with thermal DM

So far we have mentioned the constraints on several neutrino-DM interac-
tions in case of ultralight DM and whether such interactions can lead to
any significant flux suppression. Here we discuss such effective interactions
of neutrinos with thermal DM with mass mpy = 10 MeV. In case of ther-
mal DM, bounds on the effective interactions considered above can come
from the measurement of the relic density of DM, collisional damping and
the measurement of the effective number of neutrinos, discussed in detail
in Sec. 3.3.2. As mentioned earlier, the case of thermal DM becomes inter-
esting in cases where the cross-section of neutrino-DM scattering increase
with DM mass. For example, in topology II with the interaction given
by eq. (3.8), the neutrino-DM scattering cross-section is proportional to
<cl(7)mDM(E4 —mpwm)/ A2> which increases with DM mass. However, con-
sidering the bound on clm /A% from Z decay, the relic density and thus the
number density of the DM with such an interaction comes out to be quite
small, leading to no significant flux suppression. The following argument
holds for all effective interactions considered in this chapter for neutrino
interactions with thermal DM. The thermally-averaged DM annihilation
cross-section is given by (ov)y, o< (1/A%)(m3,/A?)?, where d = 0,1,2,3
for five-, six-, seven- and eight-dimensional effective interactions respec-
tively. In order to have sufficient number density, the DM should account

1. To comply with

for the entire relic density, i.e., (ov)y ~ 3 x 10725cm3s™
the measured relic density, the required values of A come out to be rather

large leading to small cross-section.
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3.3 The Renormalisable Models

3.3.1 Description of the models

Here we have considered three cases of neutrinos interacting with scalar

dark matter at the tree-level via a fermion, a vector, and a scalar mediator.

Fermion-mediated process

In this case, the Lagrangian which governs the interaction between neutri-

nos and DM is given by:

LD (CLEFR + CRZRFL)CI) + h.c. (312)

Here L and [g stand for SM lepton doublet and singlet respectively. Fp g
are the mediator fermions. As it was discussed earlier, a scalar DM of ul-
tralight nature can only transform as a singlet under the SM gauge group.
So, the new fermions F; and Fpr should transform as singlets and dou-
blets under SU(2), respectively. In such cases, the LEP search for exotic
fermions with electroweak coupling lead to the bound on the masses of
these fermions as, mp 2 100 GeV [287]. A scalar DM candidate can be
both self-conjugate and non-self-conjugate. The stability of such DM can
be ensured by imposing a discrete symmetry, for example, a Zs-symmetry.
A non-self-conjugate DM can be stabilised by imposing a continuous sym-
metry as well. For self-conjugate DM, the neutrino-DM interaction takes
place via s- and u-channel processes and such contributions tend to cancel
each other in the limit s, u < m% [270]. In contrary, for non-self-conjugate
DM the process is mediated only wvia the u-channel and leads to a larger
cross-section compared to the former case. In this chapter, we only con-

centrate on the non-self-conjugate DM in this scenario.

Such interactions contribute to the anomalous magnetic moment,
da; = g; — 2, of the charged SM leptons, which in turn constrains the value

of the coefficients C, zr. The contribution of the interaction in eq. (3.12)
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to the anomalous dipole moment of SM charged lepton of flavour [ is given

by [288]:

5&[ =

)

m? /1 (CL + Cr)*(z* — 23 + x2%—f) +(Cp — Cp)?(2? — 2 — xm%)
3272 J,

mEa? + (0 — )+ mby (1 — )

where m; is the mass of the corresponding charged lepton. In the limit
mpu <K m; < mp, the anomalous contribution due to new interaction

reduces to,

CLCle

) :
a 167T2mF

(3.13)

For electron and muon the bound on the ratio (C;Cr/167*mp) reads 1.6 x
1072 GeV~! and 2.9 x 1078 GeV~! respectively. There is no such bound

for the tauon.

v v Y v
I A A
|
A
/N
(I)/ 3 <I) (I)/ 4 A \(I)
4 ® s ~

Figure 3.4. Renormalisable cases of neutrino-DM scattering with (a) fermion,
(b) scalar and (c) vector mediator.

Scalar-mediated process

The Lagrangian for the scalar-mediated neutrino-DM interaction can be

written as:
LD fiL°LA + ga®*®|A]?, (3.14)

where L are the SM lepton doublets and A is the SU(2)p-triplet with

hypercharge Y = 2. When A acquires a vev va, the first term in eq. (3.14)
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leads to a non-zero neutrino mass m, ~ fjva. For va ~ 1 GeV and mass of
the neutrino m, < 0.1 eV the constraint on the coupling f; reads f; < 10711,
The second term in eq. (3.14) contributes to DM mass md,; ~ gavi. In
case the DM mass is solely generated from such a term, the upper bound on
va dictated by the measurement of p-parameter, implies a lower bound on
ga. The mass term for DM might also arise from some other mechanisms,
for example, by vacuum misalignment in case of ultralight DM. In such a

scenario, for a particular value of mpy and va there exists an upper bound

on the value of ga.

The lower bound on the mass of the heavy CP-even neutral scalar
arising from the SU(2)-triplet is ma ~ 150 GeV for va ~ 1 GeV [280],
which comes from the theoretical criteria such as perturbativity, stability

and unitarity, as well as the measurement of the p-parameter and h — 7.

Light Z’-mediated process

The interaction of a scalar DM with a new gauge boson Z’ is given by the

Lagrangian,
LD fl'Ey“PLLZL +ig' (P*OHD — CD@“CI)*)ZL. (3.15)

Here, f] are the couplings of the | = e, y1, 7 kind of neutrinos with the new
boson Z’, while ¢’ is the coupling between the dark matter and the media-
tor. f; can be constrained from the g — 2 measurements. Due to the same
reason as in the fermion-mediated case, the coupling of Z’ with T-flavoured
neutrinos is not constrained from g — 2 measurements. Constraints for this

case from the decay width of Z boson will be discussed in Sec V.
For the mass of the SM charged lepton, m; and the boson, my/, the
anomalous contribution to the g — 2 takes the form [283]:

12,2
1y

(5(11 ~ (316)

1272m?%,

We have considered vector-like coupling between the Z’ and charged lep-
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tons. For electrons and muons we find the constraints on couplings-to-

mediator mass ratio to be rather strong [230],

/ —6 ! 7
1! < 7% 10 | fu < 3 x 10 ‘
my 7 MeV my ~ MeV

(3.17)

From the measurement of N.g the lower bound on the mass of a light Z’
interacting with SM neutrinos at the time of nucleosynthesis reads mz 2

5 MeV [93].

3.3.2 Thermal Relic Dark Matter

In this scenario, the DM is initially in thermal equilibrium with other SM
particles wvia its interactions with the neutrinos. For models with thermal
dark matter interacting with neutrinos, three key constraints come from
the measurement of the relic density of DM, collisional damping and the
measurement, of the effective number of neutrinos. These three constraints

are briefly discussed below.

e Relic density

If the DM is thermal in nature, its relic density is set by the chem-
ical freeze-out of this particle from the rest of the primordial plasma.
The observed value of DM relic density is Qpyh?® ~ 0.1188 [250], which
corresponds to the annihilation cross-section of the DM into neutrinos
(ov) g ~ 3x1072°cm3s ™. In order to ensure that the DM does not overclose

the Universe, we impose

(ov) =3 x 107 %em3s™!, (3.18)

e Collisional damping

Neutrino-DM scattering can change the observed CMB as well as the struc-
ture formation. In presence of such interactions, neutrinos scatter off DM,
thereby erasing small scale density perturbations, which in turn suppresses

the matter power spectrum and disrupts large scale structure formation.
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The cross-section of such interactions are constrained by the CMB mea-

surements from Planck and Lyman-a observations as [258, 259],

T 2
L <1078 (mDM> ( 0 ) 2, 3.19
Tel “\Mev/\235 x 10-3ev/) ™ (3.19)

e Effective number of neutrinos

In standard cosmology, neutrinos are decoupled from the rest of the SM
particles at a temperature T,.. ~ 2.3 MeV and the effective number of neu-
trinos is evaluated to be Neg = 3.045 [289]. For thermal DM in equilibrium
with the neutrinos even below Ty.., entropy transfer takes place from dark
sector to the neutrinos, which leads to the bound mpy 2 10 MeV from
the measurement of N.g. It can be understood as follows. In presence of

n species with thermal equilibrium with neutrinos, the change in N.g is

encoded as [J1],
4N\-4/3 /T N4 n ooy
Vo= () (7) [V Xi(7)] B0
T~ \n T, +; T, (3:20)
where,
T, * *11/3
Z=[(%) =" (3.21)
T’Y g'y Tdecgu

Here, the effective number of relativistic degrees of freedom in thermal

equilibrium with neutrinos is given as

14 = 9; m;
= — (NS —F<—>>. 22
Iv =78 ( + 29" \T, (3.22)

In egs. (4.10) and (4.12), i = 1,..,n denotes the number of species in
thermal equilibrium with neutrinos, g; = 7/8 (1) for fermions (bosons)
and the functions I(m;/T,) and F(m;/T,) can be found in ref. [91]. For
a DM in thermal equilibrium with neutrinos and mpy < 10 MeV, the

contribution of F(mpwm/T,) to (1,/T,) is quite large, and such values of
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DM mass can be ruled out from Neg = 3.15 £ 0.23 [17], obtained from the

CMB measurements.

We implement the above constraints in cases of the renormalisable
models discussed in Sec 3.3. We present the thermally-averaged annihi-
lation cross-section (owv)y, and the cross-section for elastic neutrino-DM
scattering o.; for the respective models in table 3.1. The notations for the
couplings and masses follow that of Sec 3.3. In the expressions of (ov)p,
Pem can be further simplified as ~ mpyv, where v, ~ 1073 ¢ is the virial
velocity of DM in the galactic halo [92]. In the expressions of o, E, rep-
resents the energy of the incoming relic neutrinos which can be roughly

taken as the CMB temperature of the present Universe.

Two of the three renormalisable interactions discussed in this chap-
ter, namely the cases of fermion and vector mediators have been discussed
in the literature in light of the cosmological constraints, i.e., relic density,
collisional damping and Neg [92]. For a particular DM mass, the annihila-
tion cross-section decreases with increasing mediator mass. Thus, in order
for the DM to not overclose the Universe, there exists an upper bound to
the mediator mass for a particular value of mpy. With mediator mass less
than such an upper bound, the relic density of the DM is smaller compared

to the observed relic density, leading to a smaller number density.

Fermion-mediated Scalar-mediated Vector-mediated
4 P2 2 72 2mp N HPem 12 £12 P2
ov Cf——Fem em
< >th L127(m3),;+m%)? gAfl 32mm2,; (m% —4m3,,)? 9 f 37r(m2Z/ —4m2,()?
Oel C4_E5 IASTES g2 fE?
€ L 8n(mi,—m2)? 8rmi M 2rm?,

Table 3.1. Thermally averaged DM annihilation cross-section and the cross-
section for neutrino-DM elastic scattering for thermal DM.

As discussed earlier, the measurement of N.g places a lower bound
on DM mass mpy 2 10 MeV. DM number density is proportional to the
relic abundance and inversely proportional to the DM mass. Thus the
most ‘optimistic’ scenario in context of flux suppression is when mpy =
10 MeV and the masses of the mediators are chosen in such a way that

those correspond to the entire relic density in fig. 3.5. Such a choice leads
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to the maximum DM number density while satisfying the constraint of relic
density and N.g. As it can be seen from fig. 3.5, such values of mediator
and DM mass satisfies the constraint from collisional damping as well.
For example, as fig. 3.5(a) suggests, mpy ~ 10 MeV and mp ~ 2 GeV
correspond to the upper boundary of the blue region, which represents
the point of highest relic abundance. Similarly for the scalar and vector
mediated case, the values of mediator masses come out to be ~ 20 MeV

and ~ 1 GeV respectively for mpy ~ 10 MeV.

With the above-mentioned values of the DM and mediator masses,
the neutrino-DM scattering cross-section for the entire range of energy of
astrophysical neutrinos fall short of the cross-section required to produce
1% flux suppression, by many orders of magnitude. The key reason behind
this lies in the fact that for the range of allowed DM mass, corresponding
number density is quite small and the neutrino-DM scattering cross-section
cannot compensate for that. The cross-section in the fermion and scalar
mediated cases decrease with energy in the relevant energy range. Such a
fall in cross-section is much more faster in the scalar case compared to the
fermion one. Though in the vector-mediated case the cross-section remains
almost constant in the entire energy range under consideration. The cross-
section in the fermion, scalar and vector-mediated cases are respectively
105 — 108, 10%° — 10 and 107 orders smaller than the required cross-section
in the energy range of 20 TeV - 10 PeV. Thus we conclude that the three
renormalisable interactions stated above do not lead to any significant flux

suppression of astrophysical neutrinos in case of cold thermal dark matter.

3.3.3 Ultralight Scalar Dark Matter

Here we consider the DM to be an ultralight BEC scalar with mass
10721 —1 eV. The centre-of-mass energy for the neutrino-DM interaction in
this case always lies between O(1073) eV to O(10) MeV for incoming neu-
trino of energy ~ O(10) PeV depending on DM mass. We consider below

the models described in Sec. 3.3 to calculate the cross-section of neutrino-
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Figure 3.5. Mass of the mediator vs. mass of DM for (a) fermion-mediated,
(b) scalar-mediated and (c) vector-mediated neutrino-DM interactions. The
blue and pink regions are allowed from relic density of DM and collisional
damping respectively. The region at the left side of the vertical black line is
ruled out from the constraint coming from Ng.

DM interaction and compare those to the cross-section required for a flux

suppression at IceCube.
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Figure 3.6. Fermion-mediated neutrino-DM scattering. (a) Cross-section
vs. incoming neutrino energy. Green and blue lines represent cross-sections
for m, = 1072,1075 eV respectively with mp = 10 GeV. Red and orange
lines represent cross-sections for m, = 1072,107° eV respectively with mp =
100 GeV. Here Cr, = 0.88, mpm = 10722 eV. (b) Cross-section vs. mass
of DM. Green and red lines represent mp = 10,100 GeV respectively for
m, = 1072 eV. Here C;, = 0.88, E, = 1 PeV. Grey line represents the
required cross-section to induce 1% suppression of incoming neutrino flux.

Fermion-mediated process

The cross-section for neutrino-DM scattering through a fermionic mediator

in case of ultralight scalar DM is given as

Cﬁ (mz + 4mDME,,)
16mm3,

?

where m,,, E, are the mass and energy of the incoming neutrino respec-
tively, mpwm is the mass of the ultralight DM, and mp is the mass of the

heavy fermionic mediator. As the mass of the DM is quite small, at lower
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neutrino energies m?, > mpuF, and hence, the cross-section remains con-
stant. As the energy increases, the mpyF, term becomes more dominant

and eventually, the cross-section increases with energy.

Such an interaction has been studied in literature in case of ultralight
DM [255]. This analysis was improved with the consideration of non-zero
neutrino mass in ref. [256]. For example, from fig. 3.6(a) it can be seen
that the cross-section for m, ~ 1072 eV is larger compared to that for
m, ~ 107° eV. In fig. 3.6(b), with m, ~ 1072 eV, it is shown that no
significant flux suppression takes place for a DM heavier than 10722 eV
for mp ~ 10 GeV. However, it has been shown that the quantum pressure
of the particles of mass < 107%! eV suppresses the density fluctuations
relevant at small scales ~ 0.1 Mpc, which is disfavoured by the Lyman-«
observations of the intergalactic medium [72, ]. Also, the constraint on
the mass of such a mediator fermion, which couples to the Z boson with a
coupling of the order of electroweak coupling, reads mp = 100 GeV [287].
These facts together suggest that mpy ~ 10722 eV and mp ~ 10 GeV,
as considered in ref. [250], are in tension with Lyman-« observations and
LEP searches for exotic fermions respectively. If we consider m, = 0.1 eV
along with mprp = 100 GeV, it leads to a larger cross-section compared
to that with m, = 0.01 eV, which is still smaller compared to the cross-
section required to induce a significant flux suppression. Thus, taking into
account such constraints, the interaction in eq. (3.12) does not lead to any

appreciable flux suppression in case of ultralight DM.

Scalar-mediated process

As mentioned in Sec. 3.3.1, the bound on the coupling of a scalar mediator

< 0.1 eV. Moreover, the mass

~Y

A with neutrinos is quite stringent, fjva
of such a mediator are constrained as ma 2 150 GeV [280]. In this case,
the cross-section of neutrino-DM scattering is independent of the DM as
well as the neutrino mass for neutrino energies under consideration. As

fig. 3.7 suggests, the neutrino-DM cross-section in this case never reaches
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Figure 3.7. Cross-section vs. mass of DM in scalar-mediated neutrino-DM
scattering. The blue and grey lines represent the cross-section with scalar
mediator and the same required to induce 1% suppression of incoming flux
respectively. Here, energy of incoming neutrino F, = 1 PeV, mediator mass
ma = 200 GeV and figava = 0.1 V.

the value of cross-section required to induce a significant suppression of
the astrophysical neutrino flux for mpy = 1072! eV. As mentioned ear-

lier, DM of mass smaller than ~ 1072! eV are disfavoured from Lyman-o

observations.

Vector-mediated process

As it has been discussed in Sec. 4.8, the couplings of electron and muon-
flavoured neutrinos to the Z’ are highly constrained, ~ O(107° — 1079).
However, as discussed in appendix 7.4, for the tau-neutrinos such a coupling
is less constrained by collider observations, ~ O(1072). From fig. 3.8(a) it
can be seen that, in presence of such an interaction, an appreciable flux
suppression can take place for £, 2 10 TeV, with mz = 10 MeV, ¢'f' =
1073 and mpy = 1079 eV. Instead, if we fix £, = 1 PeV, it can be seen from
fig. 3.8(b) that the entire range of DM mass in the ultralight regime, i.e.,
10721 eV to 1 eV, can lead to an appreciable flux suppression. It was also
pointed out that a strong neutrino-DM interaction can degrade the energies
of neutrinos emitted from core collapse Supernovae and scatter those off
by an significant amount to not be seen at the detectors [291-293]. This

imposes the following constraint on the neutrino-DM cross-section [91, 293]:

o, pm S 3.9 x 1072 em™2 (mpy/MeV) for E, ~ Tsny ~ 30 MeV. It can

~Y
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Figure 3.8. Vector-mediated neutrino-DM scattering. (a) Cross-section vs.
incoming neutrino energy. (b) Cross-section vs. mass of DM. Blue and grey
lines represent the calculated cross-section and required cross-section to induce
1% suppression of incoming flux respectively. Here, the mediator mass my =
10 MeV, and the couplings ¢’ f' = 1073. For (a), mpu = 107¢ eV and for (b),
the energy of incoming neutrino £, = 1 PeV.

seen from fig. 3.8(a) that such a constraint is comfortably satisfied in our

benchmark scenario.

In the standard cosmology, neutrinos thermally decouple from elec-
trons, and thus from photons, near Ty, ~ 1 MeV. Ultralight DM with
mass mpy forms a Bose-Einstein condensate below a critical tempera-
ture T, = 4.8 x 107*/((mpm(eV))/?a) eV, where a is the scale factor
of the particular epoch [63]. When the temperature of the Universe is
T ~ Tyee, T ~ 480 MeV for mpy ~ 1076 eV, i.e., the ultralight DM
exists as a BEC. In order to check whether the benchmark scenario pre-

sented in fig. 3.8(a) leads to late kinetic decoupling of neutrinos, we verify
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if ny(Taee) 0v—pM Uy S H(Tyee). Here, n,(T) and H(T') are the density of

relic neutrinos and the Hubble rate at temperature 1" respectively,

T /Gerr T2
H(Tpe) ~ Y2 dee 55010716 oV,

V90 Mpy
n, ~ 0.0917;, ~ 1.14 x 10*" cm™. (3.23)

For t—channel process, mpy ~ 107% eV, mediator mass my ~ 10 MeV
and neutrino-DM coupling ¢'f’ ~ 1073, ! 5y ~ 1.5 x 107 cm™2. Thus,
at T ~ Tyee, 1y 08 v, ~ 4.2 x 10720 eV < H(T) with v, ~ ¢. However,
for s-channel process vv — PP, the bound from BBN on the coupling
g f S 6x1078, for my ~ 10 MeV and mpy < 1 eV; hence this interaction

does not lead to any significant flux suppression at ~ PeV.

3.4 Summary

High energy extragalactic neutrinos travel a long distance before reaching
the Earth, through the isotropic dark matter background. The observation
of astrophysical neutrino flux at IceCube can bring new insights for a possi-
ble interaction between neutrinos and dark matter. While building models
of neutrino-DM interactions leading to flux suppressions of astrophysical
neutrinos, the key challenge is to obtain the correct number density of
dark matter along with the required cross-section. The number density of
DM in the WIMP scenario is quite small compared to the ultralight case.
However, the neutrino-DM scattering cross-section for some interactions
increase with the DM mass. Thus, it is essentially the interplay of DM
mass and the nature of neutrino-DM interaction that collectively decide
whether a model can lead to a significant flux suppression. So, a study
of various types of interactions for the whole range of DM masses is re-
quired to comment on which scenarios actually give the right combination

of number density and cross-section.

Issues of neutrino flux suppression [255, , ], flavour conver-

sion [257, 261] and cosmological bounds [91, 92, , 259] in presence of



3.4. Summary 111

neutrino-DM interaction have been addressed in the literature. The exist-
ing studies of the flux suppression of astrophysical neutrinos involve only a
few types of renormalisable neutrino-DM interactions. The change in the
flux of astrophysical neutrinos in presence of only a few renormalisable and
effective interactions between neutrinos and DM has been discussed in the
literature [250, , 260]. As mentioned earlier, such studies suffer from
various collider searches and precision tests. We take a rigorous approach to
this problem by considering renormalisable as well as effective interactions
between neutrinos and DM and mention the constraints on such interac-
tions. Taking into account the bounds from, we investigate whether such
interactions can provide the required value of cross-section of neutrino-DM
scattering so that they lead to flux suppression of the astrophysical neutri-

nos.

In this work we have contained our discussion to scalar dark mat-
ter. Thermal DM with mass mpy < O(10) MeV can be realised as warm
and hot dark matter, whereas for mpy 2 O(10) MeV it can be realised
as cold DM. However, non-thermal ultralight DM with mass in the range
O(1072") eV — O(1) eV can exist as a Bose-Einstein condensate, i.e., as a
cold DM as well. In contrary to the warm and hot thermal relics, which
can only account for ~ 1% of the total DM density, ultralight BEC DM
can account for the total DM abundance. We consider three renormalisable
interactions viz. the scalar, fermionic and vector mediation between neutri-
nos and DM at the tree-level. Moreover, we consider up to dimension-eight
contact type interactions in topology I, and dimension-six interactions in
one of the vertices in topologies II, III and IV. We find the constraints
on such interactions from LEP monophoton searches, measurement of the
Z decay width and precision measurements such as anomalous magnetic
dipole moment of e and pu. In passing, we also point out that the demand
of gauge invariance of the effective interactions can lead to more strin-
gent constraints. For the thermal dark matter, we discuss the cosmological
bounds on the models coming from relic density, collisional damping and

measurement of effective number of neutrinos.
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In case of thermal DM of mass greater than O(10) MeV, for a partic-
ular DM mass, the value of mediator mass for renormalisable cases or the
effective interaction scale for non-renormalisable cases, required to comply
with the observed relic density, is too large to lead to a significant flux
suppression of the astrophysical neutrinos. For ultralight BEC DM, due to
stringent constraints from precision tests, collider searches as well as the
cosmological observations, only one dim-5 contact-type interaction from
topology I can give rise to significant flux suppression. A summary of all
the interactions under consideration along with ensuing constraints can be

found at appendix 7.3.

The effective neutrino-DM interactions considered in this work can
stem from different renormalisable models, at both tree and loop levels. In
order to keep the analysis as general as possible, in contrary to the usual
effective field theory (EFT) prescription, we do not assume any particular
scale of the dynamics which lead to such effective interactions. As a result,
it is not possible to a priori ensure that the effects of a particular neutrino-
DM effective interaction will always be smaller than an effective interaction
with a lower mass-dimension. Thus we investigate effective interactions up

to mass dimension-8.

The possibility of neutrino-DM interaction in presence of light me-
diators, for example a Z’ with mass ~ O(10) MeV, points to the fact
that effective interaction scale in such processes can be rather low. As
it was mentioned earlier, the centre-of-mass energy for the scattering of
the astrophysical neutrinos off ultralight DM particles can be quite small,
Vs < 10 MeV, for neutrino energies up to 1 PeV. Thus, it might be
tempting to try to interpret the effective interactions arising out of all
the renormalisable scenarios with mediator mass 2 10 MeV, i.e., even the
case of a Z' of mass ~ O(10) MeV, as higher-dimensional operators in an
EFT framework. However, it has been shown that the Z-decay and LEP
monophoton searches constrain both the renormalisable as well as effective
neutrino-DM interactions. Hence such an EFT description of neutrino-DM

interaction does not hold below the Z boson mass or /s;pp ~ 209 GeV.
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For this reason, it is not meaningful to match the bounds obtained in a
renormalisable model with mediator mass less than myz or \/s;gp, i.¢., the
model with a light Z’ as in Sec. 3.3.3, with the corresponding effective

counterpart in eq. (3.2).

It is also worth mentioning that the flavour oscillation length of the
neutrinos is much smaller than the mean interaction length with dark
matter. Hence, the attenuation in the flux of one flavour of incoming
neutrinos eventually gets transferred to all other flavours and leads to
an overall flux suppression irrespective of the flavours. The criteria of
1% flux suppression helps to identify the neutrino-DM interactions which
should be further taken into account to check potential signatures at Ice-
Cube. The flux of astrophysical neutrinos at IceCube also depend upon
the specifics of the source flux and cosmic neutrino propagation. In order
to find out the precise degree of flux suppression, one needs to solve an
integro-differential equation consisting of both attenuation and regenera-
tion effects [294], which is addressed in ref. [295]. But the application of
the criteria of 1% flux suppression, as well as the conclusions of the present
work are independent of an assumption of a particular type of source flux

or details of neutrino propagation.

In brief, we encompass a large canvas of interactions between neu-
trinos and dark matter, trying to find whether they can lead to flux sup-
pression of the astrophysical neutrinos. The interplay of collider, precision
and cosmological considerations affect such an endeavour in many different
ways. Highlighting this, we point out the neutrino-DM interaction which

may lead to flux suppression at IceCube.
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Chapter 4

Astronomy with Energy
Dependent Flavour Ratios of

Extragalactic Neutrinos

Traditional astronomy based on photons ceases to work for very high energy
gamma rays, above a few tens of TeV, as they get absorbed interacting with
background photons on their way to the Earth. Hence, it is rather difficult
to gather first hand information about the interiors of the astrophysical
objects like AGN, GRB, etc. at very high energies. However, these objects
are expected not only to emit photons, but also cosmic rays and neutrinos
with extreme energies stretching up to EeVs or more. As neutrinos interact
only weakly, astronomy with high energy astrophysical neutrinos seem quite
promising. IceCube has seen such neutrinos up to a few PeV and future
upgrades are designed to improve the statistics. We have already been
able to ‘look’ into the interiors of the Sun through neutrinos and now
we aspire to do the same for these astrophysical objects. However, the
matter density in these astrophysical objects is usually too low to affect
neutrino propagation. While this allows the neutrinos to stream out of
these objects unhindered, very little information about the interiors are
usually carried by these neutrinos. This is the main stumbling block of
astronomy with the high energy astrophysical neutrinos, compared to the
same with photons, which of course is effective only at lower energies. We
propose in this section that if the dark matter is ultralight, then even

a feeble interaction of neutrinos with DM inside these objects may help
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circumvent such shortcomings of neutrino astronomy.

In the standard scenario, astrophysical neutrinos are produced from
charged pion decay, yielding a flavour ratio v, : v, : v, = 1:2: 0. Then
these neutrinos undergo vacuum flavour oscillations to reach Earth with
a flavour ratio v, : v, : v, = 1 : 1 : 1, independent of the energy of the
neutrinos. We show that this picture takes a blow once these neutrinos are
allowed to interact with a surrounding ultralight dark matter halo. The

results presented in this chapter are based on ref. [290].

Building models for neutrino-dark matter interactions that lead to
appreciable flux suppression is rather challenging [251]. Such interactions
can lead to a lack of temporal coincidence between the observation of elec-
tromagnetic signals and neutrinos from GRBs [297]. On the other hand, the
strength of such interactions may be feeble enough to lead to any apprecia-
ble flux suppression at the IceCube, but these can severely affect neutrino
oscillations in regions where the dark matter number density is significant.
We show that this leads to an energy dependent flavour ratio which drasti-
cally differs from the standard expectation of flavour-universal flux of such
neutrinos. This also predicts different flavour ratios for neutrinos and anti-
neutrinos. Although it is the dark matter interactions with the neutrinos
that influence the neutrino oscillations, to match the standard literature,

we refer to this as ‘matter effects’ in this chapter.

The role of DM-neutrino interactions to preserve the source flux ratio
during propagation has been reported [298]. The fact that such interac-
tions might help in finding out DM distribution is not that surprising. But
the fact that it does so by imprinting the dark matter halo profile in the
energy dependence of neutrino flavour ratios is rather intriguing. Alterna-
tively, such an energy dependence might even originate at the source [299].
Various implications of the measurement of neutrino flavour ratios at Ice-
Cube have been studied in the literature, such as constraining certain new
physics scenarios [300-302], neutrino decay [303, 304], testing the unitarity

of mixing matrix [305], contributions from exotic sources [306, 307], etc.
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The chapter is organised as follows: In the next section, we discuss
certain general aspects of the neutrino sources relevant for this chapter,
such as DM density profile, relation to black hole mass, etc. In Sec. 4.2
we lay down the formalism to evaluate the neutrino flavour ratios in the
presence of a DM potential. The energy dependencies of flavour ratios and
track to shower ratio at IceCube have been discussed in Sec. 4.3. Subse-

quently, we summarise our key findings.

4.1 Neutrino Astronomy

From Sec. 1.8.2 we know that ultralight scalar DM, is an attractive candi-
date to address the problems on smaller galactic scales [308-311]. In the
case of BEC ultralight DM the associated quantum pressure compensates
for the gravitational pressure, forming a constant density structure at the
centre, called ‘solitonic core’ [19, (4, 64=66]. This core has an uniform den-
sity at the centre, but the density falls abruptly at some radial distance.
This has been confirmed by numerical simulations. Various analytical cal-
culations of ultralight DM profile, both in the presence and the absence of
a BH at the centre of the galaxy has been carried out [311-316]. While pre-
senting our results we have considered following DM profile of the solitonic

core, in the presence of a SMBH of mass Mgy [311]:

p(r) = poexp(—r/a), (4.1)
where
! (12)
a=——-— .
GMBHm%M

and pg is related to the mass of the solitonic core M, as

MsolM® _3
=Y 4.3
po=—g P, (4.3)

with Mg as the solar mass.

The mass of SMBH and the solitonic core can be related by a scaling
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Mgy ~ Mﬁﬁ; for mpy ~ 10722 €V [316]. On the other hand, an empirical
formula has been proposed to relate the SMBH and halo mass using Sersic
index and stellar velocity dispersion [317, ]. There have also been at-
tempts to predict the shape of the core using velocity dispersion [314, ].
We show that the future neutrino telescopes can complement the tradi-
tional telescopes providing valuable inputs related to the shape of the DM
profiles of various astrophysical objects. The core models of AGN are ex-
amples of the kind of astrophysical objects we are referring to. Although,
the acceleration mechanism for the cosmic rays and sites for shocks are not
known, for our purpose, it is safe to consider a situation in which neutrinos
are produced from the charged pions originating from the interaction of ac-

celerated protons with photons in the corona around a distance ~ 10-40R;,

where Rs = 2G' Mgy is the Schwarzschild radius of the black hole [319-321].

To get a feel for the length scales under consideration, let us consider
Mgy ~ 10°Mg, for which R, ~ 5 x 107® pc. The neutrino emission takes
place around a distance 10~7 pc from the centre, where the DM density of
the solitonic core is uniform, considering mpy ~ 3x 1077 eV. According to
eq. (4.2), this combination of Mgy and mpy leads to a = 107¢ pc, around
where the core meets its edge. After this radial distance, the density of
DM halo is drastically less. The sharp fall in the DM density at the edge
can induce non-adiabaticity in the neutrino oscillation probability, which
will in principle make neutrino astronomy possible determining the shape
of the core. Here, the oscillation length of a neutrino of energy 1 PeV can
only be as large as ~ 107'2 pc. This reaffirms the fact that the oscillations
do get averaged out while these neutrinos come out of these astrophysi-
cal objects. The aforementioned relations between the SMBH, halo, and
soliton masses are under substantial investigation in the literature, which
we will mention later on. As a consequence, in this chapter, we consider
po and a as the parameters describing DM profile while demonstrating the

energy dependence of the flavour ratios.

As mentioned earlier, due to the low matter density in these envi-

ronments, the standard matter effect due to electrons is negligible. But
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the ultralight mass of the DM results in a sizable number density, leading
to a substantial matter effect from v—DM interactions. As we will show
in the next section, the potential induced by such interactions drastically
affect neutrino oscillations, so that the DM profile gets imprinted on the
energy dependence of the flavour ratios of neutrinos detected at neutrino

telescopes.

4.2 Neutrino Oscillations in a dark matter

halo

Various aspects of neutrino-DM interactions have been studied in the liter-
ature [117, , , , , , , , 322-325]. An encyclopedia of
interactions of neutrinos with ultralight scalar DM leading to an effective
vertex v-v-®-®* can be found in ref. [251]. Most of these interactions are
severely restricted by the ensuing interactions of the corresponding charged

leptons implied by the SU(2), invariance.

As an example, for the vectorial type of interaction,
LD fc’wﬂoﬁ“PLLﬁZL +ig'(®70"® — ®O'P") 7],

the constraints on the effective strength, €5 = f/5 ¢'/m%,, are as follows:

In order to avoid anomalous energy loss in sun, one must ensure €, <

~Y

1073 eV~2 [326]. LHC bounds from heavy Z’ searches can be used to

obtain €,, < 1.5 x 10726 eV 2 |. Bounds on flavour violating charged

S [

lepton decays translate to €,, < 1073 eV =2 [328], €, < 10740 eV =2 [320],

~

and €. < 4x10732 eV~2 [329]. On the other hand, the constraints on ¢, are
comparatively less stringent. The most stringent bound on €, comes from
the measurement of partial Z decay width I'(Z — 7777) which reads €., <
1.3 x 10720 eV~2 [254]. Hence, we explore the possible impact of matter

effect on the flavour ratio of astrophysical neutrinos due to €., at IceCube

and future neutrino observatories. For very light dark matter, depending on
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the model behind neutrino—-DM interactions, given the rather relaxed limit
mentioned above, €,, can also influence neutrino oscillations. Although
for simplicity, here we will consider only €., to be non-zero, the analysis
can easily be extended to incorporate effects of ¢, as well. Note that, as
discussed in Sec. 3.3.3, to prevent ultralight DM from being thermalised
in the primordial soup, the Big Bang nucleosynthesis (BBN) constraint

demands € < 6 x 10722 eV 2 for all flavours.

In passing, a comment on feasibility to build such a model that allows
only the third generation leptons to interact with DM seems quite pertinent.
Such a scenario can easily be realised if such an interaction is mediated by

a Z' vector boson, that related to a gauged U(1), symmetry [254]:
L5 ig (90, — ®,0°) 2" + [, 2" (4.4)

On integrating out Z’, for /s < mz:, the Lagrangian takes the form

qf
m2z/

LDi (00,0 — 0,9, .

This leads to an interaction strength G% = ¢ f/m%,. Henceforth, G is
synonymous with €., in this chapter. A UV-complete model accommodat-
ing the renormalisable neutrino-DM interaction in presence of such a light

7' mediator is discussed in appendix 7.4.

In the non-relativistic limit a complex field can be decomposed as,

1

_ ﬂTDMe*mDM (T 1) . (4.5)

o(7, 1)
The conserved current for the scalar interaction in eq. (4.4) is J, =

i(¢* 0,0 — ¢ 0,0%). Using eq. (4.5) the conserved charge comes out to be

. . 2
Jo=i(¢d—ggry = L (4.6)

mpwm

Here we have used that in the non-relativistic limit w < mpy¥. Moreover,

the energy-momentum tensor for a complex scalar field is T* = 9*¢* 0" p+
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0" ¢* o' — oM L. Using eq. (4.5) and Vo, Vo =0,
T = |6 + minlo® = [0 .

But also, T% = p. At the non-relativistic limit, the interaction in eq. (4.5)

becomes
L2iG(¢" ¢ — ¢ d*)viv . (4.7)
Using egs. (4.6) and (4.7),
LD Gru(p/mpm) Vv = Grnpuv'v (4.8)

Therefore, while passing through the DM halo, neutrinos will experience a

potential
&

mpwm

‘/7'7':

p(r). (4.9)

Several other models can also lead to v-DM interactions of desired
strength [254]. For these other interactions with different momentum de-

pendencies, the resultant potentials simply differ by factors of mpys.

In the presence of potential V.., the Hamiltonian governing the evo-

lution of neutrinos is augmented by a ‘matter’ term as follows:

0 0 0 00 0
Hg=——-U 2 Ut — 4.10
"3BT o) 0 Am3, 0 00 0 |, (410
0 0 Ami 0 0 Vi (r)

where U stands for the PMNS matrix in vacuum and the redshift z is
indicative of the location of the neutrino source from the Earth. E is the
energy of the neutrino at earth. As mentioned in Sec. 1.7, due to CP

symmetry for antineutrinos V., flips its sign.

H.s has to be diagonalised to compute the modified PMNS matrix
in the presence of the DM potential. Owing to the extreme density at the
core of these astrophysical objects, the first term in eq. (4.10) is negligible
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compared to the second term for extremely energetic neutrinos. As a result,
U®, the PMNS matrix at the source of production, becomes an identity
matrix for £ 2 50 PeV. At the Earth, however, both the terms in eq. (4.10)
should be taken into account for computation of U”, the PMNS matrix at
the detector. In this case, z = 0, and U” depends on energy of the neutrino
as recorded on earth and the combination G’ /mpy;, that decide the value

of V... at the detector.

The mean free path of neutrinos at earth due to neutrino scattering
off electrons, in the SM scenario, is around 10* km for £ = 1 PeV [10, 213].
Therefore, around 60% of neutrinos are absorbed for cosf; = —0.3 [213]
(zenith angle 0, = 107°). As n.o,.L ~ 1, this scattering disrupts the
effect of neutrino oscillation, modifying the arrival direction and energy
spectrum. Therefore, we do not see any MSW effect for neutrinos passing
through the Earth as neutrino absorption is the dominant effect at such

energy.

Large DM density at the core leads to a considerable shift of the values
of the effective mixing angles from the vacuum mixing angles. Moreover, a
sharp change in the density profile may give rise to non-adiabaticity. Fol-
lowing Sec. 1.7, from eq. (1.32), the neutrino flavour oscillation probability

is given by,

Pop = Ul |U5I" — P5(IULI — U5 (U — 1Ug)

= PLPG(ULP = U (UG = U5 . (411)

Here, we use the convention of summation over repeated indices, which will
be followed in the rest of the chapter too. Note that, the first term on the
right is the adiabatic contribution after neutrino oscillations get averaged
out as the oscillation length is much less than the distance traversed. The
rest of the terms contribute only when some non-adiabaticity is present.

Py stands for the jumping probability between the two mass eigenstates v;
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and v; and is given by:

- T Fij
eXp(_§’YZR‘FlJ> - eXp(_aygsiHQJQij)

Py = , (4.12)

r R Fij
L= eXp(_gﬁyij sin? Hij)

where ;5 is the non-adiabaticity parameter, which at the resonance is given

by
Am?; sin® 20;

2F cos 20, |dInp/dr|g

V= (4.13)

7ij ~ 0 corresponds to extreme non-adiabaticity. A significant amount of
non-adiabaticity, leading to transitions between different mass eigenstates,
can be induced in our case due to the interplay of the extreme energy of
the neutrinos and the density gradient of DM at the edge of the solitonic
core inside an AGN. For the profile given by eq. (4.1), |[dInp/dr|g = 1/a

and

i 2 1/2 1 —tan%6,;, if 0, <nw/4
4Im/db( "+ 1) ’ =
0

= (4.14)
btan 29” + 1) 1— COt2 Qij, if Qij > 7T/4 .

Energy dependence in P, creeps in through U” and Py Note that
in eq. (4.11), P,s denotes the probability of oscillation from the flavour
a to  and it differs from Pg, due to the different DM densities at the
source and the detector. Within this chapter, due to the only non-zero V.,
component, v; never jumps to v, and vice versa, so that Pj, = P5; = 0.
Also, one needs to be cautious in reading off eq. (4.11). Here, for the non-
adiabatic contributions only those terms relevant for the scenario has to be
taken into account. For example, if the 31 resonance is followed by a 32
resonance, only the term Px, Ps; has to be included in the term responsible
for two resonances. In principle, depending on the density profile of the
DM, eq. (4.11) can easily be extended to include terms with more than two

resonarces.

While presenting numerical estimates we use the following set of pa-

rameters obtained from a global fit [37, | of solar, atmospheric, reactor
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and accelerator neutrino oscillation experiments : 615 = 33.8°, 053 = 48.6°,
013 = 8.6°, dcp = 1.227m rad. This set corresponds to the normal hierarchy

2

of the neutrino masses, with Am2, = m2 — m2 = 2.53 x 107® eV? and

Am3, =m3 —m3 =7.39 x 1075 eV

Around the Earth, the density of the galactic dark matter halo does
not vary rapidly enough to induce any non-adiabaticity to neutrino oscil-
lations. Hence, the results are independent of the choice of DM profiles
in our galaxy. However, the DM density at earth is important to esti-
mate the adiabatic contributions to the probability, and we take it to be
0.4 GeV/cm?® [331]. Hence, for the DM profile considered here, there are
four quantities that determine the probability of oscillations: the redshift z,

the parameters related to the solitonic core py and a, and the combination

G}:/TTLDM

4.3 Energy dependence of flavour ratios

Neutrino flavour ratios at the detector is related to the same at source as

follows

f5 = Pagfs. (4.15)

Clearly, in the case of vacuum oscillations, for the source flux ratio 1 :1: 1,
the flavour ratio at earth remains 1 : 1 : 1. If the ratio at sourceis 1: 2 : 0,

then the flavour ratio at the detector
1P = Py +2P,5 = [Uni2(|Ual? + 2/Ua]2). (4.16)

This leads to fP : fP : fP ~1:1:1. For 613 = 0, the equality is exact.
While these favour ratios at earth are energy independent, as we will further

discuss, neutrino-DM interactions may induce an energy dependence.

In the presence of large matter effect, the mixing matrix at the

source deviates significantly from that at vacuum. In matter, sin 2604 =

Am2, sin2013/[(2EV,, — Am2, cos 2013)% + (Am2, sin 26,3)%"/? and as F
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is large, 2BV, > Am3, cos 20,3, leading to a vanishingly small sin 26M.
Similarly, sin 202{ also becomes small at large values of E. As E increases
further, the vacuum oscillation term of the Hamiltonian can be neglected

and the mixing matrix tends to identity.

In the case of adiabatic oscillation, due to a large matter effect in-
duced by neutrino-DM interaction, the flavour ratios of the (anti)neutrinos
at the source are preserved [2938]. Here we focus on a more general and
interesting possibility of non-adiabatic flavour transition which can change
flavour ratio at IceCube. As eq. (4.11) indicates, the probability of flavour
transition in such a general scenario depends on U®, UP| P, and P%,.
These in turn depends on G /mpy, a, and the DM density at the detector
and source. As discussed in Sec. 4.2, with the best-fit values of the PMNS
mixing angles considered here, 63 and 6,3 lie in the second and first quad-
rants respectively. Thus, the resonance condition, 2E5VTT = Am?j cos 20;;
is satisfied for the negative and positive values of the potential for 15 = 32
and ij = 31 respectively. According to eq. (4.13), for a fixed value of E,
the condition for non-adiabatic oscillation, yg < 1 is satisfied for two dif-
ferent values of a for the 32 and 31 transitions. For £ < 1 PeV, v3; S 1
is obtained for a < 1073 pc for positive V.., whereas, for negative V..,
32 S 1 for a < 107° pe. Henceforth, we consider V,, to be positive for
neutrinos and thus, negative for antineutrinos. In the following, we discuss
the energy dependence of the flavour ratios for different values of a with

Po = 7.4 x 1072 eV* and G}/mDM = 10713 eV 3.

e For ¥ < 1 PeV, both neutrinos and antineutrinos undergo adiabatic
transition for a > 1073 pc. Hence, the flavour ratios at the detector

can be written as
f8 = Papfd =|ULPIUSP TS = WURPIUSE + 2lUR PIUS.

As U® tends to an identity matrix at high energies, the above rela-
tion simplifies to 5’ = |Ug|* + 2|U%)[>. With increasing energy, the

off-diagonal terms of U” decrease as well. Thus the fraction of v,
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Figure 4.1. Energy dependence of flavour ratios for (a) neutrinos () and
(b) antineutrinos (f2), and (c) the average of neutrinos and antineutrinos
(FP). The blue, orange and green lines represent flavour ratio for e, ;1 and 7
flavours. Solid and dashed lines stand for a = 107° pc (non-adiabatic case)
and a = 5 pc (adiabatic case) respectively.

increases and v, nearly diminishes at higher energies. As a result,
at energies E 2 50 PeV, the flavour ratio at the detector becomes

1:2:0, the same as the flavour ratio at source. This can be seen
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in fig. 4.1 for a = 5 pc, which corresponds to the adiabatic case. As
it can be seen from eq. (4.2), such a value of a can be achieved for

MBH = 105 M@ and mpmMm = 1.3 x 10_20 eV.

In the case of neutrinos, for the benchmark a = 107° pc, there is a
significant violation of adiabaticity only for the jumping of v; to v
for £ 2 1 PeV. Hence, the ratio of electron neutrinos at the detector

is given as
£2 = UEPIUGP 3 = Pa(lUSRP = 1USP (UG = U5 f2.

As mentioned earlier, for fixed value of py and G’%, as the energy
increases the effective Hamiltonian is dominated by the matter po-
tential term. Thus the mixing matrices Us and Up tend to iden-
tity matrix leading to f? = 1 — P%. For the benchmark shown in
fig. 4.1(a) with @ = 107 pc, P§ increases with energy and finally
attains a constant value of P§; ~ 0.98. As a result, f” decreases
with energy and eventually saturates. Similarly, the ratio of muon

neutrinos at high energies simplifies to,

£ = 2AURPIURLP = 2P (UL P = UsP) UL P — [U5P)
=P (Ul = U (VAP = [US*)

e

~ 2= Py(|Ual* = Ul

For this benchmark, the combination of the off-diagonal elements
(IUR1? —UI?) decreases with increasing energy. Thus, f increases
with energy. Also, the fraction of tau neutrinos at high energies

simplifies to,
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—Pa(|UA P = U0 - U5
~ —Pu(|UAP" = U

Subsequently, as it can be seen from fig. 4.1(a), for a = 1075 pc, the
flavour ratio for neutrinos tend towards 0 : 2 : 1 at higher energies.

e The flavour ratios for electron and muon antineutrinos after non-

adiabatic transition can be simplified to

f& _ JUSRP + 20U - 2P5,([Us° — U5
f7 2|U,517(1 = P5,)

With increasing energy the off-diagonal terms in UP decrease and P,
increases before it finally saturates. As an example, for a = 107° pc,
P%, attains a value of ~ 0.43 for £ > 3 PeV. Thus, f2 increases and
[P decreases at higher energies, leading to fP/f? = 1/(2—2P5,) ~ 1
for £ 2 10 PeV. This has been shown in fig. 4.1(b).

At IceCube, the flavour ratios of astrophysical neutrinos are extracted
from the track to shower ratio. For bin (Fyin, Emas) the number of tracks

(Nr) and shower (Ng) at IceCube are evaluated as

Emaz
Ng = 47TT/ dE{¢peAc + (1 = pD)p-Ar + (1 = pl) ALY,

Emin

Emaz
Np = 47T / dE{pLo-Ar + )b ALY

Emin

Here A;, ¢, and p! are the effective area [332], neutrinos flux at earth and
the probability of neutrino of flavour [ to produce a track event respectively.
Taking small energy bins, ¢; and A; are constants and the ratio of Ny to

Ny is approximately

& . p;‘,jquAT + pz:gbuAu
Ns  ¢e(E)Ac(E) + (1 = pL)orAr + (1 = pl)uAu’

[P = WUAPIAR + 2USP UL = 2P5 (VAP = [URP) (UL — U
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Figure 4.2. Track to shower ratio vs. neutrino energy for varying values of
(a) radius of the solitonic core a, (b) DM density at its centre py, and (c)
G’ /mpm. In (b), the solid and dotted lines correspond to a = 1 pc (adiabatic
case) and 107° pc (non-adiabatic case) respectively.
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The probability of obtaining a track from muon and tauon neutrino is

evaluated as

cc
O'CCM
- CC o N.MNC
o o % BR(T — l/T,UJ/u>MCC
Ve NV

where MZCC(NC) is the effective mass of detector for CC (NC) interac-
tion [332]. Using BR(7 — wv,up,) ~ 17%, the probability of obtaining
a track from a v, and v, are approximated as 0.8 [333] and 0.13 respec-

tively. Thus the track to shower ratio reads:

Ntrack - O8A,u,qu+013ATf7_D
Nshower B AefeD + 0214“']['}? + 087147—‘]07{3’

(4.17)

where [P = ¢/(¢e + ¢ + 1)

At lower energies, both electromagnetic shower produced by v, and
hadronic shower by v, lead to cascade signatures at IceCube. Thus, at
lower energies, track to shower ratio is the only probe of the flavour ra-
tios. But for energies higher than ~ PeV, v, can leave distinguishable
signatures in the form of double bang and lollipop events. Moreover, it
has been pointed out that, hadronic showers can be distinguished from
electromagnetic showers in the TeV-PeV range by means of a new observ-
able called ‘pion and neutron echos’ [331]. If such a distinction of electron
and tau neutrino events are successfully performed, the flavour ratio can
be known with an unprecedented accuracy after a substantial livetime of

IceCube-Gen2 operation [211].

In the following, we discuss the change in the track to shower ratio for
varying values of a, pg, and G’ shown in fig. 4.2. Note that, we also take
into account the contributions of antineutrinos while computing the track
to shower ratio. The effective areas for neutrinos and antineutrinos are
the same except for the electron flavour due to the possibility of hadronic

shower induced by 7, at E ~ 6.3 PeV.
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e Dependence on a:

In fig. 4.2(a) we have shown the changes in track to shower ratio for
a = 107" pc, 1072 pe, and 1 pc with fixed values of py = 1072 eV* and

"=/mpym = 1071° V73, As mentioned in Sec. 4.2, with the neutrino
energies considered in this chapter, both neutrinos and antineutrinos
undergo adiabatic transition for a = 1 pc. Similarly, for a = 107 pc,
both neutrinos and antineutrinos undergo non-adiabatic transitions.
However, for a = 1073 pc, only neutrinos can have non-adiabatic

transition.

As can be seen from fig. 4.1(b), for a = 107° pc, fz ~ fz and fr ~ 0 at
higher energies. On the other hand, for a = 1073 pc the antineutrinos
propagate adiabatically leading to the flavour ratio ~ 1 : 2 : 0 at
high energies. Thus, the value of track to shower ratio is larger for

a = 1073 pc compared to the case of @ = 107° pec.

Following the previous logic, one may apparently expect the track to
shower ratio to be higher for a = 1 pc compared to a = 1072 pc. But,
as it was shown in fig. 4.1(a), the ratio f’/(f” + fP) is higher for the
non-adiabatic case compared to the adiabatic case. For a = 1072 pe,
neutrinos oscillate non-adiabatically, thereby leading to a higher value

of track to shower ratio compared to a = 1 pc.

e Dependence on py:

To understand the dependence of track to shower ratio on DM density
at the source, in fig. 4.2(b) we consider three benchmark values py =
1073 eV4 5x 1077 eV*, and 107 eV*, while fixing a = 1 pc (1075 pc)
and G’ /mpy = 1072 eV 3. These three benchmark values of pg lead

to B ~ 10" eV, 10% eV and 10'% eV respectively.

Let us first discuss the adiabatic case with a = 1 pc. For E < E£ | the
vacuum term in the effective Hamiltonian is more significant than the
matter term. Thus, in the limit £ < Ef;, the flavour ratio is close to

1:1:1. Though, at much higher energies the matter term becomes

more significant, resulting in a flavour ratio of ~ 1 : 2 : 0, as it
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is expected in a typical adiabatic scenario. This was also shown in
fig. 4.1(c) for a = 5 pc, where the ratio of averaged muon-flavour
contribution (F,”) to the electron and tau (anti)neutrinos increase
with energy. Thus, the case with a lower value of E¥ will lead to
a larger fraction of muon (anti)neutrinos. So, as can be seen from
fig. 4.2(b), the benchmark with higher DM density at source has a

larger value of track to shower ratio till the resonance energy.

The non-adiabatic case also shows similar features. Note that, the
track to shower ratio becomes saturated to its maximum value for

po = 1072 eV* and to its minimum value at py < 107! eV4

In
other words, the case with py = 107! eV* almost coincides with the

standard scenario with no DM at the source.

Dependence on G%/mpum :

In fig. 4.2(c) we consider G%/mpy = 10716 eV=3 10712 eV~3, and
1072 eV =3, with a fixed DM profile py = 1073 eV* and a = 10~° pc.
As it can be seen from fig. 4.1(c) at lower energies, though the value of
F f is higher than the individual electron or tau-flavour contributions,
the value of FP/(FP + FP) is slightly lower than one. But for E >
500 TeV, the muon-flavour contribution F' ;P increases with energy and

the tau-flavour contribution abruptly decreases, leading to F’ f J(FP+

FP)y>1.

The resonance energy is inversely proportional to V,., and therefore
to, G’ /mpu. Thus, the flavour ratios for G%/mpy = 10712 eV 3,
fi(E) can be related to the flavour ratios for G /mpy = 10713 eV =3
f/(E), such that fj(E) ~ f/(E/10). Hence, as can be inferred from
fig. 4.1(c), for E 2 300 TeV the case with G’ /mpy = 10712 eV =3
has a higher muon (anti)neutrino contribution, and in turn, a larger
value of track to shower ratio. Also it can be seen from fig. 4.1(c)
that, for lower energies, F slightly increases whereas F ;? and FP
do not significantly change. Thus, G%/mpy = 10712 eV =3 leads

to a larger value of FP and therefore a smaller value of track to
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shower ratio. These effects can be read off fig. 4.2(b). Moreover, for
"=/mpym = 10716 eV =3 the track to shower ratio attains its standard

value.

In this chapter, we have considered only positive values of V... Al-
though, for negative values of V., the ratio fé) J(fP + fP) becomes larger
compared to the case of positive V.. Hence, one can expect a larger value

of the track to shower ratio near £ ~ 6.3 PeV.

As it was pointed out in Sec. 4.2, €,,,, is constrained at O(1072%) eV 2.
Thus, non-zero values of V,,, may also lead to significant changes in the
track to shower ratios for rather small values of mpy;. Also, scalar-mediated
neutrino-DM effective interactions are constrained from invisible Z decay
at O(1071%) eV~! [254] and may lead to observable effects in flavour ratios.
Though, in a concrete model with a Y = 2 triplet scalar, the smallness of
neutrino mass renders this effective interaction to be quite small to have

any interesting effect on flavour ratios.

As mentioned earlier, the empirical relationship between Mgy and
Mhya10 is derived from the correlation of Mgy and stellar velocity disper-
sion [317]. Slightly refined versions of such a relationship also exist in the
literature [318, 335]. On the other hand, the scaling relation between the
masses of solitons and their host halos was found in ref. [310] from struc-
ture formation simulations. Utilising Mgy — Mpa, relation from ref. [317]
and Mg, — Mpao from ref. [316], we had earlier estimated that the combi-
nation of Mpy ~ 10°Mg and mpy ~ 3 x 1077 eV leads to a ~ 107° pe,
Mo ~ 10*Mg), and pg ~ 102 eV*. This is a typical scenario which leads
to non-adiabatic flavour transition for both neutrinos and antineutrinos.
Though, it has been shown in ref. [315] that the value of M, in the pres-
ence of SMBH can deviate from that predicted by ref. [316]. As example,
for mpum ~ 107 eV, the value of soliton mass in the presence of SMBH
can be smaller compared to M, predicted by ref. [310] by an order of mag-

nitude. These issues are under active scrutiny and a better understanding

of the interplay between Mpy, My,, and My, is expected to emerge in
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the future, which will further strengthen our prescription by reducing the

number of unknown variables in the fit.

Now, building on our previous discussions, we try to point out the
region of interest in the parameter space of {a, py, G%»/mpyn}. For the
neutrino energy range considered here, non-adiabatic oscillation in neu-
trino (antineutrino) propagation occurs for a < 1073 pe (a < 107° pc). We
have seen that the track to shower ratio is sensitive to the ultralight DM
profile for 107" eV* < py <1073 eV*. For py > 1072 eV*, the mixing ma-
trix at source U® becomes an identity matrix, thereby making the flavour
ratios independent of py. On the other hand, for py < 107" eV*, U¥ is
similar to the mixing matrix in the vacuum. Also, there exists an upper
bound on My, and thus, py from the measurement of total enclosed mass
in astrophysical objects. It has been seen that, track to shower ratio is
sensitive to G /mpy in the range 10716 eV < G /mpy < 10710 eV 72,
Combining with the BBN constraint G% < 6 x 10722 eV~ mentioned in
Sec. 4.2, G /mpy = 10716 eV 73 indicates that a non-standard flavour ratio

at IceCube can be seen for mpy < 1076 eV.

As implied in eq. (4.2), the size of solitonic core depends on Mgy
and mpy. Along with the lower bound mpy = 10722 eV mentioned in
Sec. 4.1, for BH mass as low as Mpy ~ 10°M,, the solitonic core is such
that @ ~ 10* pc. Also, for a large BH mass Mpy ~ 101°M, and the
aforementioned limiting value mpy ~ 107% eV, a can attain values as low
as ~ 10732 pc. But, in a realistic scenario, such a small DM halo will be

fully contained inside the SMBH itself, leading to no effects in neutrino

oscillation.

4.4 Summary and outlook

In the astrophysical neutrino sources, such as AGNs, the matter accretion
disc and a dark matter halo can surround a super-massive black hole. Sub-

eV ultralight scalar dark matter, in a form of Bose-Einstein condensate,
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happens to be a suitable candidate for cold dark matter. An interaction
of these high energy neutrinos with such ultralight DM is an interesting
proposal that helps to address various features of the observed neutrino
spectrum, as well as the lack of directional coherence with particular as-
trophysical objects. In that spirit, in this chapter we have considered if
such interactions can be important for neutrino astronomy through the

observation of neutrino flavour ratios at earth.

We find that while passing through the DM halo, the details of the
halo profile, DM mass, the redshift associated with the AGN, the strength
of such interactions, masses of the SMBH and DM halo get encoded into
the energy dependence of neutrino flavour ratio at the IceCube. In future,
the statistics at IceCube will improve with the Gen2 upgrade. Besides
IceCube, KM3NeT/ARCA will also have the potential to detect point-
like extragalactic neutrino sources [191]. The accuracy for directionality in
ARCA can even be better compared to the IceCube, making it a somewhat
better probe of such astrophysical sources [239]. At that point, more such
neutrinos can possibly be traced back to the potential astrophysical sources.
This will allow the usage of our proposed method to perform neutrino
astronomy. The knowledge of some of the parameters like the masses of
the SMBH and DM halo, the distance of the AGN from other modes of

astronomy may help us improve the fit to the rest of the unknowns.

In spite of the large neutrino energies, the centre of mass energy for
neutrino scattering off ultralight DM is much less compared to the mass
of the particle mediating such interactions. The latter can be of O(MeV)
for the case of a light Z’. In such cases, the resulting v-DM cross-section
is negligible, to lead to any appreciable neutrino flux suppression [251].
We have shown that, even for »-DM interactions feeble enough to impart
any changes in astrophysical neutrino flux, the track to shower ratios can
significantly modify due to the large DM number density. Even if the nature
of effective interactions are more complicated with additional momentum
dependencies, the DM potentials for neutrinos vary only by factors of mpyy;.

This allows us to define a single effective interaction strength G’.
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In this chapter, we have used the current best-fit values of neutrino
mass and mixing parameters for normal ordering. In the case of inverted
ordering, both Am2, and Am3, are negative by definition, whereas the
best-fit values of mixing angles remain in the same octants as per the ob-
servations [37, 330]. Thus, for ij = 32 and ¢j = 31 the resonance condition
QEg V., = Amfj cos 20;; is satisfied for a positive and negative value of
V.. respectively. Note that, so far we have restricted our discussion to the
best-fit values of Am?j and 0;;. But, for both the normal and inverted
ordering, 30 allowed ranges on 693 span over the first and second octants,
thereby allowing both positive and negative values of cos260y3. So, devi-
ating from the best-fit values opens up the possibility of resonant effects
in both 32 and 31 transitions. As mentioned in Sec. 4.2, this effect leads
to new terms proportional to Pj, Py in the final flavour ratios. However,
future reactor experiments, such as JUNO [330], atmospheric neutrino ex-
periments like HyperK [337], PINGU [338], ICAL [3412] and accelerator ex-
periments like DUNE [339], T2HK/T2HKK [310] aim to resolve neutrino
mass ordering. Out of these HyperK [337], PINGU [338], DUNE [339],
T2HK/T2HKK [310] may also resolve octant degeneracy. Certain com-
binations of these experimental data, for example, JUNO+PINGU [312],
Daya Bay II+PINGU [3413] can be decisive for this purpose through syn-
ergy effects. With a better understanding of the mass ordering and the sign

of cos 26,3, the determination of G within our framework can be easier.

Another important aspect is the role of local DM density in this
proposal. The galactic DM density does not change that rapidly to lead to
any non-adiabaticity. For our galaxy, the gradient of DM number density
|dInng/dr| ~ 1/a with Isothermal profile is orders of magnitude smaller
than that inside the typical AGN sources. With the NFW profile, DM
density very near to the centre of our galaxy can be substantial. But as
the density spikes at a very narrow range, the number of neutrinos coming
through this region might not be substantial to lead to any major impact
to this proposal. So only the local density of DM, p = 0.4 GeV/cm?, makes

an entry in the first term in eq. (4.12), otherwise, it is not sensitive to the
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local halo profile.

So far only one IceCube source could be traced back to its origin.
With more statistics from the next generation of IceCube and other neu-
trino telescopes like KM3NeT, it might become possible to point out more
such sources of astrophysical neutrinos. With the help of precise ob-
servations of mixing matrix parameters from DUNE, JUNO and Hyper-
Kaimiokande, the future neutrino telescopes like Gen2, will efficiently re-
duce the error on flavour composition at source to < 6% in 20 years of
running [344]. With such precise measurements Gen2 will put stringent
constraints on BSM models like the one we considered in our thesis. Ex-
ploiting the theoretical relations between Mgy, My, and My, for a subset
of these sources a dedicated fit of the track to shower ratios at various en-
ergy bins will provide sensible values of G and mpy. These can in turn
be used to probe other astrophysical neutrino sources. With a significant
livetime of the future neutrino telescopes we can hope to explore such in-
teresting aspects of neutrino astronomy. This proposed method may then
complement other modes of astronomy, in shedding light on the inner dy-

namics of astrophysical objects.
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Chapter 5

Strong constraints on
non-standard neutrino

interactions: LHC vs. IceCube

The observation of high energy astrophysical neutrinos of extragalactic ori-
gin at IceCube [315, | can provide several useful insights about pro-
duction mechanism and interactions of such neutrinos. The potential of
IceCube in unravelling neutrino decoherence [317, 315], existence of sterile
neutrinos [349-357], neutrino interactions with dark matter [254-257, 260,

, 265, 295] and cosmic neutrino background [220, 221, 262261, 266, 267]

have been addressed in the literature.

It is also interesting to ask whether the observation of these high en-
ergy neutrinos with £, 2 20 TeV provides new information about neutrino
interactions with matter (partons and electrons). Non-standard interac-
tion (NSI) of neutrinos is a widely studied issue in the literature for several
decades. NSIs lead to confusions in extracting the neutrino oscillation pa-
rameters from the solar, atmospheric and reactor neutrino data. The non-
standard interactions with only one charged lepton, the so-called charged
current NSIs, are somewhat constrained from several considerations [358]:
CKM unitarity, electroweak precession tests, reactor experiments, etc. The
most stringent bound on €;717q’ comes from beta decay €., < 4x1074 [110],
7" semileptonic decay €, S 4x 1072, and tau decay €., < 4.5x107? [359].

Thus, in this chapter we do not consider these interactions.
Non-standard interactions with two neutrinos and two partons are rel-
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atively less constrained than those of the form 7;lgg. Hence, these are the
only kind of new interactions we discuss in this chapter and refer to as NSI
from now on. If these interactions stem from a gauge-invariant operator,

interactions with two charged leptons and two partons should also exist,

leading to additional constraints from LEP (ete™ — ¢g) [301], muon/tau
decay [358], neutrino-nucleon scattering experiments [1 15, , 3063], LHC
dilepton searches [3064], etc. However, it is possible that the new

physics (NP) is such that it leads to NSI with neutrinos, but not involv-
ing their charged counterparts. Later on, we will mention a renormalisable
model involving a new vector boson Z’ where this situation can be realised.
Also, a dimension eight operator, given by Og = (LH~,H'L)(gy"q), leads
to an interaction of the form rqq, but not to its counterpart involving
charged leptons llgq [303, , |. In this case, the constraints on oper-
ators with charged leptons do not apply. Hence, here we do not consider
the charged lepton counterpart of interactions with two neutrinos and two

partons.

While neutrino propagates through the earth, NSI in neutrino oscil-
lation can lead to observable signatures at long baseline and reactor experi-
ments, as well as solar neutrino observations and neutrino-scattering exper-
iments: all of these pertain to low-energy constraints on NSI. Even IceCube
has placed significant constraints on certain NSI parameters through the
observation of atmospheric v, disappearance at DeepCore [3067, |. These
constraints are vastly studied in the literature. However, the observation
of high energy astrophysical neutrinos at IceCube leads to the extraction of
neutrino-nucleon deep inelastic scattering cross-sections at unprecedented
high energies [213, 360]. The effects of NSI under consideration lead to sig-
natures similar to SM NC neutrino-nucleon scattering at IceCube. Thus,
it is possible to constrain the effects of neutrino NSI from the measure-
ment of neutrino-nucleon scattering cross-section at IceCube. The results

presented in this chapter are based on ref. [369].

NSI can also show up at the LHC in a final state characterised by

missing energy and one or more hard jets. Thus the generic search of new
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physics in channels like monojet+#;, can lead to significant constraints on
the NSI parameters. In this chapter, we find out the constraints on NSI
from the measurement of neutrino-nucleon cross-section at IceCube, as well
as LHC monojet+ ), searches and perform a comparative study taking
into account the bounds from low-energy neutrino scattering experiments.
Moreover, we consider not only the NSI with (V' — A) structure of neutrino
currents, but a complete set of interactions up to dim-7 with even more

exotic Lorentz structures.

In Section 5.1 we discuss the general structure of NSI interactions
and various existing constraints. Specifics of our implementation of the
LHC and IceCube constraints are described in Section 5.2. Whereas, in
Section 5.3 we introduce the non-standard interactions under consideration.
Here, we divide the effective interactions into two categories: interactions
mediated by a new gauge boson Z’ that couples to neutrinos up to dim-
5, and contact type interactions up to dim-7. Finally, we summarise our

findings in Section 5.4.

5.1 NSI and existing constraints

Beyond standard model effects in neutrino interactions with other SM
fermions can be encoded in higher dimensional effective interactions, the
so-called NSIs. The constraints on such interactions can be obtained from
a wide range of considerations, such as EW precession tests, neutrino os-
cillation experiments, coherent neutrino-nucleon scattering, colliders, etc.,
and currently at IceCube as well [109]. As mentioned earlier, in this chap-
ter, we do not consider NSI with a single charged lepton. We also do not
discuss about NSI with two neutrinos and two charged leptons. Widely
studied ‘neutral-current’ NSI involving (axial)-vector-like quark and neu-

trino currents is given as [370, 371],

Lyst = 2V2eLC G (7,7 (F* Pof), (5.1)
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where, v and f are the SM neutrinos and quarks respectively, and G

is the Fermi coupling constant. Here, elfjc is the NSI parameter with i, j

as generation indices and Pg with C' = L, R are the chirality projection

matrices. We also use the notation: EijV = ezij + ef;R. A discussion of
key constraints on NSI parameters and a few clarifications related to the

present work are appended:

1. Oscillation experiments: Interactions in eq. (5.1) can also lead
to large effects in neutrino oscillation while propagation through matter
via the Mikheev-Smirnov-Wolfenstein (MSW) mechanism [38, ]. Such
matter effects can show up in the oscillation data of solar and atmospheric
neutrinos, as well as in the long-baseline and reactor experiments. From
these neutrino oscillation experiments, the constraints on the parameter
€ can vary from O(1072?) — O(1071) depending on the flavour indices, for
example [373], €2 — ¥V = [-0.020,0.456], e% — eV = [-0.005,0.130],

ee i TT

eV — el = [—0.027,0.474], €V — &V = [—0.005,0.095], etc.

ee oy » Sup T

2. Neutrino scattering off electrons and nucleons: Coher-

ent neutrino-nucleon scattering at COHERENT [371], coherent neutrino-
electron scattering at Borexino [375] and deep-inelastic neutrino-nucleon
scattering at CHARM [376] can also constrain the NSI parameters.

COHERENT imposes the following constraints on NSI parameters at

90% CL [377]: €1V = [-0.073,0.023] @ [0.16, 0.25], EZ‘; = [-0.0070,0.033] ®
0.15,0.19], [e2V'] < 0.055, [eZY] < 0.014 and [e4Y| < 0.051, for ¢ = u,d.
Also, CHARM can provide significant constraints as well [378], as exam-
ple, €2V =[-0.11,0.27], EZX = [—0.03,0.06], etc.

3. Missing energy signatures at LHC: At the LHC, the non-
standard neutrino interactions can be probed in channels with missing en-
ergy in the final state along with one or more jets. From the observation of
these channels at /s = 8 TeV, the constraints on NSI parameters appear-
ing in eq. (5.1) read, efjc < 0.17 [379], whereas the same with /s = 13 TeV

is given by, e;?f < 0.02 [380]. These constraints are independent of chirality

or neutrino flavour indices of the NSI parameter, as long as the counterpart
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of eq. (5.1) involving the charged leptons are not considered. If DM interac-
tions with partons are also present along with NSI, they can also contribute
to the process pp — j + F7. In such a scenario, the constraints on NSI
can be weaker compared to the case when DM-parton interactions are ab-
sent. Thus, the new constraints presented in this chapter are somewhat

conservative, as they indicate the maximum allowed strength of NSI.

4. IceCube: Observation of atmospheric neutrinos at DeepCore
in the energy range 6 — 56 GeV suggests that the disappearance of v,
peaks at a neutrino energy, E, ~ 25 GeV. This gives rise to the following
constraint [305], —0.0067 < €2/ < 0.0081, which is more stringent than
the same from oscillation experiments, —0.012 < €l < 0.009 [373]. As
mentioned earlier, in this chapter, we point out that there is another aspect
of IceCube observations which can lead to constraints on NSI and has
not been addressed in the literature: The measurement of total neutrino-
nucleon scattering cross-section (0'%;) from the observation of high energy
astrophysical neutrinos. Recently, neutrino-nucleon cross-section has been

estimated from the shower and track events induced by such high energy

neutrinos in refs. [213] and [360] respectively.

In brief, the ‘classical’ searches for NSI, such as the neutrino oscilla-
tion experiments, constrain the NSI parameters at the level ~ O(1072) —
O(107'). All the experimental constraints discussed above, except LHC
and IceCube, deals with much lower neutrino energies. For instance, at
IceCube, the centre-of-mass energy of neutrino-nucleon scattering with
E, ~ 400 TeV comes out to be ~ 280 GeV. Also, at LHC, in the pro-
cess pp — vvj, transverse energy of the vv-pair typically attains values
up to a few hundreds of GeVs. As mentioned earlier, the constraint on
Fermi operator-like dim-6 NSI appearing in eq. (5.1) from LHC is rather
significant. Subsequently, measurement of 0% from observation of high en-
ergy neutrinos at IceCube is also expected to place substantial constraints

on NSI, due to similar reach in centre-of-mass energy as LHC. Thus, in

this chapter, we consider the impact of LHC and IceCube measurements
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on the NSI up to dim-7, while we also discuss the implications of other
lower energy experiments in passing. The constraints from low energy neu-
trino scattering experiments on such NSI from have been studied in the
literature [378]. Apparently, dim-7 NSI which lead to additional energy en-
hancement in neutrino-nucleon cross-section compared to the Fermi-type
operator in eq. (5.1), are even more promising to be detected at IceCube.
We also pay special attention to the case of Z’ of mass around a GeV,
a well-studied scenario that leads to potentially large NSI effects. As dis-
cussed earlier, it is not possible to distinguish the neutrino flavour structure
of the NSI parameters at LHC, as the neutrinos of all flavours lead to miss-
ing Fp. In the same way, we extract flavour-independent constraints on

NSI from the estimation of neutrino-nucleon cross-section at IceCube.

5.2 Implementation of the constraints

In the following, we discuss the specifics about the implementation of LHC

and IceCube constraints.

e Implementation of monojet+/, constraints from LHC:

Typical search channels of the NSI are characterised by a final state of
mono-X (X = jet, ) plus missing energy. The monojet plus missing trans-

verse energy signal considered in this chapter stems from the process:

PP — Ualgd,  J =4, 9. (5.2)

For the evaluation of cross-section of the above process, we em-
ploy Madgraph-2.6.1 [281], which uses the UFO files generated by
FeynRules-2.3.32 [282]. Hadronization of partonic events are performed
using Pythia-8 [351] and hepmc files are created for /s = 8,13 TeV. The
hepmc files are passed to CheckMATE-2 [382] which checks the compatibil-
ity of an interaction against various LHC searches, in our case, the LHC

monojet+ F searches [353, ]. The allowed values of NSI parameters are
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chosen such that the generated monojet+F, signal is less than the 95%

exclusion limit on the signal.

e Implementation of constraints from cascade and track searches

at IceCube:

IceCube has observed upgoing as well as downgoing cascade and track
events induced by high energy neutrinos [332, 385]. The upgoing neutrinos
travel through the earth to reach IceCube whereas the downgoing neu-
trinos reach the detector almost uninterrupted. The number of upgoing
events is dependent on neutrino flux and neutrino-nucleon cross-section
at the detector up to a shadowing factor S encoding the effects of prop-
agation through the earth. The shadowing factor can be evaluated as,
S =exp|—X(0)/A(E,,0)], where X (0) is the distance travelled through the
earth by a neutrino that reaches the IceCube detector from a declination an-
gle 6, where mean free path of neutrinos, A(E,,0) = my/[(onc+occ)p(0)],
with my as mass of the nucleons and p(f) as average matter density in
earth along angle #. Thus, for the downgoing neutrinos, the shadowing
factor becomes almost unity. Within an energy interval, neutrinos coming
from different directions are distinguished by the shadowing factor, which
is also sensitive to neutrino-nucleon cross-section. Thus, it is possible to es-
timate such cross-section from the observation of high energy astrophysical
neutrinos at IceCube. Total neutrino-nucleon cross-section has been cal-
culated in this way, taking into account the contained shower events [213].
Non-standard interactions as given in eq. (5.1), cannot be distinguished
from the SM neutral current interaction as both lead to cascade events
at IceCube. Thus, in the presence of an NSI, the total neutrino-nucleon
cross-section receives an additional contribution, which in turn leads to a

constraint on the NSI parameter. See Appendix 7.5 for further details.

The neutrino-nucleon interaction at IceCube for neutrino energy
greater than 10 TeV corresponds to the centre-of-mass energy, /s =

140 GeV. Hence, these neutrinos suffer deep inelastic scattering (DIS). The

double-differential neutrino-nucleon DIS cross-section of such interaction is
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given by [10, 380]:

CZZCT,,N ’Ml,q|2

dxdy ~ 167as (f’I(x’ Q%) + (1 = y)* folz, Q2)>- (5.3)

Here, z, y are Bjorken scaling parameters, while () is the momentum trans-
ferred to the nucleon. f, ;(x, Q?) are certain combinations of parton distri-
bution function (PDF) of the quarks and antiquarks, discussed in Sec. 1.3.2.
In eq. (5.3), | M,4|* is the square of amplitude for a given neutrino-parton

interaction.

As mentioned in Sec. 1.3.2, due to HERA and LHCb observations,
PDFs are precisely known for F, < PeV [12-10]. Hence, the uncertain-
ties in the neutrino-nucleon cross-sections stemming from QCD effects are
rather small. Therefore for high energy astrophysical neutrinos, any signif-
icant difference between predicted SM cross-section and the cross-section
measured from the observation of IceCube events can be attributed to non-
standard interactions. We use the CT10 parton distribution functions [387]

in this work.

5.3 Constraints on NSI interactions from

LHC and IceCube

The NSI interactions can be generated in various extensions of the SM. A
complete set of higher dimensional effective interactions of neutrinos with
partons up to dim-7 have been constructed in the literature [375]. In this
section, we consider these effective interactions up to dim-7 which can give
rise to neutrino-nucleon scattering at IceCube. Here, we investigate and
compare the constraints on the NSI parameters from the neutrino-nucleon
cross-section measurement facilitated by IceCube and monojet-+/, search
at LHC. The following discussion is separated in two parts: (i) the case
of a Z' of mass ~ O(GeV) with renormalisable and effective couplings to

neutrinos and quarks, leading to non-standard effects in neutrino-nucleon
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scattering, and (ii), the case of contact type NSI interactions. For the

second part, we consider effective operators leading to NSI up to dim-7.

5.3.1 Z' with renormalisable and effective coupling

to neutrinos

The NSI generated from a new vector boson coupling to both neutrino
and quark currents is particularly important as it can lead to sizable NSI
parameters which can be tested at neutrino oscillation and scattering ex-
periments [333-390]. Such a new vector boson Z’ can be realised as the
gauge boson corresponding to a U(1) symmetry, pertaining to various chi-
ral anomaly-cancelling combinations of baryon and lepton numbers, for
example, B — L. The coupling of Z’ can even violate lepton flavour uni-
versality when realised as the gauge boson corresponding to, for example,
U(1)p,—r, [391], etc. But, as mentioned earlier, all the constraints on NSI

derived in this chapter are flavour-independent.

Constraints on a light Z’: Here we briefly discuss the key constraints on
a Z' of mass in the range MeV to GeV and tree-level coupling with neutrinos
and quarks, from low-energy experiments and cosmological considerations.
If a Z' in the aforementioned mass range couples to charged leptons at
the tree-level, several other constraints ensue, which do not apply in our

context.

1. Z’ with tree-level coupling to neutrinos may keep the neutrinos
in equilibrium with photons, and thus electrons, even after the thermal
decoupling of neutrinos from the rest of the SM particles, which occurs at
temperature Tge. ~ 2 MeV in standard cosmology. This might contradict
the measurement of effective numbers of neutrinos (Neg) and the ratio
Yhe/Yn at the BBN epoch, which makes Z’ with masses mz < 5 MeV

unfavourable [93].

2. Coupling of neutrinos to Z’ can lead to non-standard effects in su-
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pernova cooling and could leave potential signatures in the observed spec-
trum of supernova neutrinos, which constrains the Z’ coupling to be as
small as g, ~ 1071° depending upon my/. This constraint is not applicable

for myg: Z 30 MeV [ 5 ]

3. In the presence of tree-level couplings to quarks, Z’ can have
kinetic mixing with photons and consequently, several constraints from
meson decay apply. For mz = 100 — 200 MeV, the measurement of the
branching ratio for K? — 7°Z’ leads to the bound g, < 107® [393]. For
even lower masses of Z’' up to a MeV, this constraint is even more stringent.
In the range, mz = 200 — 600 MeV, measurements related to decays of
n, n', ¢ put bounds on the Z’ coupling, with the measurement of n —
7%y~ providing the most stringent limit of g, < 107° — 0.01 depending
upon my [394]. Measurements of branching ratios of ¥ — 707 t7 7,
U — K*K~ and T — hadrons provide comparably weaker constraints,

9q S 0.01 —0.1 for very narrow ranges of Z’ mass at mz = 0.8,5.5 and 9.8

GeV respectively, which correspond to masses of the decaying mesons.

4. For mz < 10 GeV, BABAR puts a constraint on the electrons-
Z" coupling from the measurement of ete™ — 2’ [101, 395] which reads
ge < 3.3 x 1072, Though in our scenario Z' does not couple to electrons at
the tree-level and e*e™ — vZ’ only occurs at one-loop level. Thus, in our
case this constraint applies up to a loop factor, significantly downsizing its

relevance. This will be addressed in details later.

5. For Z' with tree-level couplings to neutrinos and electrons,
Borexino provides significant constraints for mz up to a few GeVs. For
my ~ 1 GeV, this constraint is given by g., < O(1072) [320]. For smaller
values of my:, such a constraint can be even more stringent, as an exam-
ple, g,y S O(107°) for my ~ 1 MeV [320]. But similar to the last point,
for our case, this constraint is not that relevant as the neutrino-electron

scattering suffers a loop suppression.

In light of the above discussions, broadly the constraints on tree-level

couplings of Z’ to neutrinos and quarks for mz < 1 GeV are quite strin-
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gent, owing to the decays of various mesons, cosmological/astrophysical
observations, etc. On the other hand, as it will be discussed in details
later, for mz 2 100 GeV, constraints from LHC on such a Z’" are signif-
icant as well, € = g,g,(v?/2m%,) ~ 0.01. Though, for Z’ mass of a few
GeVs, Z’ couplings remain essentially unconstrained from both the low-
energy experiments and LHC, keeping aside the constraints from ¥ and
T decay which affect only small my ranges around the corresponding me-
son masses. This situation arises because in order to enable detection of
generic new physics signatures, the minimum value of missing Fr at LHC
is considered to be 2 100 GeV, whereas the highest energy reach of the

relevant low-energy experiments is up to a GeV.

In the following, we study the cases of a Z’" of mass ~ O(GeV), with

renormalisable and effective coupling to neutrinos up to dim-5.

1. Here we consider the renormalisable Z’ interaction terms leading to

a tree-level neutrino-quark scattering,
LD g (07 PLv)Z™ + go(y"a) Z,,- (5.4)

As it was mentioned earlier, we do not consider the couplings of
7' with charged leptons at the tree-level. Such a scenario can be
realised in renormalisable models [254], where the Z’ is realised as the
gauge boson corresponding to an additional U(1) symmetry, under
which SM quarks, neutrinos, and the new fermions (F') required for
cancelling chiral anomalies, transform non-trivially. Thus, as it can be
followed from eq. (5.4), the quark couplings with Z’ lead to a kinetic
mixing of Z’ with photon, L, = €oopF 2™, with the following

mixing factor,

ooy ~ o291 [ ( (mumemi)” 13 50 102 g1 [(Mﬂ (5.5)

9 (4m)? Mamsmy)ms, mp

Here, m, is the mass of the quarks, ¢ = u,c,t,d,s,b. Masses of

the new fermions can be constrained from several LEP searches as,
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mp 2, 100 GeV [287]. Due to the loop-induced mixing of Z’ and
v, in our scenario, the amplitude of neutrino-electron scattering in
Borexino is suppressed by €,0,,. Thus, in our case, the constraint from
Borexino turns out to be, g,g, & 0.25 for mz = 5 GeV, and is relaxed
compared to the case of a Z’ with tree-level coupling to electrons. A

similar discussion holds for a gauged L, — L, model [221, 390].

The constraint from LHC monojet+E; searches [334] at /s = 8 TeV
on the interaction in eq. (5.4) comes out to be, g,g, < 9.9 x 1072 for
mz = 5 GeV. Whereas, for the same Z’ mass, the constraint from
LHC search [383] in the same channel at /s = 13 TeV is weaker,
9q9» S 1.7 x 1072, This occurs because of a larger background and
cuts at larger values of o at v/s = 13 TeV compared to /s = 8 TeV
for the process under consideration, leading to a smaller signal-to-
background ratio when the 13 TeV data is adopted. In the process
pp — vij at LHC, the subprocess qg — vivj dominates over the qq
initiated process, due to a large gluon flux. Anyway, this implies, for
mz ~ 5 GeV and interactions as in eq. (5.4), the LHC constraint
at /s = 8 TeV is more significant compared to the Borexino bound.
However, as it can be seen from fig.5.1, the IceCube observation
of the cascade events give a slightly better bound than the LHC
monojet+F; searches, g,9, < 1.65 x 1073, i.e., € = g,9,(v?/2m%,) <
2.0 for mz = 5 GeV. The maximum allowed values of € can be read
off fig.5.2 (a) for different values of my. As it can be seen from
fig. 5.2 (a), for the interaction in eq. (5.4), except the range my ~
35 — 500 GeV, IceCube provides a better constraint than LHC. This
happens due to LHC’s rather good acceptance in the channel pp —
j + Ep for the aforementioned Z’ mass range with renormalisable
interactions [379]. In this case, the dependence of the LHC constraint

on my is similar to that previously found in the literature [397].

2. Now, we consider a dim-5 interaction of neutrinos with Z’ with a



5.3. Constraints on NSI interactions from LHC and IceCube 151

10*32

10733

(cm?)

tot
Oun
m
Il
\ M
1
1

1073

10*35 , . L , . o
10* 10° 108

E (GeV)

Figure 5.1. Constraints on NSI described by eq. (5.4) for mz =5 GeV. The
brown line represents the total SM neutrino-nucleon cross-section [10]. The
red line and the light red band denote the central value and 1 ¢ allowed range
of o!% from lceCube observation of track events respectively [360]. Similarly,
the green points and related error bars in the y-direction stand for the central
values and 1o allowed ranges in ¢'%; measured from the IceCube observation
of shower events at different energy bins respectively [213]. In presence of a Z’
with mass mz = 5 GeV and interactions as in eq. (5.4), (¢) the magenta line

depicts the value of ¢'% with the NSI parameter € set at its maximum allowed

value from LHC, € = 12, (i) the black line represents the value of o'% with €

set at its maximum allowed value from IceCube, € = 2.

dipole-like vertex structure,

(1)
Is _
LD T(l/iCO'MVPLI/j)ZWV + gq(cjv“q)Zl/“ (56)

where A is the effective interaction scale. By demanding hermiticity of
the Lagrangian, it can be noted that the term (vfo,, Prv;)Z"* is non-
vanishing only if 7 # j. Also, as shown for a renormalisable Z’ interac-
tion in eq. (5.4), the above interaction also leads to kinetic mixing of
7' with photon via a quark loop. This leads to transitional neutrino
dipole moment 12 = (¢ /A)egoop(k? /(k* —m%,)), where k is the mo-
mentum of the photon and €,,, is a loop factor expressed in eq. (5.5).
The most stringent constraint on neutrino dipole moment comes from
the study of neutrino-electron scattering at Borexino and is given by,
p S 107 pp [375]. For mz ~ MeV this leads to a rather strin-

gent bound, ¢cWg,/A £ 107> GeV~L. But for a much heavier Z’ the



Chapter 5. Strong constraints on non-standard neutrino interactions: LHC
152 vs. IceCube

5 10 50 100 500 1000

m;- (GeV)

(a)

1000 ¢
100¢

10¢

€1

0.10¢

5 10 50 100 500 1000

mz (GeV)

0.01
1

(b)

1 5 10 50 100 500 1000
m; (Gev)
()
Figure 5.2. Constraints on Z’ induced NSI in presence of interactions ex-

pressed in eq. (5.4), (5.6) and (5.7) respectively as functions of Z’ mass. The
pink and grey regions are excluded from LHC and IceCube respectively.

constraint from Borexino becomes irrelevant: For mz = 5 GeV, the

Borexino bound turns out to be Mg, /A < 4.3 x 10* GeV 1.

For my = 5 GeV, LHC constraint from monojet+ 1 search turns out
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to be cWg, /A $1.3x1073 GeV™L, i.e., e, = (cWgu/N)(v?/2m%) S
382. IceCube constraint on this interaction, as can be followed from
fig. 5.3, reads c(Mg,/A < 4.8 x 107* GeV™!, i.e., ¢ S 143, which is
somewhat stronger than the constraints imposed by LHC. For this
interaction, the mz dependence of LHC and IceCube constraints on
€1 has been shown in fig. 5.2 (b). It can be seen that, the LHC con-
straint prevails the IceCube bound when myz 2 15 GeV. However,
due to the additional momentum enhancement, the width of Z’ be-
comes quite large in this case. Subsequently, for mz = 500 GeV,
the cross-section of pp — vvj with this interaction does not signif-

icantly change with increasing couplings. This implies that there is

no relevant constraint on this interaction for myz = 500 GeV from

LHC.

T
E (GeV)

Figure 5.3. Constraints on NSI described by eq. (5.6) in presence of a Z’ of
mass 5 GeV. Colour coding is the same as in fig. 5.1.

3. Another dim-5 vertex for neutrino-Z’ interaction leading to neutrino-

nucleon scattering can be written as,

0(2) . g , _ ,
LD T(V%@”V)ZM + gq(qy“q)ZM, (5.7)

where A is the effective interaction scale. As shown for the previ-
ous cases, the v—e scattering amplitude is suppressed by a loop fac-

tor €1,0p, Which renders the Borexino bound weaker than cases with
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tree-level electron-Z’ coupling. Thus, for the interaction in eq. (5.7),
Borexino bound can be projected as, c@g,/A < 3.4 x 10* GeV~! for
myg = 5 GeV.

Monojet+F; search at /s = 13 TeV at LHC leads to cPg,/A <
3.3 x107° GeV™L, i.e., &g = (P gu/A)(v?/2m2%,) < 982 for my =5
GeV, whereas the measurement of o'%; at IceCube provides a stronger
bound, ¢@g,/A £ 2.5x107* GeV~!, i.c., e, < 75.6. The comparison
of o9 allowed from LHC and IceCube in the presence of the inter-
action given in eq. (5.7), is shown in fig. 5.4. The LHC and IceCube
bounds for different values of my have been depicted in fig. 5.2 (c)
which shows that, the LHC bound becomes more significant than

IceCube in the range mz ~ 40 — 220 GeV.

-32
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Figure 5.4. Constraints on NSI described by eq. (5.7) in presence of a Z’ of
mass 5 GeV. Colour coding is the same as in fig. 5.1.

5.3.2 Contact type interactions

Neutrino-nucleon interaction can be realised via effective vertices
which lead to neutrino scattering off partons. In addition to the
neutrino-quark operators, here we have also considered the case of
neutrino-gluon effective interaction. In the following, we study the

constraints on these effective interactions up to dim-7 from LHC and

IceCube:
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4. The dim-6 contact interaction leading to neutrino-quark scatter-
ing, which resembles the structure of the four-fermionic operator in
eq. (5.1), can be written as,

£ )@y, (58)

Here we use the notation, ¢ = cv?/A%. As mentioned in Sec. 5.1, a
conservative constraint on the maximum allowed value of € from low-
energy neutrino DIS experiment CHARM is found to be, € ~ 0.06.
Though, for different neutrino flavours, € can take even higher val-
ues. We find that the LHC monojet+ £ search leads to a somewhat
stringent constraint, ¢ < 0.02 which is at par with the findings of
refs. [380, 397]. The IceCube constraint from observation of cascade
events is given as —0.004 < ¢ < 0.08 and is shown in fig. 5.5. It is
worth mentioning that, in presence of this interaction, the interference
effect of the NSI and SM contributions in the process pp — vy at
LHC is rather small. This effect has been discussed in Appendix 7.6

in more detail.

This effective interaction can be interpreted as a dim-6 operator aris-
ing from an underlying renormalisable model consisting of a heavy
Z' with coupling to neutrinos and quarks at the tree-level as in
eq. (5.4). One can also formulate a tree-level matching condition,
€ = (2v2Gr) Y (gz /mz)?. But, in order to realise the maximum
value of e allowed by LHC in the underlying Z’ model, it would re-
quire a large coupling, gz 2 6 with mz = 8 TeV [330]. For such large
values of gz, the decay width of Z’ becomes larger than its mass and
the aforementioned matching condition does not hold. Thus it is not
sensible to match, or compare the bounds on this dim-6 interaction

with the heavy Z’ model.

5. A dim-7 effective interaction which leads to neutrino-quark scattering
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Figure 5.5. The maximum allowed values of NC neutrino-nucleon cross-
section in presence of NSI appearing in eq. (5.8). Colour coding is the same
as in fig. 5.1.

is given by:

£ 5 S0 (o, Py (@3"). (5.9)
Here, in the same rationale as in eq. (5.6), i # j. Among the low
energy experiments, the most stringent constraint on this interac-
tion is imposed by CHARM, c¢® /A% < 2.9 x 1077 GeV™® [378].
The LHC constraint on this interaction is found to be ¢® /A% <
1.8x 1071 GeV 3. Measurement of neutrino-nucleon scattering cross-
section with IceCube cascade events gives a constraint, ¢® /A3 <
5.3 x 1078 GeV~=3. Hence, the LHC bound is stronger than the
CHARM and IceCube constraints. A comparison of the LHC and

IceCube bounds can be followed from fig. 5.6.

6. Another dim-7 effective Lagrangian for the neutrino-quark four-point

interaction is given by:

6(4) _ .(—> _
LD F(chauy)(qy”q). (5.10)
The most relevant constraint among low energy experiments on

this interaction comes from neutrino-nucleon scattering cross-section
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Figure 5.6. Constraints on NSI described by eq. (5.9). Colour coding is the
same as in fig. 5.1.

measurement at CHARM, c®/A® < 1.2 x 1077 GeV~3 [374].
Monojet+ Fr searches at LHC lead to a stronger constraint, ¢ /A3 <
8.6 x 1071 GeV~3, whereas the bound from IceCube reads, ¢ /A3 <
2.6 x 1078 GeV~3. As the last two cases, LHC provides a stronger
constraint on this interaction compared to low-energy experiments
and IceCube. The neutrino-nucleon cross-sections at IceCube due to
this interaction, corresponding to the upper limits of the IceCube and

LHC constraints, are shown in fig. 5.7.
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Figure 5.7. Constraints on NSI appearing in eq. (5.10). Colour coding is the
same as in fig. 5.1.

7. As mentioned earlier, neutrino-nucleon scattering can take place in
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the presence of effective interaction involving neutrinos and gluons as

well. A dim-7 term for such neutrino-gluon interaction is given as:

FON )
L D) F(VCPLV)GMVGM . (511)

For the above interaction, the most relevant low-energy constraint
comes from the measurement of neutrino-nucleon cross-section at
CHARM, c® /A% < 1.6 x 107% GeV~3 [378]. LHC monojet+f,
searches lead to the constraint, ¢® /A% < 1.6 x 1071 GeV~3. The
neutrino-nucleon NC cross-section in presence of this interaction, with
€ fixed at the upper bound obtained from LHC, is shown in fig. 5.8.
The IceCube bound from the observation of cascade events is given
by, ¢® /A% £ 5.5 x 1078 GeV~. Thus for the interaction given in
eq. (5.11), LHC gives a much stronger bound than both IceCube and
CHARM.

A possible UV-completion of the operator in eq. (5.11) can be re-
alised in the Type-II seesaw model, where an SU(2), triplet (A) with
hypercharge-2 provides mass to the light neutrinos after it acquires a
non-zero vacuum expectation value (vev). The measurement of the
T-parameter renders va to be rather small, va < 4 GeV. The lightest
CP-even neutral component of the triplet, namely A°, mixes with
the SM Higgs. The mixing parameter depends on the quartic cou-
plings involving H and A, and the vev of the triplet as well. As the
SM Higgs, h has an effective coupling to a gluon pair through quark
loops, h — A% mixing leads to an effective coupling of A° to gluons
too. Thus the coefficient ¢® in eq. (5.11) is proportional to y, sin a,
where y, is the Yukawa coupling of neutrinos to A, and « represents
the mixing angle of A® and the SM Higgs. The theoretical con-
straints, such as unitarity, stability, the measurement of T-parameter
and h — 77 constrain the value of sin « significantly. The interplay
of these bounds ensures that, for my > 200 GeV, sina < 0.02 [280].

Also, the Yukawa coupling leads to neutrino mass, m, ~ y,va. Con-



5.3. Constraints on NSI interactions from LHC and lceCube 159

sidering m, < 0.1 eV, y, < 10719 for vo = 1 GeV and 3y, < 1076
for va = 107* GeV. Thus the coefficient of this effective interaction
is rather small if it is generated from such a renormalisable model
and does not lead to a significant deviation from the SM value of NC

neutrino-nucleon cross-section.
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Figure 5.8. Constraints on NSI appearing in eq. (5.11). Colour coding is the
same as in fig. 5.1.

We have found that, for the NSIs mediated by Z’ of mass my =
5 GeV, IceCube provides a superior bound than LHC. Though, for contact-
type NSI, the constraints from LHC are more significant than IceCube.
However, due to the increasing nature of neutrino-nucleon cross-section
in the presence of contact-type NSI, as it can be seen from figs. 5.5, 5.6,
5.7 and 5.8, the measurement of ¢'% in the bin 100 — 400 TeV places
the most stringent constraints on such interactions. An increase in the
number of high energy neutrino events at IceCube-Gen2 will lead to reduced
uncertainties in ¢'%;. For instance, the reduction in uncertainties in the bin

100 — 400 TeV can improve the constraint on NSI appearing in eq. (5.10)

by nearly a factor of two after 6 years of data from IceCube-Gen2.

No upgoing neutrinos have been observed in the energy range 400 —
2004 TeV. This leads to a lower bound on ¢'% which almost coincided
with the SM prediction in this bin. Thus, any kind of new physics that

leads to a substantial destructive interference with the SM contribution is
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disfavoured from the energy bin 400 — 2004 TeV. Note that, all the con-
straints from IceCube derived in this chapter are independent of the sign
of the couplings/Wilson coefficients as the NP contribution does not sig-
nificantly interfere with SM, except the case described by eq. (5.8). For
the case in eq. (5.8), only a small negative value is allowed from the Ice-
Cube due to the observation in the energy range 400 — 2004 TeV. It is
possible to distinguish the flavour of astrophysical neutrinos based on the
CC interactions at the detector [260, , |, which in turn can lead to
flavour-dependent constraints on NSI of type vrgq. Thus, a better under-
standing of the neutrino flavour ratios at IceCube-Gen2 will also facilitate

improved and flavour-dependent constraints on such NSI.

NSIs in egs. (5.9), (5.10) and (5.11) carry additional momentum
dependence compared to the Fermi-type operator. In these cases, the
neutrino-nucleon cross-sections increase with energy even faster, leading
to more severe constraints from LHC. Moreover, as it can be seen from
figs. 5.3-5.8, the value of ¢'%; increases faster with neutrino energy in pres-
ence of the contact-type interactions compared to the non-renormalisable
interactions of a light Z’. This can be attributed to the propagator sup-
pression in the Z’-mediated cases which relax the additional momentum

enhancement due to the non-renormalisable interactions.

Low-energy experiments, such as MATHUSLA [399], SHiP [100],
FASER [101], dedicated to the search for new long-lived particles in the
MeV-GeV range can put relevant constraints on the Z’ interactions consid-
ered in this chapter. Such constraints, although flavour-dependent, can be
stronger than that from IceCube, or even IceCube-Gen2. Though, these

constraints only affect Z’" of mass < 4 GeV.

5.4 Summary

NSIs lead to confusions in extracting the neutrino oscillation parameters by

inflicting several degeneracies. Low-energy experiments provide constraints
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on the NSI parameters depending on the flavour structure. Among the high
energy experiments, LHC leads to sizable constraints on the NSI parame-
ters from generic new physics searches, in channels such as pp — j+ £r. In
IceCube, atmospheric neutrinos detected at DeepCore can also put flavour-
specific constraints on NSI parameter at the level O(107?). The observation
of high energy astrophysical neutrinos at IceCube is particularly interest-
ing in this context: It provides an opportunity to measure neutrino-nucleon
cross-section at a value of y/s comparable to the LHC or even higher. This
way it can also point to the existence of new physics at those high energies,
if in future, any deviation from the SM neutrino-nucleon cross-section is
observed. The similarity in the centre-of-mass energies involved in con-
cerned processes demands a comparative study of constraints on NSI from

LHC and IceCube.

The uncertainty in neutrino flux can propagate in the neutrino-
nucleon cross-section extracted from the observation of astrophysical neu-
trinos. High energy neutrinos reaching the IceCube from different direc-
tions traverse a different distance within the earth, providing sensitivity
to the neutrino-nucleon cross-section which dictates the interaction length.
Furthermore, the knowledge of parton distribution functions is also plagued
with significant uncertainty for F, 2 10 PeV. But the maximum energy for
observed neutrinos goes up to ~ PeV, for which the PDFs are well mea-
sured, primarily from HERA, thus making the error due to PDF irrelevant
in light of current IceCube data. Thus, IceCube has enormous prospects for
testing the non-standard neutrino interactions with high energy astrophys-
ical neutrinos. In light of IceCube observations of shower and track events
induced by such neutrinos, estimates of neutrino-nucleon scattering cross-
section have been found in the literature [213, 360]. As mentioned earlier,

such a direct measurement of % can constrain the NSI parameters.

The non-standard interactions consisting of one charged lepton and
one neutrino are constrained quite tightly from several low-energy exper-
iments, EW precision tests, etc. We do not consider these kinds of inter-

actions in our chapter. Also, we are not interested in NSI involving two
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charged leptons and two partons, which suffer stringent constraints from
various LEP measurements, meson decay etc. It has been mentioned that,
it is possible to generate NSI of form rrgq in a renormalisable model with a
new vector boson Z’ without giving rise to the charged lepton counterpart
of these interactions in the presence of new heavy fermions. There also
exist other scenarios where this can be attained, for example, in the pres-
ence of a specific gauge-invariant dim-8 operator. Though, if the NSIs are
assumed to be generated from such operators with d > 6, the scale of new
physics, A can be lower than the case of dim-6 NSI. The implementation
of IceCube bounds in this chapter is based on an analysis which assumes
equal neutrino flux across flavours. Thus, the constraints on NSI obtained

in this chapter are flavour-independent.

We consider two subclasses of new interactions. Firstly, we discuss
the case of a Z' of mass ~ O(1) GeV with renormalisable and effective
interactions up to dim-5. As mentioned earlier, in these cases, the IceCube
bounds surpass the LHC constraints from monojet+J, searches, which we
illustrate for a Z' with mass myz = 5 GeV. In this context, future ex-
periments dedicated to the search for new physics around ~ 1 GeV, such
as MATHUSLA, SHiP, FASER, can put quite stringent constraints. The
observation of coherent neutrino-nucleon scattering at COHERENT exper-
iment can also lead to quite stringent, though flavour-specific, constraints
in the presence of such a Z' [396, , 103].  We have also presented a
comparison between LHC and IceCube bounds for different masses of Z’.
Broadly it has been seen that, for my within a few tens to a few hundreds
of GeVs, the LHC bounds are more significant than IceCube. For example,
with the renormalisable Z’ interactions as in eq. (5.4), within the range
my ~ 35 — 500 GeV, LHC provides stronger constraints than IceCube.
This also means, along with other new physics candidates like extra dimen-
sions [213] and leptoquarks [360], IceCube also has a remarkable discovery
potential for Z’ of mass ~ TeV. Secondly, we take into account contact-
type interactions involving two neutrinos and two partons up to dim-7. For

such interactions, the LHC constraints are more significant than that from
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both IceCube and lower energy neutrino-scattering experiments.

The extraction of neutrino-nucleon cross-section is also affected by as-
trophysical neutrino flux and flavour ratios. The constraints from IceCube
derived in this chapter can be improved in the upgraded version of this ex-
periment, namely IceCube-Gen2, with a better understanding of neutrino
flux and flavour ratios [241]. In case of discovery of even higher energy
astrophysical neutrinos, the energy reach of IceCube can supersede that
of LHC. With current IceCube data, SM neutrino-nucleon cross-section
is still allowed within 95% CL. Any possible deviation from SM neutrino-
nucleon cross-section may hint towards the existence of NP. With improved
statistics, it might also be possible to distinguish between different kinds
of NSIs, by studying the distribution of high energy neutrino events across

deposited energy and zenith angle.
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Chapter 6

Conclusion

Non-standard neutrino interactions and the nature of DM particles are
open issues in particle physics. Beyond Standard Model (BSM) searches at
low energy experiments, e.q., BOREXINO, CHARM, COHERENT, etc.,
and high energy colliders like LHC, LEP, are in the pursuit of new physics
to explain the overwhelming astrophysical and cosmological evidences of
neutrino mass and the existence of dark matter. Along with the laboratory
experiments, cosmological and astrophysical probes are essential tools to
explore such BSM interactions. Astrophysical neutrinos interact weakly,
and hence, they reach the detector unattenuated and undeflected. However,
the same weak interactions and decrease in flux with energy make them
difficult to detect. Therefore, we need a massive detector of large volume in
order to observe them. At IceCube, the detection of astrophysical neutrinos

opens up new opportunities for probing such new interactions.

As these neutrinos pass through large columns of the cosmic dark
matter before reaching the Earth, neutrino-DM interactions can get im-
printed in the spectrum observed at IceCube. While building models of
neutrino-DM interactions leading to flux suppressions of astrophysical neu-
trinos, the key challenge is to obtain the correct number density of dark
matter along with the required cross-section. We consider neutrino-DM
interaction of type v-v-®-®* where ® represent scalar DM. In order to ex-
plore neutrino-DM interaction exhaustively, we take a rigorous approach by
considering renormalisable as well as effective interactions between neutri-
nos and DM and mention the constraints on such interactions. The effective

interactions are subdivided into four topologies: Topology I is contact type
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interactions up to dimension-eight, and topologies II, III, and IV up to
dimension-six contain effective interactions in one of the vertex. For renor-
malisable interactions, we consider vector, scalar, and fermion mediators.
For thermal DM, we find that the cosmological bounds, namely, relic den-
sity, collisional damping, and N.g, demand too small DM number density
to lead to any significant flux suppression. On the other hand, owing to
small mass ultralight BEC DM (mpyr), they have a huge number density
and are interesting to explore in the context of v-DM interaction. Taking
into account the bounds from precision tests, collider searches as well as
the cosmological constraints, we investigate whether such interactions can
provide the required value of cross-section of neutrino-DM scattering so
that they lead to flux suppression of the astrophysical neutrinos. For ul-
tralight BEC DM only one dim-5 contact-type interaction from topology I,

i.e., (cl(?’)/A)z/_CV ®*®, can lead to flux suppression at IceCube.

In the astrophysical neutrino sources, such as AGNs, the matter ac-
cretion disc and a dark matter halo can surround a supermassive black hole.
In spite of the large neutrino energies, the centre of mass energy for neu-
trino scattering off ultralight DM may be much less compared to the mass
of the particle mediating such interactions. The latter can be of O(MeV)
for the case of a light Z’. In such cases, the resulting v-DM cross-section
is too small to lead to any appreciable neutrino flux suppression [251]. We
have shown that v-DM interactions can be feeble enough to impart any
changes in astrophysical neutrino flux, but the track to shower ratios can

significantly modify due to the large DM number density.

We find that while passing through the DM halo, the details of the
halo profile, DM mass, the redshift associated with the AGN, the strength
of such interactions, masses of the SMBH (Mpy) and DM halo (Mya)
get encoded into the energy dependence of neutrino flavour ratio at the
IceCube [296]. We show that the track to shower ratio at the detector
increases with the increase in DM density at source (pg) and effective in-
teraction strength (G’%). We found that the track to shower ratio is sen-

sitive to the ultralight DM profile for 107" eV* < py < 1073 eV* and
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10710 eV < G%/mpy < 10710 eV 2. Also, sources with a sharp change
in DM number density, i.e., |[dInng/dr| = 100 pc™!, can lead to non-

adiabatic propagation of astrophysical neutrinos.

In addition to neutrino-DM interactions, IceCube can probe neutrino
interactions with SM quarks. There could be new physics hidden when
a neutrino interacts with quarks, the so-called Non-Standard Interactions
(NSI). Low-energy experiments provide constraints on the NSI parameters
depending on the flavour structure. Among the high energy experiments,
LHC leads to sizable flavour independent constraints on the NSI parame-
ters from generic new physics searches, in channels such as pp — j + Fr.
At IceCube, there is an opportunity to measure the neutrino-nucleon cross-
section at centre-of-mass energies comparable to or even higher than LHC.
In this context, we have studied effective interactions: Both with only SM
quarks, gluon, neutrinos, as well as with Z’ as their mediator. Owing to
the original vectorial structure, the NSI generated from a new vector boson
coupling with both neutrino and quark currents is particularly important.
Firstly, we discuss the case of a Z’ of mass ~ O(1) GeV with renormalis-
able and effective interactions up to dim-5. Broadly it has been seen that
for myz within a few tens to a few hundreds of GeVs, the LHC bounds
are more significant than IceCube. For example, with the renormalisable
Z' interactions, within the range mz ~ 35 — 500 GeV, LHC provides
stronger constraints than IceCube, whereas elsewhere IceCube bounds su-
persede. Secondly, we take into account contact-type interactions involving
two neutrinos and two partons up to dim-7. For such interactions, the LHC
constraints are more significant than that from both IceCube and lower en-

ergy neutrino-scattering experiments.

IceCube has observed 60 neutrino events of astrophysical origin with
neutrino energy F, 2 60 TeV in 7.5 years of observations. In the future
IceCube-Gen2, with around ten times the volume of present IceCube, the
number of events observed will increase by a factor of 10. Thus, with the
seven years of running, the statistical error at Gen2 will decrease by a factor

of 1/4/600 ~ 1/25. This decrease in statistical error will drastically reduce
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the uncertainty in the observed flux. Further, with more fiducial volume,
the events with F, 2 PeV can be easily contained within the fiducial
volume, which in turn will improve the energy resolution of both tracks and
shower events. Hence, various features of the spectrum which have started
to show up at present IceCube will be known more precisely. Therefore,
Gen-2 is expected to improve the probe of neutrino-DM interactions that

can lead to significant flux suppression of astrophysical neutrinos.

So far, as reported, only one IceCube event could be traced back to
its origin. In future, the angular resolution of high energy neutrino events
is expected to drastically improve at Gen-2, from 15 degrees to 5 degrees
for cascade at £, 2 100 TeV [221]. Besides IceCube, KM3NeT/ARCA will
also have the potential to detect point-like extragalactic neutrino sources.
The accuracy for directionality in ARCA can even be better compared
to the IceCube, making it a somewhat better probe of such astrophysical
sources. At that point, more such neutrinos can possibly be traced back
to the potential astrophysical sources. This will allow the usage of our
proposed method for flavour ratio to perform neutrino astronomy. The
knowledge of some of the parameters like the masses of the SMBH and
DM halo, the distance of the AGN, etc., from other modes of astronomy,
may help us improve the fit to the rest of the unknowns. Also, with a bet-
ter understanding of the mass ordering from the upcoming experiments like
JUNO, HyperK, T2HK, PINGU, DUNE, INO, etc., and the sign of cos 26,3
from HyperK, T2HK, PINGU, DUNE; etc., the determination of G, within
our framework can be easier. Exploiting the theoretical relations between
Mgu, Myao, and M, for a subset of these sources, a dedicated fit of the
track to shower ratios at various energy bins will provide sensible values of

"= and mpyr. These can, in turn, be used to probe other astrophysical neu-
trino sources. With a significant livetime of the future neutrino telescopes,
we can hope to explore such interesting aspects of neutrino astronomy. The
proposed method of the energy dependence of neutrino flavour ratio may
then complement other modes of astronomy, in shedding light on the inner

dynamics of astrophysical objects.
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The extraction of neutrino-nucleon cross-section is also affected by
astrophysical neutrino flux and flavour ratios. The NSI constraints from
IceCube derived in the thesis can be improved in the upgraded version of
the experiment, with a better understanding of neutrino flux and flavour ra-
tios. In case of discovery of even higher energy astrophysical neutrinos, the
energy reach of IceCube can supersede that of LHC. With current IceCube
data, SM neutrino-nucleon cross-section is still allowed within 95% CL.
Any possible deviation from SM neutrino-nucleon cross-section may hint
towards the existence of BSM physics. With improved statistics, it might
also be possible to distinguish between different kinds of NSIs, by studying
the distribution of high energy neutrino events across deposited energy and

zenith angle.

In brief, we have explored the potential of IceCube in unravelling new
interactions of neutrinos with both dark matter and ordinary matter. Con-
sidering various collider as well as cosmological constraints, we point out
the neutrino-DM interaction that may lead to flux suppression at IceCube.
The changes in flavour ratio can be an important probe of the interiors of
astrophysical sources. Further, IceCube is a better probe of v-quark NC
NSI than LHC, for both intermediate mass Z’, mz ~ 10 GeV, and very
heavy Z’ with myz 2 500 GeV. Thus, IceCube has enormous prospects for
testing the non-standard neutrino interactions with high energy astrophys-
ical neutrinos. Such a study has vast scopes pertaining to the upcoming
experiments, e.g., IceCube-Gen2, PINGU, GRAND, KM3NeT, etc., which

will offer improved probes of such new physics interactions.
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Chapter 7

Appendices

7.1 Cross-section of neutrino-DM

interaction

7.1.1 Kinematics

We consider the process of neutrinos scattering off DM particles. If the

incoming neutrino has an energy Ej, the energy of the recoiled neutrino

Ef —m? [(1 ~ (m + mDM)2> (1 ~ (my, — mDM)Qﬂ 1/2 cos0.
s
where @ is the scattering angle of the neutrino. The relevant Mandelstam

variables are,

s = (pf +ph)? =mp +mdy + 2E1mpu,

t = (p/f — p§)2 = 2m12, + 2(E1E3 — P1Pp3 COS 0) ~ 2m12, + 2E1E3(1 — COS 0)

The energies of incoming neutrinos are such that, F; ~ p; holds well. The
scattering angle 6 in the centre-of-momentum frame can take all values
between 0 to m, whereas that is the case in the laboratory frame only
when m, < mpy. When m, > mpy, there exists an upper bound on the

scattering angle in the laboratory frame, 6,,,, ~ mpym/m,.
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The differential cross-section in the laboratory frame is given by [105]:

do 1 p3 9
— = M7, 7.1
dS) 647T2mDMp1 pg(E1 + mDM) — p1E3 cos szpl; | | ( )

where dS) = sin 6d0d¢.

7.1.2 Amplitudes of various renormalisable

neutrino-DM interactions

e Fermion-mediated process

With the renormalisable interaction presented in eq. (3.12), one ob-

tains the amplitude square for the scattering of high energy neutrinos off

DM as,

SO IME = ct (my, — mi) (P1-ps) — 2(m3; — p2.ps) (p1-p2) (7.2)

_ 2\2 :
spin (U’ mF)

Here, pi,p2,p3 and py are the four-momenta of the incoming neutrino,
incoming DM, outgoing neutrino and outgoing DM respectively.
e Scalar-mediated process

The amplitude squared for a scalar-mediated process governed by

neutrino-DM interaction given by eq. (3.14) reads:

2
p1-ps —m,
S MP = g ) ). (7.3)
spin

The neutrinos are Majorana particles in this case and ga has a mass

dimension of unity.

e Vector-mediated process

The square of the amplitude for a vector-mediated process described



7.2. Anomaly cancellation for vector-mediated scalar DM model 173

by eq. (3.15) is given as:

> M| =2g7f (p2-p1 + pa-p1)” = (p1-ps) (ming + p2.pa) (7.4)

e (t —mZ)?

7.2 Anomaly cancellation for

vector-mediated scalar DM model

The charges of the SM and exotic fermions are arranged in such a way
that they cancel the ABJ anomalies pertaining to the triangular diagram
with gauge bosons as external lines and fermions running in the loop. Such

conditions are read as:
Tr[y°t{t", t°}] = 0, (7.5)

where t?,t%,t¢ correspond to the generators of the corresponding gauge
group and the trace is taken over all fermions. In an anomaly-free the-
ory, the sum of such terms for all fermions for a certain set of gauge
bosons identically vanishes. Here the gauge symmetry under considera-
tion is SU(3). x SU(2); x U(1)y x U(1)" where U(1)" represents the new
gauge symmetry. In our case, third generation leptons, i.e., L, and 7g
are charged under U(1)’. Thus, a full family of additional chiral fermions,
namely (4, usr, dsr, L4 and l4g are needed in order to cancel anomalies. As
the new fermions are an exact replica of one generation of SM fermions, the
anomalies involving only SM gauge currents, namely U(1)3., U(1)ySU(2)3,
U(1)ySU(3)? and U(1)y (Gravity)? are automatically satisfied [106].
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Still we need to take care of the chiral anomalies involving U(1)" which
lead to the following conditions [107, 108]:

U1)YSU@B)Z:  Tr[Y'{c", o} =0 = 3(2Y), - Y, —Y;.)=0,

U4R
UYSU@); . TY'{e" 0} =0 = Y] +Y], =0,
ULPUL)y: TY?Y]=0 = Y +Y”-Y?-Y? =0,

TR lar

ULIUQ): Ty )=0 = Y/ +Y], -2V, —2Y/ =0,

lar

U1)?:  TM[YP]=0 = 2V 42V, - Y2 V" =0,

TR lar

Gauge-gravity :  Tr[Y'] =0 = 2Y] +2Y; -V -V

TR lar

—0. (7.6)

While expanding the trace in above relations, an additional (—) sign for
the left-handed fermions is implied. Here, Y] stands for the U(1)" hyper-
charge of the species i, where ¢ = L., Tg, L4, l4r. As the exotic quarks
are uncharged under U(1)’, the first condition of eqs. (7.6) satisfies. The
SM Higgs transforms trivially under U(1)" in order to keep the Yukawa La-
grangian for quarks and the first two generations of leptons U (1)’-invariant.
Thus, in order to make the Yukawa term involving 7 gauge-invariant, one
must put Y/ = Y], which serves as another condition along with egs. (7.6).
Thus the U(1)" hypercharges of the respective fields can be determined from
egs. (7.6) and are mentioned in table 7.3.
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7.3 Summary of neutrino-DM interactions

for scalar DM

The key constraints on the effective and renormalisable interactions for

light DM are summarised in table IV and V.

Topology Interaction Constraints Remarks
NEO N .
I1 S (I/Z(?V)((I)*(I)) AV /A2 $8.8 x 1073 GeV—2, LM /A2 disfavoured
S 1.0x 1074 GeV~2,
VA2 £6.0 x 1073 GeV—2, M) /A2
$6.2%x 1073 GeV—2
&) )
12 L () (949, P AP /A2 $1.8 x 1072 GeV2, P /A2 disfavoured
—$9,,*) <26 x 1075 GeV=2, ¢}, /A2
<1.2x 1072 Gev—2, 1) /A2
S1.3x 1073 GeV—2
O f
I3 Gy O*O AP /A <05 Gev! favoured®
(D
I4 Gy (veohv) (0,90, /A% < 2.0 x 1073 GeV—3 disfavoured
—8,8%9, D)
) _ N ) .
I5 S 0 (v°v) 9, (P @) PV /A% S 7.5 x 1074 GeV—3 disfavoured
© - :
16 I (00497 (0,2*0, AV /AT <25 x 1075 Gev 4, o[V /A disfavoured
0,970, P) <1.2x 1076 GeV—4, P /A% ~ o9 /A1
<1075 Gev—*
) .
II1 C/’\—Z(@”CD*&”(I) fl(:l(7>/A2 <4.2x1072 GeV~2, f(‘(:s/)/A2 disfavoured
—0"®*OH®) 7], <1.9x107° GeV—2, FucD /A2 ~
+ fivint PLviZ,, FretD /A% <81 % 1073 GeV—2,
e, fus f] S [107°,1076,0.02] for
myg ~ 10 MeV
) Z
112 C’T8”|<I>|28HA + fircvA my ~ fioa < 0.1 eV, ma > 150 GeV disfavoured
111 C1(9*9,® — ©9,0*) 2" C1e\? /A £38 %1078 GeV—! and C1¢)” /A | disfavoured
©
+CLT(VCUWPLV)ZIW <25 %1076 GeV~! for my ~ 10 MeV
o)
v 4 LFRr®H|* + Same as in fermion case in table V disfavoured
CLLFRp®
Table 7.1. Summary of neutrino-DM effective interactions. ¢; and c. .-
7“7

represent the coefficients of interactions for the gauge non-invariant and gauge-
invariant forms respectively. The colour coding for the constraints is: Z — inwv,
LEP monophoton+F, Z — ptp~, Z — vt7=, BBN and (g — 2).,,. We
also remark whether the interactions are favoured in context of the 1% flux
suppression criteria as mentioned earlier.

@ disfavoured if realised with a SU(2), triplet scalar.

For DM with higher masses the cosmological constraints, i.e., relic
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Mediator Interaction Constraints
Fermion | (CpLFg + CrlpFp)® + mp 2> 100 GeV, mpy = 10721 eV, disfavoured
h.c. 1 Cr £42.5,0.5} x 107° for e and
_ H
Scalar [IL°LA + ga®*®|AJ2 m, ~ fron S 0.1 eV, ga ~ vi/mby | disfavoured
Vector flIN"PLLZ), + [/, [, 1] < [1075,107°,0.02] and f'¢/ disfavoured
ig'(®* oM S 6 x 1078 for my: ~ 10 MeV
— 01D 7,

Table 7.2. Summary of renormalisable neutrino-DM interactions. Colour
coding is the same as in table 2.1.

density, collisional damping and N.g ensure that the above-mentioned in-
teractions do not lead to any significant flux suppression. This has been

discussed in Sec. 3.2 and 3.3.2.

7.4 A UV-complete model for

vector-mediated ultralight scalar DM

Here we present a UV-complete scenario which accommodates an ultralight
scalar DM as well as a Z' with mass ~ O(10) MeV. The Z’ mediates the

interaction between the DM and neutrinos.

The coupling of such a Z’ with the first two generations of neutrinos
cannot be significant because of the stringent constraints on the couplings
of the Z' with electron and the muon. As it was discussed in Sec. 4.8, those
couplings have to be ~ O(107% — 107%) for mz ~ 10 MeV. Thus, only the
couplings to the third generation of leptons can be sizable. However, the
coupling of the Z' with the b-quark is also constrained from the invisible
decay width of T. The bound from such invisible decay width dictates
lgags| <5 x 1073, where gg and g, stand for Z’ coupling with DM and the
b-quarks respectively [109]. Thus we construct a model such that the Z’

couples only to the third generation of leptons among the SM particles.

The Z’ boson is realised as the gauge boson corresponding to a U(1)’

gauge group, which gets broken at ~ O(10) MeV due to the vev of the
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real component of a complex scalar ¢ transforming under the U(1)". As
the third generation of SM leptons are also charged under U(1)’, in order
to cancel the chiral anomalies it is necessary to include another generation
of heavy chiral fermions to the spectrum [106]. The cancellation of chiral
anomalies in presence of the fourth generation of chiral fermions under
SU(3). x SU(2), x U(1l)y x U(1)" is discussed in appendix 7.2. If the
exotic fermions obtain masses from the vev of the scalar ¢ which is also
responsible for the mass of Z’, the mass of the exotic fermion is related to

the gauge coupling of U(1)" in the following manner [220, 1,

Mexotie S 100 Gev(loth;V> (5'4 ;;O_4) <YL¢> (7.7)
Here, gz is gauge coupling of U(1)" and Y]] is the U(1)" charge of the scalar
@. It is clear from eq. (7.7) that, in order to satisfy the collider search
limit on the masses of exotic leptons ~ 100 GeV, the gauge coupling of
Z' has to be rather small. Such a constraint can be avoided if the exotic
fermions obtain masses from a scalar other than ¢. This scalar cannot
be realised as the SM Higgs, because then the effect of the heavy fourth
generation fermions do not decouple in the loop-mediated processes like
gg — h, h — ~v etc. To evade both these constraints we consider that the

exotic fermions get mass from a second Higgs doublet.

In order to avoid Higgs-mediated flavour-changing neutral current
at the tree-level, it is necessary to ensure that no single type of fermion
obtains mass from both the doublets ®; 5. Hence, we impose a Zs-symmetry
to secure the above arrangement under which the fields transform as it is
mentioned in table 7.3. After electroweak symmetry breaking, the spectrum
of physical states of this model will contain two neutral CP-even scalars h
and H, a charged scalar H*, and a pseudoscalar A. The Yukawa sector of

this model looks like,

Lo D “ LG Th+ T TH + CATTA), (78)
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U [SU®). [ SU@), [ U0y |[00) | Z
Q 3 2 1/6 0 | +
un 3 1 2/3 0 |+
dr 3 1 —1/3] 0 |+

L., L, 1 2 —127 0 |+

€R, UR 1 1 -1 0 +
L. 1 2 —12 ] 1 |+
TR 1 1 —1 1 | +
Ly 1 2 —1/2 | =1 | +
lin 1 1 1 T
Q. 3 2 1/6 0 |+
U4R 3 1 2/3 0 —
dar 3 1 “1/3 ] 0 | —
®, 1 2 1/2 0 | —
®, 1 2 1/2 0 |+
% 1 1 0 Y, +
v 1 1 0 0 | +
d 1 1 0 Yo | —

Table 7.3. Quantum numbers of the particles in the model.

with,
M — cosa/sin 8, (5M =sina/sinB, (M = —cot f,
(Y = —sina/cosf, () =cosa/cosfB, (§=tanp. (7.9)

Here, (M and ¢ are the coupling multipliers of the SM and exotic fermions
to the neutral scalars i = h, H, A respectively. It can be seen that the
couplings of the Higgses with SM fermions in this model are the same
as in a Type-I 2HDM. « is the mixing angle between the neutral CP-
even Higgses and [ quantifies the ratio of the vevs of the two doublets,
tan § = vy /v;. The coupling of the SM-like Higgs to the exotic fermions
tend to zero as a — 0. Moreover, the Higgs signal strength measurements
dictate | cos(8 — )| < 0.45 at 95% CL [111, 112]. So, the allowed values of
tan (8 for our model are tan 5 = 1.96 along with & — 0. The particle content
of our model along with their charges under the SM gauge group as well as
U(1)" and Z, are given in table 7.3. Chiral fourth generation fermions can

also be realised in a Type-II 2HDM in the wrong-sign Yukawa limit [113].

The Z'77 interaction in our model leads to a new four-body decay
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channel of 7 and three-body decay channels for Z and W*. We consider
that the effect of these new interactions must be such that their contribution
to the respective decay processes must be within the errors of the measured
decay widths at 1o level. This leads to an upper bound on the allowed value

of the coupling g, which is enlisted in table 7.4.

Process Allowed decay width (GeV) | Maximum value of g,
Ty, W7 3.8 x 1071 0.04
W= =107 1.8 x 1072 0.05
Z =Tt 7' 2.8 x 107" 0.02

Table 7.4. Constraints on coupling of light vector boson Z’ of mass 10 MeV.

If we choose the new symmetry to be a SU(2) instead of U(1)’, then
in addition to Z’ we would have W'* in the spectrum. But the existence
of a charged vector boson of mass ~ O(10) MeV opens up a new two-body
decay channel for 7. Such decay processes are highly constrained, thus

making the coupling of Z’ to v, rather small.

7.5 Extracting constraints on NSI from CC

neutrino-nucleon cross-section

NC interactions of neutrinos of all flavours and CC interactions of v, (83%
times) and v, lead to cascade events at the IceCube detector. Moreover,
the interaction lengths of high energy neutrinos in earth depend upon the
neutrino-nucleon cross-section (NC and CC). These make the extraction
of ot% viable from the observation of cascade events at IceCube induced
by high energy neutrinos [213]. The NSIs considered in this thesis provide
additional contributions to the NC neutrino-nucleon cross-section, which
can be constrained as,

BTl — I N, 710
Here, /% denotes the total neutrino-nucleon cross-section measured

from the IceCube observation of cascade events induced by high energy
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neutrinos [213]. The second term in RHS of inequality (7.10), i.e., the CC
neutrino-nucleon cross-section, afﬁ’m, can be measured rather precisely
from the track events at IceCube [360], so the related uncertainties are not
implemented. This way one can estimate the remaining room for NSI con-
tribution. Extracting the bound on o237 in this way comes at the expense
of introducing ~ 2% change in the neutrino flux compared to ref. [213],
which is even smaller than the effect of regeneration of high energy neu-
trinos passing through the earth. Considering the current uncertainties in
o'% found in ref. [213], the effects of regeneration, which cause a change up
to ~ 10% in the neutrino flux, does not have a significant impact on the
estimated cross-section. By the same token, relevant bound on o3’ can

be extracted using eq. (7.10).

7.6 Differential cross-sections and
interference effects
The differential cross-sections of the process pp — vv7j for the contact NSI

as in eq. (5.8) can be written as the sum of contributions from the SM, NP

and interference of these two:

dO' _ dO'SM dO’mt dO'Np (7 11)
dprdn  dprdn — dprdn — dppdy’ '
with,
dosu _ G% ( My >Q2 (1 L@ )
dprdn mpr \(QF, — M2)? + (TMz)2) =" (z1295)%/)"
do;, 2eG? MZ(Q? — M2 Q3.
t F< - 2( 2t2 z) 2>Q?r<1_|_—752>7

dprdn mpr \(Qf. — M3z)* + (I'My) (z1225)
dO’Np GQG% 2 ( 24

_ 1 —) 712
dprdn T @\ L+ (x1795)? ( )

Here, z1 and x5 are fractions of proton momentum transferred to the two
initial partons involved in pp — vrj and Q. is momentum transferred

to the neutrino pair. At LHC with /s = 8 TeV the cross-section for
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pp — vi/j gets most of the contribution in the pr range, 120 — 150 GeV.
To compare the relative contributions of the different terms appearing in
the RHS of eq. (7.11), we use the fact that, (Q;.) ~ 500 GeV for pr =
150 GeV, |n| < 2 and /s = 8 TeV [114]. Using the second and third
relations of eq. (7.12) one finds the ratio of the NP contribution to that
from the interference term to be ~ 2M2%/(e(Q2)). As (Qs) ~ 500 GeV,
this ratio turns out to be ~ 0.33 for the maximum allowed value of € ~ 0.19.
This implies, the interference term is subleading than the NP term in the
cross-section of pp — vvj with the dim-6 NSI term, which is somewhat
opposite to the common perception. This happens due to an accidental
conspiracy between (Q?) and current maximum allowed value of e. If
the constraint on e becomes even more stringent, with the value (Q%.)
not changing significantly, the current picture can be reversed, i.e., the
interference term can be dominant over the NP contribution. A similar

situation has been discussed in ref. [379].
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