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Summary

Neutrinos are one of the most intriguing particles of the Standard Model. The observation
of oscillation among different neutrino flavors suggest the existence of an extended theory
beyond the Standard Model. These extended theories have several new phenomenologi-
cal features which might be detected in future neutrino experiments. One such possibility
is the existence of neutrino electromagnetic interactions. Despite being electrically neu-
tral, neutrinos acquire their electromagnetic properties through interaction with photons at
quantum loop level. This can generate important new effects such as neutrino spin-flavor

oscillations in the presence of background electromagnetic fields.

In the present Thesis, we study the phenomenology of neutrino flavor and spin-flavor os-
cillations in solar and astrophysical environments. In solar interiors the magnetic fields
may be sufficiently large to cause appreciable neutrino transitions. Thus the solar neu-
trinos detected at Earth may act as a messenger of information about the solar magnetic
fields. Using the current bounds on Helioseismology we construct analytical models for
the magnetic field in all the three regions of the Sun. The ®B neutrinos produced in the
solar interior may undergo transitions v.;, — V,r — . due to combined effect of mag-
netic field and vacuum mixing. We numerically evaluate these transition probabilities and
compare our results with the Borexino experiment to place bounds on the solar magnetic
fields. It is found that whereas the Borexino bounds are too weak to place any upper limit

on the magnetic field in the radiative zone of the Sun, for the solar core magnetic field we



are able to place an upper bound By < 1.1 x 10°G, which is an improvement by a fac-
tor of almost one-seventh of the current largest helioseismological bound. We also study
neutrino spin transitions for neutrinos produced in extreme environments such as neutron
stars (NS) using realistic density and magnetic field profiles. We show that while inside
the NS the neutrino propagation is highly adiabatic, as the neutrinos come out of the NS
the non-adiabatic effects start to become more important and at a distance of about 200
times the radius of a NS, the initial flux of left-handed neutrinos produced inside the NS

is depleted to half of its original value.

The study of geometric properties of neutrino flavor and spin-flavor oscillations brings
important new insights about the nature of this phenomenon. In this geometric picture
the neutrino propagation in space can be visualized by studying the trajectory of neutrino
spin-polarization vector in the projective Hilbert space of the system. Such an evolution
is known to give rise to geometric phase due to non-trivial geometry of the projective
Hilbert space. In case of spin precession v, — vy of pure neutrino states, the neutrino
spin-polarization traces out cyclic and noncyclic curves on the Bloch sphere for differ-
ent parameters of the Hamiltonian. We derive analytical expressions for adiabatic, non-
adiabatic and noncyclic geometric phases for different astrophysical environments. We
show that the area enclosed by the trajectory of the curves on the Bloch sphere is related

to the geometric phases acquired by the neutrino state during evolution.

We also discuss the geometric properties of neutrino flavor oscillation using density matrix
formalism. For two flavor oscillations, the geometric phase is shown to be independent of
the Majorana phase. We also show that the geometric phase can be used as a measure of
coherence of the neutrino beam. In addition, our expressions of the mixed state geometric
phase are a generalization of the previously obtained results of the pure state geometric

phase for both two and three flavor neutrino oscillations.

ii
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CHAPTER 1

Introduction

Modern physics rests firmly on two pillars: quantum mechanics and general theory of
relativity. While quantum mechanics describes the nature of matter at extremely small
subatomic scales, general relativity is required for large scales where the gravitational ef-
fects become important. The quantum mechanics of all the known fundamental particles
and their interactions is formulated by the Standard Model (SM) of particle physics. This
model describes the fundamental building blocks of matter, quarks and leptons, and their
governing forces: the strong, electromagnetic and weak interactions, in a single mathe-
matical framework. The SM, developed in the 1970s, has not only been able to explain
almost all of the experimental results, but it also predicted new particles and phenomena,
which were discovered in subsequent experiments. For example, the existence of charm,
bottom and top quarks, massive W and Z vector bosons, the tau neutrino, scalar Higgs

boson and the neutral current interactions were all successful predictions of the SM.



1.1 Gauge Theories and the Standard Model

The SM has two main components: local gauge invariance and spontaneous symmetry
breaking. The local gauge invariance determines the interactions of the gauge fields and
the number of gauge bosons in the SM. It also forces the gauge fields and the matter fields to
remain massless. The particles acquire their masses due to spontaneous symmetry break-

ing by the scalar Higgs field [1-7].

To illustrate the principle of local gauge invariance consider the Lagrangian of a free Dirac
field ¥ (z):
Lo=V(z)(id —m)¥(x), (1.1)

where ¢ = "0, The gauge principle demands that under the transformation
U(z) — e@W(x), (1.2)

where () depends on the space-time coordinate x, the Lagrangian should remain invari-
ant. However, it can be seen that under this transformation 9, ¥ (z) — €@ (9,¥(z) +
i0,0(x)¥(x)), thus £, does not remain invariant. To restore the gauge invariance we need
to introduce a new gauge field A, to cancel out the extra term. We thus define covariant
derivative

D, =0, +ieA,(z), (1.3)
such that under the transformation (1.2):

1
Ay(z) = Ay(x) — g(?ua(x), (1.4)

which results in D,V (z) — ¢ @D, ¥(x). We can now write a locally gauge invariant
Lagrangian

L=Ux)(i) —m)¥(z) = Lo — eV (x)7y"¥(z)A,. (1.5)



Thus the demand for the local gauge invariance results in an interaction term between the
Dirac fermion and the gauge field A, (x), which is the familiar electron-photon vertex of
quantum electrodynamics (QED). The QED represents an archetypal gauge theory which
exhibits local U (1) gauge invariance. The full Lagrangian for QED includes a kinetic term

for the propagating photon field A,,(z):
1 _
Lqep = —ZFWF‘“’ + U (z) (i) — m) ¥ (), (1.6)
where F,, = 0,4, — 0,4, is the electromagnetic field strength tensor which remains

invariant under the transformation (1.2).

The idea of local gauge invariance was extended to non-Abelian groups by Yang-Mills [8],
which ultimately led to the formulation of the SM. Of particular interest is the the Lie group

SU(N) having N? — 1 generators, which obey the commutation relation
[t %] = i fobete, (1.7)

where f% are the structure constants of the group. The local gauge transformation for the
spinor field ¥(x) = (1 (), ¥a(x), .., n(x))T can be realized by an SU(N) matrix U (z)

in the following manner:
U(x) — Uz)V(z) = " @70 (), (1.8)

where 7 is the matrix representation of the generators ¢, §%(x) are space-time dependent
real functions and the index a is summed over from 1 to N2 — 1. As in the Abelian case,
to preserve the gauge invariance one needs to introduce a set of N? — 1 gauge fields by

defining the covariant derivative:

Dy, =8, + igT" A%(x), (1.9)



such that the gauge fields Af(z) transform as

[
TAS (z) — UT A (2)U " + E(aMU) Ut (1.10)

The explicit transformation of the gauge fields can be obtained by considering the infinites-
imal transformation

U(z) = (14 i00%(x)T*)V(z), (1.11)

from which we get

Al(z) — A%(z) — éauaea — feseb AL, (1.12)

The non-Abelian generalization of the kinetic term of the gauge fields can be found by

requiring the field stregth tensor to transform as

FoT* - UF.,TU ™, (1.13)
which leads to
i
F,T*=-~-[D,,D,], (1.14)
g9
Fy, =0,A5 = 0,A5 — gf " AL AL (1.15)

Finally, the full Lagrangian for the non-Abelian SU (V) gauge theory interacting with the

fermion field can be written as

L —iFgVFW U () (i — m) U (a). (1.16)

From Egs. (1.15) and (1.16) it can be easily checked that the Lagrangian contains terms
which are cubic and quartic in Aj;. These terms gives rise to self-interactions among the
gauge fields, which were absent in the case of QED. All the interaction terms involve the

coupling constant g which is thus universal. Also it can be noticed that there are no mass



terms for the gauge fields in the Lagrangian (1.16), since a term of the form m2AZA‘W

explicitly breaks the gauge invariance of the theory. Thus the gauge fields remain massless.

1.1.1 SU(2);, x U(1)y Electroweak theory

The SM is a non-Abelian gauge theory based on the symmetry group SU(3)c x SU(2), x
U(1)y, where SU(3)¢ corresponds to the color symmetry of strong interactions, SU(2),
corresponds to the weak isospin symmetry and U(1)y corresponds to the hypercharge
symmetry. The electroweak sector SU(2);, x U(1)y of the SM describes the weak and
electromagnetic interactions in a unified manner. The weak isospin group SU(2);, act
on the left-handed chiral components of the fermion fields, while the right-handed com-
ponents are SU(2);, singlets. This group has three generators 7% a = 1,2,3. In the
fundamental representation the generators are given by the Pauli matrices : 7% = 0% /2,

which satisfy the commutation relation

a b c
[1ﬁﬁ=nmi. (1.17)
272 2
The Abelian group U (1)y is generated by the hypercharge operator which is related to the

weak isospin 7" and charge operator Q:
Y =0Q-T°3 (1.18)

The matter content of the SM consist of quarks and leptons which are organized in three
generations. The left-handed fermions are assigned to be SU (2) ;, doublets while the right-

handed fermions are represented by SU(2),, singlets:

ur, crL lr, Ver, VuL VrL

QL = : , ; Ly = N (1.19)
dL S, bL er, 1259 TL
Ur = ur,cr,tr; Dr = dRr,sg,br; Er = €Rr, R, Tr- (1.20)

5



Isospin  Isospin ~ Hypercharge Electric
T T3 Y charge Q

() e %

L — <ZLL> | (zﬁ) 7 (V;) 1/2 _11//22 ~1/2 _01

Particle content

Ur = up,cp,tr 0 0 2/3 2/3
Dgr = dg, sg,br 0 0 -1/3 -1/3
Er = ep, ir, TR 0 0 -1 -1
- (f;) 12 _11//22 1/2 :
VR = VeR, VeRs Vrg 0 0 0 0

Table 1.1: The quantum numbers of the fermion doublet and singlet fields, and the Higgs
field @ in the SM. Also shown are the quantum numbers for the right-handed neutrino
fields in the extended SM.

Table 1.1 lists the quantum numbers of the particles in the SM.

In order to have local gauge invariance in the theory, we must introduce three gauge fields
Wi (a =1,2,3) associated with the generators of the group SU(2), and one vector field
B,, associated with the generator of the group U(1)y. The gauge invariant Lagrangian for

the matter fields is then given by

ﬁmatter = QaLimQaL+EaLilDLaL+UaRZ.lD/UaR+DaRim/DaR+EaRilD,EaR7 (121)

where the index « is summed over the three generations of quarks and leptons.  The

covariant derivatives in Eq. (1.21) have the form:

D, =8, + z‘g%wg +ig'YB,, (1.22)

D!, =0, +ig'Y B, (1.23)



where g and ¢’ are the coupling constants for the groups SU(2), and U(1)y respectively.

Also, the kinetic term for the gauge fields IV} and B,, can be expressed as

1 1
»Cgauge = _ZBMVBIW - ZWSVWaMV, (1.24)

where field strength tensor is given by

By, =0,B, — 0,B,, (1.25)

We, =0,W — 0,W5 — ge™WiWy. (1.26)

As discussed in the last Section, the gauge symmetry forbids a mass term for the gauge
fields in the theory. Now, the mass term for the fermions has the form: mvn) = m(¢Y g+
h.c.). Since the left-handed and right-handed fermion fields have different transformations
under the gauge group SU(2); x U(1)y, this term is not gauge invariant and cannot be
included in the Lagrangian (1.21). Hence in this model we obtain massless gauge and

matter fields.

Now the gauge symmetry SU(2), x U(1)y must be spontaneously broken to U(1) at
low energies, since only the electric charge () is conserved in nature. The mechanism
responsible for this symmetry breaking, known as the Higgs mechanism, also generates

mass of the gauge bosons and the fermions.

1.1.2 Spontaneous symmetry breaking and particle spectrum

To break the gauge symmetry spontaneously we introduce the Higgs field ® which is rep-
resented by an SU(2), doublet of complex scalar fields

(b-f—
P = LY =+41/2, (1.27)
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where ¢ charged and ¢° is neutral. The Lagrangian for the Higgs field @ is given by
Litiges = (Du®) ' D'® — 12010 — A(910)?, (1.28)

where 2 is real, A > 0 to have lower bound on the potential and D,, is given by Eq. (1.22)
with Y = +1/2. In order to find the particle spectrum we must determine the vacuum

state of the theory which corresponds to the ground state of the Higgs potential:
V() = p20f0 + A\(oTe)”. (1.29)

Minimizing V' (®) gives us the ground state configuration of the system. If 42 > 0, the po-
tential minimum is located at the origin (®) = 0. Thus we have a symmetric ground state
which is invariant under the gauge transformations and the gauge symmetry is preserved.
On the other hand if ;12 < 0, the minimum of potential occurs at

(I)Tq):i:v_ 1.30
@iay = =2 (130

where v = /—p2/\is called the vacuum expectation value (vev) of the Higgs field. Since
the vacuum must be electrically neutral, the vev is due to ¢°. We thus obtain an infinite set

of degenerate ground states from which a particular state can be chosen as the vacuum:

(@) = — : (1.31)

The above vacuum state is not invariant under the symmetry of the Lagrangian (1.28).
Thus the gauge symmetry SU (2), x U(1)y is spontaneously broken by the vacuum. How-
ever, the vacuum remains invariant under the transformations of the group U (1), since the
Higgs field has zero U(1)¢ charge. This results in the appearance of a massless gauge bo-
son which can be identified with the photon. The spontaneous symmetry breaking also

leads to the mass of the gauge fields W . To see this, we parametrize the Higgs doublet



in the general form
d(x) = el’d“é“(ﬂf)/?vi 0

, (132)
V2 |, + h(x)

where £4(z) = (£4(x), £3(x), £3(x)) and h(z) are the four real scalar fields. The pertur-
bative field h(z) describes the excitations of the Higgs field above vacuum. On the other

hand, the fields £“(x) can be rotated away by the following transformation:
O(z) = UE)P(x) = e """ @/ 20 (1), (1.33)

This transformation defines the unitary gauge and in this gauge the Higgs doublet is given
by
1 0

d(z) = il | (1.34)

At the same time the gauge fields W are subjected to the transformation given by Eq.
(1.10)

awa awa .
S S OO+ @U@, (135)

In this manner the three unphysical Goldstone bosons &7 (a = 1,2, 3) are absorbed into
the gauge transformation i.e. into the longitudinal modes of the gauge bosons to make
them massive. This is known as the Higgs mechanism [9-12]. The particle spectrum of
the theory after spontaneous symmetry breaking has the following components:

(4) A linear combination of the gauge fields W (a = 1,2, 3) and B, gives us three massive
bosons which are identified with the W+ and Z bosons, while the fourth linear combina-

tion which remains massless is the photon. Consider the first term in the Higgs Lagrangian



(1.28):

i o g 0
(D,®)'D'® = (a# +ig5 W +z§BH> e
V2
1 1
=3 (9, (x))* + 3 (v + h(2))” <92 (W, W+ W2W)+
(~ W} +9B,)"). (136)

We define the charged and neutral physical gauge bosons as

1

+ .
W, = E(Wj +iW?2), (1.37)
A cos 0 sin @ B,
"= W W " (1.38)
Z, —sinfw cos By wp

where the angle 6y is called the weak mixing angle or the Weinberg angle, defined by [13]

/

tan Oy = 2. (1.39)
g

In terms of the new fields the Lagrangian term (1.36) becomes

92 _|_ 9/2

2
(Du®) D0 = (9,h(2))" + (v + b)) (W W + Z,2").  (140)

N | —

Thus the W and Z gauge bosons acquire masses proportional to the vev of the Higgs field:

(% mw
— — = 1.41
mw 9 , Mz 2 COS QW ) ( )

whereas the A,, boson remains massless. The SM makes precise predictions for the masses
myw and my of the gauge boson, the mixing angle fy, as well as the Higgs vev v. For

example, consider the muon decay 1~ — e~ .1,. In the limit of low momentum transfer,

10



the W propagator can be approximated by a local four-fermion interaction which gives:

2
g Gy
= —. 1.42
ST = s (1.42)
The measured muon lifetime provides a precise determination of the constant G:
Gp = 1.16637 x 107° GeV 2. (1.43)

Thus from Eqgs. (1.41), (1.42) and (1.43) we obtain the vev of the Higgs field which char-

acterizes the electroweak symmetry breaking scale:

v = (V2Gp)~"* ~ 246 GeV. (1.44)

(77) The Higgs Lagrangian (1.28) has introduced a new particle in the SM known as the
Higgs boson. The mass of the Higgs boson arises due to the potential term (1.29) which

can be written in the unitary gauge as:

4

V(®) = \?h? + \vh® + hz. (1.45)

This equation suggests the mass of the Higgs boson as

my = V22 = \/—2p2. (1.46)

Since 12 is not connected to any other observable quantity, the mass of the Higgs boson
cannot be predicted within the SM and has to be determined experimentally. In 2012,
the ATLAS and CMS collaboration discovered the Higgs boson with mass my ~ 125
GeV [14,15].

11



(7ii) The fermions acquire their mass through Yukawa coupling with the Higgs doublet.

The gauge invariant Lagrangian describing this interaction has the following form:
Lyiawa = ~ Y. Qur®Usr — Y. Qur®Dpr — Y Lo ®Esp + hec., (147

where & = io,®*, o, 3 are indices summed over the quark and lepton generations, and

Y(?, f = u, d, [ denote the Yukawa couplings of quarks and leptons with the Higgs field.

«

In the unitary gauge the above Lagrangian can be written as

h(x u - _
EYukawa = — (1 + %) [aaLMég)UBR + daLMC(fZg)d,BR + laLMc(Mlﬁ)lﬁR + h.C., (148)

where the quarks and lepton fields are arranged in the following array :

U d e
U = Cc 1> d= S| [ = [ ) (149)
t b T
and
MO = Ly @ oy al, (1.50)

afs \/5 af

are the complex 3 x 3 mass matrices for up-type quark, down-type quark and charged
leptons respectively. The above mass matrices can be diagonalized by the following bi-

unitary transformation:
VIO OVE — DO =4y d 1, (1.51)

where V;, and Vj are the appropriate 3 x 3 unitary matrices and D) are the diagonal

matrices:

DW = Diag(mu,mc,mt), DY = Diag(md,ms,mb), DO = Diag(me,mu,mT).
(1.52)

12



In this manner we obtain the mass terms for the quarks and charged leptons in the SM.
Eq. (1.50) implies that these masses are proportional to the Higgs vev. In addition since
the elements of the Yukawa coupling matrix Y and the transformation matrices V7, and
Vg are unknown, the quark and lepton masses cannot be predicted. The experimental
measurements of the above nine fundamental parameters of the SM reveals the following
hierarchy: m, < m, < my, mqg < my; < my, me K m, <K< m,, which has no
explanation within the SM. Also notice that there are no mass terms for the neutrinos.
This is due to the fact that the SM contains only left-handed neutrino fields (Egs. (1.19)
and (1.20)), which excludes the possibility of a Yukawa type coupling of neutrinos with

the Higgs doublet. Thus in the SM the neutrinos remain massless.

The full Lagrangian for the Standard Electroweak Model can be written as
L= »Cmatter + »Cgauge + EHiggs + 'CYukawaa (153)

where the corresponding terms given by Eqs. (1.21), (1.24), (1.28) and (1.48) respectively.

1.2 Neutrino mass, mixing and oscillations

The existence of neutrino mass is so far the only experimental evidence for the physics
beyond the SM. As discussed in the last Section, the SM is formulated in a manner such
that the neutrinos have zero mass. However, there is no fundamental symmetry in the SM
which forbids neutrino mass. One of the ways to generate neutrino mass is to extend the
SM by adding three right-handed neutrino fields vg = v.g, Vg, V7. This eliminates the
inherent asymmetry in the SM between the quark and lepton sectors and is called mini-
mally extended Standard Model (MESM). The right-handed neutrino fields are SU(2),,
singlets and have hypercharge Y = 0 (see Table 1.1). Thus they have no interactions with

the gauge bosons and are called sterile.

13



In the MESM the presence of right-handed neutrino fields allows us to construct a Dirac

neutrino mass term which arises due to the Yukawa coupling:
Loiac = —Y,\5 Lar®vsp + hc., (1.54)

where Y5 are the coupling constants. After the spontaneous symmetry breaking the neu-

trino mass term can be written as
Lpirac = =V Mpvg + h.c., (1.55)

where

Mp = %W) (1.56)

is a complex 3 x 3 Dirac mass matrix, and v, and vy, are the left- and right-handed neutrino

arrays respectively:

VerL VeRr
ve= vy |5 VR= |vur | - (1.57)
Vrr VrR

The matrix My is, in general, not diagonal. To obtain masses of the physical fields, M

needs to be diagonalized by the following bi-unitary transformation
U'MpV = M, = diag{my, ma, ms}. (1.58)
The resulting Dirac mass term is given by

3
Loirac = VLMV +hc. =Y mvv;, (1.59)

=1
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where v and v}, are the chiral projections of the physical Dirac neutrino fields v; with

definite mass m; :

V1, ViR
/ /
vi=Ulvp =y |, Va=Vivr=|1ur | (1.60)
V3L, V3R
n
/o ! 1 61
V=vp+vp=| 1|, (1.61)
V3,

such that Prv’ = v} and Prv’ = v,

We have shown that in the MESM the Dirac neutrino can be generated through the usual
Higgs mechanism. According to Eq. (1.56), the neutrino masses obtained in this way
are proportional to Higgs vev, just like the masses of other fermions in the SM. This is
expected since this model treats the neutrino fields on the same footing as the fields of
the other fermions. However, the current experimental bounds on the neutrino mass (for
example [16]) suggest that the neutrinos are at least five orders of magnitude lighter than
the lightest fermion, the electron. Thus it is unlikely that the standard Higgs mechanism

alone is responsible for the generation of neutrino mass.

The simplest way to generate small neutrino masses is provided by the seesaw mechanism.
In this model one writes a Majorana mass term for the right-handed neutrinos which arises
due to some fundamental interactions at higher energy scale. The diagonalization of the
combined Dirac-Majorana Lagrangian then gives us two neutrino mass scales for the left-
handed and right-handed neutrinos respectively: m, ~ MgM 7 "Mp and myp ~ Mg,
where Mp and My, correspond to Dirac and Majorana mass matrices respectively. Now as
we saw above, the Dirac mass term is generated by Higgs mechanism. Thus the order of
magnitude of elements of MP is probably of the order of other fermion masses. However

the Majorana mass term Mg, being an SM singlet, corresponds to some large mass scale
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A beyond the SM i.e. A > wv. If we take A to be the typical grand unification scale
(~ 10 — 10 GeV) then the light neutrino masses, which are given by the eigenvalues of
m, 1, are suppressed relative to Mp by a ratio v/A ~ 107 — 1072, In this manner one
can generate small neutrino masses over several orders of magnitude by choosing different

values for the elements of Mp and Mpg.

1.2.1 Neutrino mixing

Regardless of how the small neutrino mass arises, their existence have major consequences
in the low energy phenomenology. For example, the Lagrangian for the charged-current

interactions of leptons with the 1" bosons is given by:
g _ _
Loc = —EVLW"ZLWH + h.c. (1.62)

We can choose a basis in which the charged lepton mass term is diagonal i.e. the mass
eigenstates of charged leptons coincide with their flavor eigenstates. In this basis, using the
transformation (1.60), we can write the above Lagrangian in terms of the neutrino mass

eigenstates v/':

9

Loc = — =0, U, W, +h.c.
cC /32 vy,
€L
g |(_ L _

== E <V1L VoL, V3L) Uty pr | We +he

TL
3
==L N S UL W, + hee. (1.63)

V2

a=e,u,7 k=1

The unitary matrix U is called neutrino mixing matrix or the PMNS (Pontecorvo-Maki-
Nakagawa-Sakata) matrix [17,18]. An immediate consequence of neutrino mixing is that

it leads to lepton flavor violation, unless the mixing matrix is unity. For Dirac neutrinos the

16



total lepton number is conserved which arise as a global symmetry of the Dirac Lagrangian
under the U(1) phase transformations of the lepton fields. However, the Majorana mass
term is not invariant under these transformations which leads to lepton number violation

in the case of massive Majorana neutrinos.

The 3 x 3 unitary matrix U can be parameterized using three angles and six phases. How-
ever, three of these phases are unphysical since they can be absorbed into the phases of
charged lepton fields in Eq. (1.63). For the case of Dirac neutrinos two additional phases
can be eliminated by rephasing the massive neutrino fields vy ;. Thus Dirac neutrino mix-
ing matrix is characterized, apart from the three mixing angles, by one physical phase
which give rise to CP violation. For Majorana neutrinos the mass term is not invariant
under rephasing of v;;, which results in three physical phases in the mixing matrix. In

general, the mixing matrix U can be written as [4]:

U = UPDM, (1.64)

where UP is the Dirac-like mixing matrix with one Dirac phase and DM is a diagonal
matrix with two Majorana phases. Clearly for the Dirac neutrinos: U = UP. The standard

parametrization of matrix U® is given by

0

C12C13 S12€C13 S13€
— & &
U= —812C23 — C12523513€" C12C23 — S12523513€" S23C13 | » (1.65)
id 8
812523 — C12€23513€ —C12823 — 512€23513€ C23C13

where c,, = cosfy, and s, = sinf,. 019, 613, and o3 are the three mixing angles such
that 0 < 6,, < 7/2 and § is the Dirac CP violating phase, 0 < § < 2x. The diagonal

matrix D™ can be written as:

DM = Diag{1,e”, ¢ }, (1.66)
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where p and o are the two Majorana phases.

1.2.2 Neutrino oscillations

The observation of neutrino oscillations in several different experiments is a definitive
evidence of neutrino mass and flavor mixing. In a typical experiment the neutrinos are
produced in a charged-current interaction together with a charged antilepton. According
to Eq. (1.63) a neutrino with flavor v,, o = e, u, 7 is produced in a superposition of

physical fields v, with different masses my. Thus we can write:

Vo) = Z ) (1.67)

where |vy,) are the eigenstates of the neutrino propagation Hamiltonian with energy eigen-
values Fj, = /p? + m3 and are called mass eigenstates. As the neutrinos propagate, the
eigenstates |vy) evolve differently due to different energy eigenvalues Ej. This leads to
transitions among the different flavor eigenstates |v,,) which are termed as neutrino oscil-
lations. If the neutrinos are initially produced in a flavor v, then after traveling a distance

L the probability for the transition v, — 1/ is given by Eq. (A.6) in Appendix A:

Am L
Prasvs (L, E) Z 5 UskUaiUs; exp : E

Am? ;L
= Gy — 2ReZUakU5kUa]UﬁjeXp<—z ol ) (1.68)
k>j

where Amj; = mj, —m3, and F is the neutrino energy. The unitarity of the mixing matrix

U gives us the relation:

> UakUpy, =6as (1.69)
k

= Y |UakP1Usk|* =005 — 2> Re(UzUsilUa;Up,). (1.70)

k>3
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Thus we can write the Eq. (1.68) in a useful form:

. i\ .o AmijL
Prroosws(L E) =605 — 4 " Re (U UsiUa;Uj;) sin o
k>j

i} .\ . [Amj.L
+2) Im(UsUsUasUs;) sm( QEJ ) (1.71)
k>j

For the channel o = 3, Eq. (1.71) gives us the survival probability

Am?2.L
PVWVQ(L,E):1—4ZRe(|Uak|2|Uﬁk|2)sin2( 45 ) (1.72)
k>j

Let us now consider the case of antineutrinos which are produced through the Hermitian
conjugate part of the charged-current interaction (1.63). The antineutrino states are thus

described by the relation

Za) = Y Uai |i) - (1.73)
k

The oscillation probability for the antineutrino transitions v, — g is obtained by the

replacement U — U™ in Eq. (1.71):

. oy .o AmijL
Prasivg (L, E) =605 — 4~ Re (U UsUs;Us;) sin e
k>j

C(Ami.L
—QZIm(UakUBkUajUﬂj)sm< oV ) (1.74)
k>3

The difference in the oscillation probabilities of the neutrinos and antineutrinos indicate

CP violation, which can be expressed by

. N Amsz
AP =Py sy — Promszy =4 > Im(USUsUs;Up,) sin ok (1.75)
k>j

Thus CP violation requires imaginary terms in the mixing matrix. If CP is violated then T

is violated by the same amount to keep the CPT conserved. Thus AP = Pro—svs = Prsgosva-
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Also if « = 3, then

Am?2. L
AP =4 " Im(|Uak[*|Upi|*) sin ( 25 ) = 0. (1.76)
k>j

Thus to observe CP violation one needs to measure transition probability between two

different flavor states.

The special case of two-neutrino mixing provides a useful approximation to study several
important properties of the neutrino oscillation phenomenon [19]. In this case the two
flavor states v, and v are linear superposition of two mass eigenstates v, and 1. The

2 X 2 mixing matrix can be written as

cosf sind
U — 7 (1.77)

—sinf cosf

where 6 is the mixing angle. From Eq. (1.72) the survival probability is given by

Am?L
PVQ_H,Q(L,E)zl—siHQQQSinQ( ZZ ) (1.78)

where Am? = Ams3,. The last term indicates oscillations between the flavor states with a

wavelength
ATE

Losc = A _o°
Am?

(1.79)

The oscillation wavelength is the scale over which the quantum interference between mas-
sive neutrino states take place. However, there are several ways through which the co-
herence of massive neutrinos is lost and the interference effects are not observed (see
Appendix A). In this case the oscillating term in Eq. (1.78) averages out and we obtain the

incoherent survival probability

(Puoosva) = 1— %sin2 26. (1.80)
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Parameter NO Best fit =10 10 Best fit +=10
612(°) 33.56 977 33.561517
025(°) 41.6715 50.0711
013(°) 8.46%013 8.49%012
ocr(°) 26172 27740

Am2,/107° eV?

Am2,/1073 eV?

7.501017

2.524100%

7.501017

—2.51475:9%8

Table 1.2: Best fit values of the neutrino oscillation parameters for normal ordering (NO)
and inverted ordering (I0) obtained by global analysis of the neutrino oscillation data, as
presented in Ref. [20]. Am3, = Am3, > 0 for NO and Am3;, = Am3, < 0 for 10.

The results from solar, atmospheric, reactor and accelerator neutrino experiments have
convincingly shown that the neutrinos are mixed and massive particles. The parameters
of the three neutrino mixing (1.65) have been obtained by various groups through the
global analysis of the neutrino oscillation data. In Table 1.2 we show the best-fit values of

the neutrino oscillation parameters as reported in Ref. [20].

1.2.3 Neutrino oscillations in matter

It was shown by Wolfenstein [21] that the propagation of neutrinos through matter induces
an effective potential due to coherent forward scattering of neutrinos off the background
matter particles. Since the background matter at ordinary temperatures does not con-
tain muons or taus, the electron neutrinos v, encounter both charged-current and neutral-
current interactions while v, and v, undergo only neutral-current interactions (Fig. 1.1).
Thus the effective potential is flavor dependent which results in a modification in the neu-
trino mass and mixing in matter. This leads to significant changes in the neutrino oscilla-

tion probability in the medium.
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Ve e Ve, Vn, Vr Ve, Vn, r

(a) (b)

Figure 1.1: Tree-level Feynman diagrams of the elastic scattering of neutrinos with the
background matter particles, which generate (a) charged-current potential V¢ and (b)
neutral-current potential Vxc.

Consider first the elastic v.e™ scattering through charged-current interaction (Fig. 1.1a).

The effective low energy Hamiltonian for this process is given by

Gr

Har = 7 [e(p) (1 — ¥°)ve(p2)] [Pe(ps)Y (1 — 7°)e(pa)]
- % Zelpa) (1 — 1) (p2)] [Eo) (1 = Pep)]. (181)

where we have used Fierz transformation in the last term. For the elastic forward scattering
of neutrinos off the electrons, the neutrino momentum remains unchanged i.e. p; = p3 =

p, which results in the effective Hamiltonian
e = V2Grveryaver (87 (1 —7°)e). (1.82)
In normal unpolarized matter at rest, averaging over electron background results in [19]:
<év’\(1 — 75)e> = 5AO<é%e> = 6, (1.83)
where n, is the number density of electrons in the medium. Thus (1.82) becomes

Hgﬂgj = ﬁGFneDeLVOVeL = VCCDeL’YOyeLy (184)
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where the charged-current potential is given by
Vee = V2Gpn.. (1.85)

In a similar manner one can find out the effective neutral-current potential in matter which

is same for neutrinos of all the flavors [22]:
1
Vae = —5\/§Gan, (1.86)

where n,, is the number density of neutrons in the medium. Thus the effective potential

for a neutrino of flavor « in an unpolarized medium can be written as
/n”fL
Va = Voodae + Ve = V2Gr (nedac — 5 ). (1.87)

Consider now the case of two-neutrino mixing in a medium. The evolution equation for

the propagation of ultrarelativistic neutrinos in matter is given by

d [ Ve Ve

— = H, , 1.88
de ( )

Uy

where Hamiltonian H,, in matter is the sum of vacuum Hamiltonian and the interaction

Hamiltonian. In the flavor basis H,, is given by

_Am2/AE 0 Voo +Vae 0
H. =U / Uty | ¢ N , (1.89)

0 Am?/AE 0 Vxe

where U is the mixing matrix (1.77). Neglecting the terms proportional to identity matrix,

we obtain
1 [ —Am?cos20 + A Am? sin 20

AL Am? sin 20 —Am?cos20 — A

H,, (1.90)
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where A = 2EVoe = 2v/2G rn E. In a medium with constant density the above Hamil-

tonian can be diagonalized by the following transformation to the mass basis in matter:

Ul HyUy, = Diag( — Am?, /AE, Am?, /AE), (1.91)

where

cosf,, sind,,

Uy, = : (1.92)

—sind,, cosb,,

is the unitary mixing matrix in matter. The mixing angle and mass-squared difference in

matter are given by

Am?cos20 — A
c0s20,, — mcos , (1.93)
v (Am?2 cos 20 — A)? + (Am? sin 26)2
Am?2, = /(Am?2cos 20 — A)? + (Am? sin 20)2. (1.94)
The oscillation probabilities in matter are thus given by
Am? L
I : 2 m
Pu(Ve — ve) =1 —sin” 26, sin ( 1E >7 (1.95)

which is the same as Eq. (1.78) with modification 6 — 6,,, and Am? — Am?,. Thus
the neutrino propagation in matter leads to changes in their oscillation probabilities com-
pared to the vacuum values. However, in this case a new feature arises which can lead
to enhancement in neutrino transitions in a medium. This can be seen from Eq. (1.93)

according to which the mixing angle becomes maximum when
A =Am’ cos 26. (1.96)

This condition is called resonance and corresponds to the electron number density

r_ Am?cos 26

_ D Ay 1.97
e 2W2GrE (1.97)
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At resonance the mixing angle becomes 7 /4 and there is a possibility of complete conver-

sion of original neutrino beam to a different flavor.

The presence of resonance can have important consequences for neutrino propagation in
a medium with varying density. In such a medium the neutrino mass eigenstates are no
longer the eigenstates of the Hamiltonian (1.90). Thus the Hamiltonian is not diagonal in

the mass basis. In this case the transformation to the mass basis
=U, (1.98)

yields the evolution equation

d

Uim Vim
e :(U;HmUm Ul %) '
dx

" dx
2m Vom

—Am? JAE  —idf,,/dz Vim
= (1.99)
id0y,/dx Am2, JAE | \ vap,

Let the density of the medium is a slowly varying function of distance x so that df,,/dx

is small. In particular we assume

A 2
‘wm( Ton | (1.100)

dx 2F

which corresponds to the case where transitions between v1,,, and v5,, are negligible. This
is called adiabatic approximation. Under this approximation Eq. (1.99) can be integrated

to give the v, survival probability [19]

1

Pdia(y, — 1) = 5(1 + cos 26 cos 26, ). (1.101)

The adiabatic propagation of neutrinos in a medium with varying density can lead to reso-

nant transitions which is known as MSW (Mikheyev-Smirnov-Wolfenstein) effect [23,24].
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The essence of this effect can be seen by considering an electron neutrino produced at the
center of the Sun or in a star where the density is infinitely high. Then Eq. (1.93) implies
mixing angle at this point is 6,, ~ 7/2, and Eq. (1.98) implies that v, corresponds to the
mass eigenstate v5,,. As the neutrinos move outward to regions of smaller density, it will
pass through resonance region where Eq. (1.97) is satisfied and finally proceed to vacuum
where the angle 6,, is equal to the vacuum mixing angle. If the propagation is adiabatic
the neutrinos will remain in the mass eigenstate v5,,,, which at a point in vacuum is given
by vy = v sin6 + v, cos 6. Thus the probability of finding v, decreases from one to the
value sin? §. This can have dramatic consequences if the angle 6 is small, in which case

we obtain large flavor conversion in spite of a small mixing angle.

1.3 Overview of the thesis

In this Chapter we presented some of the well-known features of the Standard Model. We
also discussed the phenomenon of neutrino oscillations which arises due to non-zero neu-
trino mass. Theory and experiments of neutrino oscillations have a rich history [25-27]
and it continues to play an important role in the efforts to discover new physics beyond the
SM. On the experimental front several experiments are in progress and are planned with
different neutrino sources. Some of the important recent measurements include constraints
on the neutrino CP violating phase at T2K [28], measurement of reactor antineutrino spec-
tra at Daya Bay [29] and the measurement of neutrino produced in the CNO cycle in the
Sun at Borexino [30]. On the theoretical side several studies have been carried out to

understand the intricacies and implications of the neutrino oscillation phenomenon.

In this Thesis, we study the phenomenological aspects of neutrino flavor and spin-flavor
oscillations, and point out several new features and observables that can give important
insights about the phenomenon of neutrino oscillations. In Chapter 2 we study the elec-

tromagnetic character of neutrinos. This Chapter contains detailed discussions on neutrino
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dipole moment: its origin, its experimental and theoretical limits and its implications for
neutrino propagation in magnetic fields. This Chapter lays the foundation for the next
two Chapters in which we study the phenomenon of neutrino spin-flavor oscillations in
the astrophysical environments where they may generate novel and hopefully observable
effects. In Chapter 3 we examine the effects of the solar magnetic fields on the electron
neutrinos produced in the Sun. We evaluate neutrino spin-flavor transition probabilities
and use bounds from the Borexino experiment to constrain the solar magnetic fields. In
Chapter 4 we explore the quantum mechanical features of neutrino spin rotation and point
to emergence of geometric phases in this phenomenon. We derive analytical expressions
for adiabatic and non-adiabatic geometric phases for neutrino propagation in different en-
vironments such as the Sun and neutron stars and discuss their phenomenological impli-
cations. In Chapter 5 we study the geometric interpretation of neutrino flavor oscillations
and derive mixed state geometric phase which arises during evolution of a neutrino beam.
We show that our results are generalizations of the earlier results by various authors for
both two and three flavor neutrino oscillations. Finally in Chapter 6 we summarize our

results and present a future outlook.

27



28



CHAPTER 2

Electromagnetic properties of neutrinos

The study of neutrino electromagnetic properties and interactions not only gives us im-
portant insights into various phenomena beyond the SM, this can also be used as a tool to
distinguish between the Dirac and Majorana nature of neutrinos. In this Chapter we give
a concise review of the neutrino electromagnetic properties such as origin of neutrino
dipole moment (NDM), neutrino interactions with the electromagnetic fields and spin-
flavor transitions in neutral matter and in magnetic fields. Some of the review articles and
books which contain an extensive discussion of neutrino electromagnetic properties and

related phenomenology can be found in Refs. [1,2,6,31,32].

2.1 Electromagnetic form factors

Neutrinos, being electrically neutral particles, acquire their electromagnetic properties

through interactions with a photon at quantum loop level. The coupling of the neutrino
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Figure 2.1: Effective vertex for neutrino-photon interaction.

field v(x) with the electromagnetic field A*(x) in one-photon approximation can be de-

scribed by an effective interaction Hamiltonian [31]
Hem () = ju(x) A (z) = v(x)T v (x) A (2), 2.1)

where j* is the neutrino electromagnetic current density and I', is the vertex function. For
a given Lagrangian the vertex function is obtained by summing over all possible Feynman
diagrams having the form shown in Fig. 2.1. For the diagram in Fig 2.1, the matrix

elements of current j*(x) are given by

@) (@) [v(p)) = (v(@) | €75, (0)e 7 [ v(p)) = e (v(0) | 1u(0) | (D)) ,
(2.2)
where P, is the four-momentum operator, p and p’ are the four momentum of initial and
final neutrino states respectively, and ¢ = p — p’ is the four momentum of the photon. The
evaluation of the matrix element in Eq. (2.2) depends on Dirac or Majorana nature of the

neutrino, which gives rise to different form factor in both cases.
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2.1.1 Dirac neutrinos

First we consider the case in which the neutrinos in Fig. 2.1 are described by free Dirac
fields having the plane wave expansion
i) = / IS [alp ol e + 6 (ol ], @)
(27T)32E ) Y Y Y )

h==+1

where h is helicity, F is neutrino energy, u(p, h) and v(p, h) are positive and negative
energy spinors. The particle and antiparticle annihilation operators a(p, h) and b(p, h)

obey the following anti-commutation relation:
{a(p, h),a' (@, 1)} = {b(p, h), b} (P, ')} = (27)*2E8*(F — ). (2.4)

In this case the matrix element (2.2) is given by

w®) | ju(z) | v(p)) = e " “u(p")Tup, p')u(p), (2.5)

where we have suppressed the helicity labels. Since (p + p')? = 4m? — ¢, m being the
neutrino mass, all possible terms in I',(p, p’) can be written in terms of ¢?, which is the only
independent kinematical quantity. Thus the vertex function I',(p, p’) can be decomposed
in terms of Lorentz invariant form factors which depend only on ¢2. The explicit form of
the vertex function can be constrained by following two requirements:

(1) The conservation of the current j*(z), required by the gauge invariance of Hep, () in
Eq. (2.1) under the transformation A* — A* + 0"¢(x), implies 0,7 (x) = 0. Using Eq.
(2.5) we obtain

¢"u(p' )T u(q)ulp) = 0. (2.6)
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(¢7) The Hermicity of the Hamiltonian in Eq. (2.1) requires that the current j,, must be

Hermitian. Since

: 1qT f —iq-T 5
W) | a@) ) = e (a@)Tul@u)) = e a@)lu(-0) ou(), @7
we have
Lu(q) = 70l u(—9) 0. (2.8)
On the basis of above considerations we can write down the vertex function in terms of

four independent form factors [2,31,33]:

T.(q) = fo(a®)vu — () o d” + Te(@®) 0w d” Vs + Ea(@®) (@ — qud)rs.  (2.9)

where £q(¢?), fai(q?), fr(q?) and 5 (g?) are the charge, magnetic dipole, electric dipole

and anapole form factors respectively.

The physical interpretation of the form factors can be understood by taking the non-relativistic

limit of the Hamiltonian in (2.1). For example, for the second term we obtain [33,34]
HoN(Exr) = —Fn(0)o - B, (2.10)

where B is the magnetic field and o are Pauli matrices. Thus f,(0) represents the mag-
netic moment x of the neutrino. Similarly for other terms the non-relativistic limit gives

us following form factors:
fo(0) = q, fr(0) =€, £a(0) = a, (2.11)

where q, € and a are neutrino charge, electric dipole moment and anapole moment respec-

tively.

Let us now study the CP properties of the Hamiltonian (2.1). The term I, in Eq. (2.1)
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arises from loop diagram involving weak interactions which maximally violate C' and P
individually. However the violation of CP has so far been observed only in the quark sector.
Now the electromagnetic field transforms as A, CL —A,. Thus for H, to remain CP

invariant we must have

. CcP . P
Ju — —Ju = Tulq) — —T.(q). (2.12)

Using the expansion (2.9) we obtain [31]:

CcP . y y

Lu(a) = —(Fo(a*) v — (0?0, q” —Fu(0*) 0" V5 +Ea(6*) (P — @ud)75)- (2.13)
Thus only the fz(¢?) term violates CP. Hence in a CP conserving case this term would
vanish (i.e. fg(¢?) = 0). However, in a general scenario including leptonic CP violation

Dirac neutrinos have four finite form factors.

2.1.2 Majorana neutrinos

A massive Dirac neutrino can have four distinct states corresponding to two helicities of
both, particles and antiparticles. For Majorana neutrinos, however, only two distinct states
are possible since in this case the particle and antiparticle states are identical [35]. This
reduction in the degree of freedom of gives rise to special CP and electromagnetic prop-
erties of the Majorana neutrinos. The Majorana field is equal to its charge conjugate field
Y = ~oCy*, where C is the charge conjugation operator, upto a global phase. Thus we

can write

U = T = 9T C T n0CY" = —H(CTT,nC) T = YCTC 1, (2.14)
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where we have used the identity ¢)"I",9)" = —¢""T'[4). We thus arrive at the following

identity for Majorana neutrinos

r,=cric (2.15)

Now using the expansion (2.9) for I',, and using the following charge conjugation proper-

ties of gamma matrices:

C’YZC_l = _’y;m Cagyc_l = _Uuua C(UMV’YS)TC_l = _0-;11/757 C(’YMIYEJ)TC_l = ’7;1757
(2.16)

we obtain

Ly= _EQ(QQ)%L + @'f’fM(qQ)qu” - ﬁE(q2>quqV75 + fA(QQ)(QQVN - quﬁ)%' (2.17)

Comparing Eqgs. (2.9) and (2.17) we get

fo(q°) = fu(q®) = fe(q®) = 0. (2.18)

Thus in comparison to the Dirac case in which we all the form factors are non vanishing,
Majorana neutrino have only nonzero anapole form factor.

So far we have considered only one massive neutrino field. But due to the phenomenon
of neutrino mixing we know that there must exist at least three neutrino mass eigenstates.
Thus the definition (2.5) of the neutrino electromagnetic current must be generalized to
calculate the matrix elements between two different neutrino states in the following man-

ner:

we(p") 1 ju(x) | vi(p)) = e ur(p")TF (q)u;(p), (2.19)
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where ¢ = p — p’ and the kth neutrino state has mass m;. Just like the earlier case, the

vertex function I',, can now be decomposed into Lorentz invariant form factors

% (q) = (8 (6®) + 5 (¢))a*s) (v — 0ud/@?) — i3 (%) 0’ + B (620 q" 5.
(2.20)

Thus the four form factors now become Hermitian matrices which consists of diago-
nal (k = j) and off-diagonal or transition form factors (k # j).

Considering now the CP properties of the vertex function (2.20), we find that for the Dirac
case CP conservation implies that the form factor matrices fg, fy;, fo are real and sym-

metric, while the matrix g is purely imaginary and anti-symmetric. Thus we have for

fy = 5 = (£)"  (Q=QMA)
Dirac Neutrinos 2.21)

£y = £ = —(&)".

The evaluation of Eq. (2.19) for Majorana neutrinos leads to an expression for the vertex
function similar to Eq. (2.20) [31]. Now Egs. (2.14) and (2.15) are defined only if both
the incoming and outgoing neutrinos in Fig. 2.1 are in same mass eigenstate. Thus Eq.
(2.18) holds only for the diagonal case. This implies that the the Majorana neutrinos can
have non-vanishing off-diagonal terms in the form factor matrices f, fyr and i, which

leads to the following properties for

. _ fy = —f) =) (Q@=QME)
Majorana Neutrinos (2.22)
B = £ = (E)"

Now the CP conservation in the case of Majorana neutrinos allows the existence of either a
transition electric form factor or a transition magnetic form factor, but not both simultane-
ously [31]. Since in the following Sections we will be concerned mostly with the magnetic
and electric dipole moments, we conclude this Section with the statement that Dirac neu-

trinos can have both diagonal and transition dipole moments while Majorana neutrinos
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have only transition dipole moments.

2.2 Neutrino dipole moments (NDM)

The possible existence of neutrino electric and magnetic dipole moments gives rise to
a number of new phenomena beyond the SM physics. From theoretical point of view the
neutrino dipole moments are closely related to their masses and CP properties and thus they
may play an important role in distinguishing the Dirac or Majorana nature of neutrinos.
The experimental searches for NDM’s with different neutrino sources have also played
an important role in placing upper limits on several electromagnetic quantities such as
neutrino magnetic moment (NMM), millicharge and charge radius [32]. In this Section
we first give a brief review of the predictions of NDM’s for Dirac and Majorana neutrinos
in beyond SM theories. Then we present some upper limits of the NMM that have been

obtained in several different experiments.

2.2.1 Theoretical predictions in MESM

In the MESM including three right-handed Dirac neutrinos, the electromagnetic vertex
(2.20) is given by the sum of one-loop diagrams shown in Fig. 2.2. The calculation of the
vertex function yields the following values for the magnetic and electric dipole moments

of Dirac neutrinos [1,2,36]:

3eG 2
D N—F
Hj ~16v3 2(mk+m] (51@ E kl/@( ) ),

a=e,u,
. SGGF 2
D
e = 16\/_7T2( -y (5163__ Z kUa]< W) ) (2.23)
a=e,u,T
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W w+

Vi Ia by Vi w* by

Figure 2.2: One loop Feynman diagrams contributing to the Dirac neutrino vertex function
in the MESM in the unitary gauge; o = e, u, 7 and ¢, 5 = 1,2, 3. In the renormalizable
R¢ gauge there are extra diagrams in which internal W lines are replaced by unphysical
Higgs lines [37-39].

For the diagonal case j = k, the electric dipole moments vanish, while the magnetic dipole

moments are given by

pi = S e B2 X107 19(1 V>“B’ (2.24)

where pp is the Bohr magneton. The Dirac NMM’s are thus proportional to their cor-
responding mass in the MESM. Given m, ~ 0.1 €V, this value is about nine orders of
magnitude below the current best experimental bounds (~ 10~ 5). For the transition

magnetic moments (k # j) in Eq. (2.23), we obtain

3€GF 2
my, +m (=),
Hk] 32\/_7T2 k J az@:ﬂ‘r W
3eGG 2
- D F
ey 2 = o = my) Z 21U ( W). (2.25)

Since (mg/my)? ~ 1074, these terms are further suppressed relative to their diagonal
values. This is called GIM suppression, named after a similar mechanism in hadronic in-
teractions in which the unitary mixing matrix produces an extra suppression in the flavor
changing neutral currents.

In the case of Majorana neutrino, for each diagram in Fig. 2.2 there is an additional di-

agram containing charge conjugate fields. This is due to the non-trivial weak interaction
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of the right-handed antineutrinos, while such contributions are absent for Dirac neutri-
nos since right-handed neutrinos have no weak interaction. The diagonal dipole moments

vanish in this case, while the transition magnetic moments (k # j) are given by [1,2,36]

M% ~— 3eGr (mg +m;) Z iIm<U;kUaj> <&>2’

16/272 M mw
3eG Mo\ 2
M F . * (e
€p; ——=—(mp —m; zRe(U(l Um)( ) . 2.26
kj 16\/§7T2( k ])a:ezw- kYo mw ( )

If CP is conserved then the matrix elements U, U,; are either real (when v, and v; have
same CP phase) or purely imaginary (when they have opposite phase), thus only one of e%
and uij remains nonvanishing respectively [31]. From Eq.(2.26) it can be seen that in this
case also the transition dipole moments are GIM-suppressed and are of the same order of

magnitude as the Dirac neutrinos.

From Egs. (2.23) and (2.26) it can be seen that the NDM’s are proportional to the neutrino
mass. This can be understood if we note that the tensor and pseudo-tensor bilinears corre-
sponding to the magnetic and electric dipole moment respectively are chirality changing

operators, which connect left-chiral states with the right-chiral ones :

&Uuuw = &LayuwR + h-C-7 &UW’YW = &Layuﬁ)/SwR + h.c. (227)

In the MESM, since the right-chiral projections of fermions are SU(2), singlets, they do
not interact with W=, Thus in Fig. 2.2 it seems that only the left chiral fermions can flow
in the external lines. To obtain chirality changing contributions one must include neutrino
mass insertion at one of the external legs (see Fig. 2.3a). Hence NDM’s are proportional

to the neutrino mass.
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2.2.2 Experimental limits and large magnetic moments

The most sensitive probe of the neutrino magnetic moment (NMM) is provided by direct
measurements of the low energy (anti)neutrino-electron scattering. These experiments
utilize solar, accelerator and reactor neutrinos as sources and furnish model independent
NMM bounds. The scattering cross section for the process v,e — v,e receives an extra
contribution due to finite NMM, in addition to the usual term due to SM weak interaction.
In the ultrarelativistic limit, the NMM term changes the helicity of the final neutrino state
while the SM term conserves helicity. Thus these two terms add incoherently and final

cross section can be written as [40]

do do do
aT. (dTe> * (dTe> ! (2.28)
SM NMM

where 7T is the kinetic energy of the recoil electron. The NMM contribution is explicitly

2
da) 7Ta2<1 1)(/1,,)
=—|=-= =1, (2.29)
2
(dTe ang e T. FE "B

where (i, is the effective NMM, m, is the electron mass, £ is the neutrino energy and « is

given by [41]

the electromagnetic coupling constant. The effective NMM takes into account the neutrino
mixing and oscillations during the propagation between the source and the detector and is
given by [42]
(1 (L)) = 32| S0 U | (230)
ik

where L is the distance between source and detector and /., is the magnetic moment ma-
trix, which in general contains both electric and magnetic dipole terms. For antineutrinos
this term differs only by a phase factor. Thus the observable 1, is an effective parameter
and its exact implications depends on the experimental baseline.

The two terms in Eq. (2.28) exhibit different dependence on the electron recoil energy

T.. In particular, from Eq. (2.29) it can be seen that (do/dT,) increases as we go

NMM
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towards smaller 7,. Thus one can probe smaller values of x,,_ by lowering the threshold

value of 7. In fact, for 7, < E the magnitude of (da / dTe)NMM exceeds the SM value

(do/dT.),, if [31]

2.2 2 2
TS foos (o) m 3102 (B2 ) v, (2.31)

In a typical scattering experiment the observables which are measured are kinetic energy
and scattering angle of the recoil electron. The observed agreement between the measured
and expected recoil energy spectrum, assuming weak interaction alone, is then used to
place upper bounds on p,,_ . So far the most stringent bounds have been obtained in the

following reactor experiments:

(

9 x 10~y MUNU [43],

Poe <\ 7.4 x 1071 ug TEXONO [44], (2.32)

2.9 x 10~y GEMMA [45].
\

Several accelerator experiments have also been performed to search for NMM. The LAMPF
and LSND experiments [46,47] measured the v.e™ — v.e” scattering using neutrinos
from muon decay at rest to obtain bounds on i, . They also obtained bounds on i, using
v, and v, fluxes from 7+ and p* decay. Finally, the DONUT experiment [48] identified
the v, component in the neutrino beam and investigated the v, — e~ scattering events to

place bounds on v,.. These results can be summarized as:

;

10.8 x 107% 5 LAMPF [46],
lul’e <
1.1 x 1045 LSND [46],

\
(

7.4 x 10, LAMPF [46],
MV}J, < <

6.8 x 1071945 LSND [47],

\

. <3.9x 10" up DONUT [48]. (2.33)
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In addition, the search for NMM has also been performed at two major solar neutrino ex-
periments viz. Super-Kamiokande [49] and Borexino [50]. Just like the experiments with
reactor antineutrinos, these experiments also look for distortions in the energy spectrum
of recoil electrons arising due to nonzero NMM of solar neutrino. They have obtained the

following upper limits:

1.1 x 10795 Super — Kamiokande [49],
Hsolar < (234)

2.8 x 107'*up Borexino [50].

In addition to the above measurements the XENONIT experiment has recently observed
excess electron recoil events in low energy range of a few keV [51]. These excess events
can be explained by the electromagnetic interaction of solar neutrinos, having Majorana
transition magnetic moments in the range (1 — 3) x 107" i, with the electrons in the

detector [52,53].

From the above bounds it is clear that the sensitivity of the present experiments is many
orders away from the MESM predictions. To bridge this gap many theoretical models have
been postulated which predict large NMM in the range (1071 — 1071%) 5 for Dirac and
Majorana neutrinos. For example the left-right symmetric model predict enhanced NMM
by averting the proportionality between NMM and neutrino mass [1, 2, 36, 54, 55]. This
model is based on gauge group SU(2), x SU(2)g x U(1)p_r, so that at high energies
parity invariance is restored and coupling constants satisfy g, = gr = ¢. Thus in addition
to the SM W, boson there is a heavier gauge boson Wy which arises due to the SU(2) g part
of the group and mediates right-handed charged-current weak interactions. The mixing
between the W, and Wy, allows us to obtain Feynman diagram of the type shown in Fig.
2.3b, in which the mass insertion can take place in the internal fermion line and thus

avoiding the proportionality between NMM and neutrino mass. In this model, for Dirac
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v, WL Vr, Vr Vr, WL WR r

(a) (b)

Figure 2.3: Typical Feynman diagrams contributing to the NMM vertex function at one-
loop level. The cross in (a) and (b) represents mass insertion at external and internal
fermion line respectively. In (b) the black dot shows W — W mixing.

neutrinos one obtains [1]:

ks ™ % sin 2& aze:u ] M <€in;kVaj + e_in;kVaj> , (2.35)
where U and V' are the mixing matrices of left-handed and right-handed neutrinos re-
spectively, ¢ is the mixing angle between W, and Wg bosons and v is the CP violating
phase. Thus in this case the NMM’s are proportional to the charged lepton masses. How-
ever, there are strong experimental and theoretical constraints on the mixing angle & which
limitsin & < 1077 [55], which implies that z,; ~ 10761 5. To obtain larger magnetic mo-
ments, charged scalar particles are added to MESM with right-handed neutrinos [1,56,57]
or to the left-right symmetric model [58]. The charged scalar contributions can give rise
to magnetic moments in the range p1,, ~ (107 — 107'%) 5. However, the above models
suffer from large radiative corrections to the neutrino mass which is in conflict with the
current experimental bounds. To obtain small neutrino mass a counter term must be in-
troduced in the Lagrangian to cancel the divergent mass terms. Thus these models require

some fine-tuning to keep neutrino mass consistent with the experimental bounds [1,2].

In the models which generate new physics beyond the SM, there is a generic relation be-
tween neutrino mass and magnetic moment [1,2,31]. Let the NMM is generated by new

physics at scale A > v described by loop diagrams of the type Fig. 2.1, where the blob
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contains new physics effects. The NMM can be estimated as

eG
Hy ~ N (2.36)
where GG is some combination of coupling constants and other loop factors. The same
diagram with photon line removed gives radiative correction to the neutrino mass which

is of the order

om, ~ GA. (2.37)

From Egs. (2.36) and (2.37) we obtain the relation

2
A Hy A
Sy ~ P V. 2.38
T e iy 10-Bup (Tev> ¢ (2.38)

Thus assuming A ~ 1 TeV, NMM of p, ~ 10~''up will simultaneously generate large
radiative corrections to the neutrino mass and a particular fine-tuning is required to keep

neutrino masses within experimental bounds.

To avoid fine-tuning we require om, < m,, [59]. For m, ~ 0.1 eV and A ~ 1 TeV, we
obtain a naive naturalness bound from Eq. (2.38)

ty <107 pg. (2.39)

~Y

An effective field theory calculation of NMM for Dirac and Majorana neutrinos generated
via new physics above the electroweak scale has been carried out in Refs. [60-62]. It was
found that for new physics scale of A ~ 1 TeV and neutrino mass of m, ~ 0.2 eV the
naturalness condition dm, < m, yields a model-independent bound of p, < 107¥up
for Dirac neutrinos. However for Majorana neutrinos due to anti-symmetry of the NMM
operator the naturalness bound is much weaker (< 107 113). Thus an experimental obser-

vation of NMM 2> 1074415 could be a plausible signature of a Majorana neutrinos [31].

From Eq. (2.38) it can be seen that to generate large NMM in a consistent manner one

43



has to find some mechanism which suppresses neutrino mass correction. In the following
we briefly discuss two models which generate naturally large NMM without adding unac-

ceptably large corrections to the neutrino mass.

(1) Voloshin’s symmetry. One of the first attempts to solve the above problem was made
by Voloshin [63], who proposed to suppress the ratio m,, /1, using the symmetry proper-
ties of the NMM and mass operators. Under v;, <+ v the Dirac mass and NMM terms

transform as [64]:

DLCHIVZ — ﬁzCilVL,

v, C o Vi FM — — 050 oy, v PP (2.40)

Consider an SU(2), symmetry under which v, and v§ transform as doublet. Then the
mass term being symmetric under exchange of v, and v§ would transform as a triplet,
while the NMM term would be a singlet. So a model in which SU(2), is an exact sym-
metry, the mass term is forbidden while the NMM term is allowed. Thus one can get large
., with m,, = 0. However, implementation of Voloshin’s SU(2), symmetry is problem-
atic since it does not commute with the gauge symmetry of SU(2), and so it is broken in
realistic models [64]. Also some fine-tuning of parameters is again required to generate
t, ~ 1071205 [59,65].

To avoid these problems with SU(2), it was suggested in Ref. [66] to implement the
Voloshin’s mechanism using SU (2) i horizontal symmetry which commutes with SU (2) ..
In this model, the SU(2)y symmetry acts on the electron and muon generation and gives
rise to large transition magnetic moment ji,,,, for Majorana neutrino. In the limit of ex-
act SU(2)y symmetry m. = m,, and neutrino remain massless with nonzero magnetic
moment. The symmetry must be thus broken to get m. # m,, which generates small neu-
trino masses which can be controlled by imposing certain naturalness conditions. Subse-

quently a number of variants of Voloshin’s symmetry mechanism and horizontal SU (2) g
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symmetry have been considered in which it is possible to generate transition magnetic
moments in the range ~ (1072 — 107'%,) while keeping the neutrino mass naturally

small [52,66-71].

(ii) Zee’s model and spin suppression. The spin suppression is another mechanism through
which one can generate large NMM with small neutrino mass [72]. This mechanism is re-
alized in Zee’s model [73] which is based on the SM gauge group SU(2),, x U(1)y and
contains two Higgs doublet and one charged scalar 2™ which is an SU(2), singlet. In this
model the NMM contribution is obtained through the coupling vA™ W at two loop level.
The corresponding mass contribution is obtained by removing the photon line. However,
this would involve transition from spin 0 to spin 1 which is not possible with transversely
polarized W boson. Thus due to spin conservation only the longitudinal component of
W boson contributes in the mass diagram which leads to a suppression factor of m? /m3;,
where m; is generic fermion mass [65]. A recent analysis of this model yields neutrino

transition magnetic moments in the range (2 — 4) x 10~ 2up [52].

2.3 Neutrino interaction with electromagnetic fields

The nontrivial electromagnetic properties of neutrinos can generate important new effects
when neutrinos propagate in a medium with classical electromagnetic fields. Such situa-
tions are usually encountered in astrophysical environments where neutrino propagate over
large distances through magnetic fields in vacuum and in matter. The effect of the neutrino
interaction with these electromagnetic fields must be taken into account while studying the
evolution of neutrino flavor and spin components. Such an interaction is analogous to the
coherent forward elastic scattering of neutrinos with matter and is given by an effective

potential [31]:
<1/(p’, n) | [ &z Hem () } v(p, h)>
(v(p, h|v(p,h))) ’

(2.41)

Vh—>h’ = lim
q—0

45



where ¢ = p — p/, and h denote neutrino helicity. Eq. (2.41) implies the possibility of
helicity transitions (A’ # h) in presence of electromagnetic fields. The neutrino states are

normalized as

(v(p, W) |v(p, b)) = 2EV S, (2.42)

where £ = F' is the neutrino energy in limit ¢ — 0 and V' is the total volume. Substituting

the normalization condition (2.42) in Eq. (2.41) we obtain

, = : AN 3, 5 Iz
Vin SFEV zg% <l/(p,h) /d x]u($)A (:L") I/(p, h)> . (2.43)
Using Egs. (2.2) and (2.5) we can write

- 1 : 3,.,—1qx AN ; ©

Vi = oy i [ e (') 5,00 | vip. ) 4*(2)

_ 1 N OWAR N | / AL

where 1" is the normalization time and
At (z) = /d%eiq"”A“ (x) (2.45)

is the Fourier transform of A#(x). Substituting the expression (2.9) of the vertex function

in Eq. (2.44)
1 . _ . v 14
Visw = SEVT }Il_fg% u(p', n') <fFQ(q2)% — ifm(¢*) 0w q” + Te(q?) 0w g 5+
fa(q®) (¢ — qug)75>U(p, h)A* (). (2.46)

Now using the following identities in Eq. (2.46):

/ . o ﬁ
a(p', Wy yaulp, ) = alpf, 1) <<p D)o | oupl — ) )um D, 4
i
Tap(p) — P)PAY = 00pq" A™ = —éaaﬁFQ'B : (2.48)
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where %% = 9%AP — 9° A® is the electromagnetic field strength tensor, we obtain after

neglecting the anapole term:

Viishy = VT (lllgé/d x {ﬂ’Q a(p' h)OiL;ZE) u(p, h)A*(x)

fo(q)

1
L ot W)y

B — fu(g?) — ifin(g®)7s ) u(p, h)}e—w. (249)

Considering electromagnetic fields which are approximately constant over the dimensions
of the neutrino wave packet, we can consider the integrand in Eq. (2.50) to be a constant.

Finally we take the limit ¢ — 0, and use the normalization
a(p, K )u(p, h) = 2mdu, (2.50)
to obtain

Vi = Q%Aﬂ(l’)%/h + —a(p, h' )0, " (% — = ie’yg,)u(p, h). (2.51)

1
4E
Consider the first term in Eq. (2.21) in an electrostatic field A* = (A°,0,0,0): Vy_p =
0} A%8ys;,. This term corresponds to the familiar expression of electrostatic energy of a
charged particle in a potential. The first term in the second bracket corresponds to the
charge magnetic moment of the particle. Since for neutrinos we take ¢ = 0, only last two
terms remain. As shown in Section 2.1 these two terms correspond to the "anomalous

dipole moments" which are generated due to quantum loop effects.

To cast Eq. (2.51) in a familiar form, we fist consider the case of helicity conserving

potential which we can write as [31]:

1

Vivoon = —ETr[ (p h)aWFW(MH‘e%)u(p, h)] (2.52)
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The spinors obey the identity [4]:

u(p, h)u(p, h)

== A+Ph,
2m
+m
where A, = p—,
2m
1+ h~o
and P, = %W (2.53)

Substituting Eq. (2.53) in Eq. (2.52) and using the following trace properties of gamma

matrices
Te[y*y 7 9] = 4(g*P g™ — ™9™ + g™ g™,
Tr[y*7Py# a7~ = — die“PH (2.54)
we obtain
h
Vi = —52 (,ueagm,po‘sﬁFW - QeF’“’SMpV) (2.55)

Expanding this term and using the respective expressions of the electric and magnetic

fields
) . . 1 .., .
E=r"% B = —§ekaf’f, (2.56)
where the i, j, k # 0, we get
m - — R
Visn = —E<M'B+€' ), (2.57)
where
7= huL, &=hel. (2.58)
| |

Thus the helicity conserving potential comes out to be proportional to the longitudinal
component of the electric and magnetic fields. In the non relativistic limit £ ~ m, Eq.

(2.57) reduce to the usual classical expression for spin precession. However, in the case of
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ultra relativistic neutrinos the factor m/E leads to suppression of the longitudinal compo-

nents of the electromagnetic fields in the Hamiltonian.

To calculate the helicity changing potential V_;,_,;, we define the matrix

M =7-7 s, (2.59)

where T is a unit vector orthogonal to p. It can be shown that [31]

U(p, —h)ﬂ(p, h)
2m

= MAy(p) Py = P-pA i (p) M. (2.60)

Substituting Eq. (2.60) in Eq. (2.52) and using the trace properties Eq. (2.54), we obtain

k
Vi pon = T [u (eka“”paFW + Qimtho‘sa) + 6(2Fko‘pa — z'mheko‘””saFW)} ,

2F
(2.61)
Expanding in terms of electric and magnetic fields (2.56), we have
— >4 . — ﬁx g — ﬁx g N |ﬁ1 g al
V. :(_ B_ine P2 = _ Pl .g)
hah =/ T tht 7] +7 i ) i T +
L2 oL PxE L pxB P
e(—7’~5—2h7’~——7’- —i—zh—T-B). (2.62)
Pl E E
Since the vector 7 is orthogonal to p, we can choose
p=1(0,0,|p]), 7= (-1,0,0). (2.63)

Then we have

Vopon = u(b’l —ihB? + %52 +¢h%51) +e<51 _ihE? %BQ +@'h%[51), (2.64)
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where £ = (£1,62, %) and B = (B*, 182, 83). If there is only a pure magnetic field we

obtain

1Pl

Vopon = (M - ihfe> B,, (2.65)

where B, = B! 4 i3? is the transverse component of the magnetic field. It can be seen
that for the case of non-relativistic neutrinos (|p] < F) this expression correspond to the
classical torque

Vopnoon ~ uBBy = |fi x B|. (2.66)

The above expressions for the neutrino effective potential in electromagnetic fields can be
generalized using vertex function Eq. (2.20) which connects different massive neutrinos

states, so that Eq. (2.41) modifies to

/’ h/ d3 Hem ) ,h
Vi, ()= (ny = lim <Vk<p ) | & (2) } v;(p )>

P Wk v 1)) (67

In this case the potential is generated by transition dipole moments which is of special in-
terest for Majorana neutrinos. The helicity flipping potential (2.65) can thus be generalized

to

Vi sty = (115 = m%e@m (2.68)

The expressions derived in this Section can be used to study the evolution of neutrino spin

and spin-flavor in a medium in presence of electromagnetic fields.

2.3.1 Neutrino spin and spin-flavor precession

Consider a Dirac neutrino with diagonal magnetic moment x4 propagating in a magnetic
field B. If the neutrino is initially in a definite helicity state h;, then after a time ¢, the

neutrino state is described by a superposition of the two helicity states

(1) = > wnlt) [v(p, ). (2.69)

h==1
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where v, represents the amplitude for helicity state i. The time evolution of |v(t)) is given
by
i— V(1)) = Hem(t) (1)), (2.70)

where H,, = f d®xHem is the interaction Hamiltonian. From Egs.(2.41), (2.69) and

(2.70), we obtain

dyy(t) S Ut (v(p, )| Hem (t) |V

i dANTAN , (p
h—+1 (v(p,h) |v(p, h)

h/
’ )> = Z U () Virsn(t),  (2.71)
dt ) h—+1

with ¢,(0) = dpp,. Since the helicity conserving potential (2.57) is strongly suppressed
for ultrarelativistic neutrinos, we examine only the effect of the helicity flipping potential
(2.65) which depends only on the transverse magnetic field. Considering only the contri-

bution due to magnetic moment, we can write
Vivsn = uB1o_pp- (2.72)
The matrix representation of Eq. (2.71) in the basis |v) = (v vg)T is then given by

zi V() _ 0 pBBy () V() 7 2.73)

T \en@) ) \uBi@ 0 ) \ua(@)
where we approximated the distance = along the neutrino trajectory with time ¢ for ultra-
relativistic neutrinos [31]. Let us now consider the transition v.;, — v,z which may be
of importance in astrophysical objects such as the Sun [74]. In this case the matter effects
due to coherent forward scattering of neutrinos with the background particles become im-
portant and Eq. (2.73) becomes

d [Yule)) [ Vo) pBi(a)) [ve(e) (2.74)

W\ gpy)  \pBi@) 0 tn(z) |
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where the matter potential V" acts only on the left-handed Dirac neutrinos. The Eq. (2.74)
can also be derived using the quasiclassical Bargmann-Michel-Telegdi (BMT) equation

for the evolution of neutrino spin in presence of magnetic field [75].

Since in a more general case a neutrino state is a superposition of different massive neu-

trinos with both helicities, Eq. (2.69) must be generalized to

=3 ) lvilp, b)) (2.75)

k h=%1

The time evolution of the state |v(t)) is governed by the Schrédinger equation

) = H(0) (1) (2.76)

where the Hamiltonian H is the sum of vacaum Hamiltonian H, weak interaction Hamil-

tonian H and the electromagnetic Hamiltonian H,:
H=Hy+ Hyx + Hepy. 2.77)

From Egs. (2.75) and (2.76) the evolution equation for the helicity amplitudes can be

easily obtained

d%h th . P7 ’HI v)(z|9yf<§’>h/)>¢jh'(t)- (2.78)

For ultrarelativistic neutrinos we have

2 2

14 7h H j >h/ m m
(v(p, h) | Ho | v;(p )>:(Ek—|——k>5kj5hh’%(E+_

K
(v(p,h)|v(p, h)) 2E; QE)(Skj(Shh’, (2.79)
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where my, and Fx denotes the mass and energy of the kth eigenstate. Now let us consider

the mixing between neutrino eigenstates. For the left-handed neutrinos we have

i (p Z Uak: [va(p, =) (2.80)

where U is the unitary mixing matrix. In the case of right-handed neutrinos the difference
between Dirac and Majorana neutrinos shows up. In the case of right-handed Dirac neu-
trinos the mixing is arbitrary since they are sterile to weak interactions while right-handed

Majorana neutrinos interact as Dirac antineutrinos.

vt (0, 4+)) = Ukg Iva(p, +)) - (2.81)
l

Thus we can define the generalized mixing relation

v (p, h ZUak Va(p, b)), (2.82)

where U™) = U and for Dirac neutrinos we choose: U*) = U, while for Majorana
neutrinos: U = U*. The matrix elements of the weak interaction Hamiltonian H can

now be written as

(v (p, 1) | Hye(t ) )
vt U S 2.83
(0. ) V(. IR
where the matter potential for neutrino in flavor state « is given by v = Vs v =0
(Dirac neutrinos) and VOSJr) = —V,, (Majorana neutrinos). Now let us finally consider the

electromagnetic part of the Hamiltonian for which we have

(vi(p, h) [ Hem | vi(p, 1))
(v(p,h) | v(p, h))

= g BL(t)6_pp- (2.84)
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Substituting Egs. (2.79), (2.83) and (2.84) in the equation (2.78), we obtain the equation

for neutrino spin-flavor evolution with distance = along the neutrino trajectory:

d%h -y Z

J kW=

( £ 5y +Z S v (z )U;’]?)) S+ ,uijl(x)é_hh/] Y ().
(2.85)
Eq. (2.85) gives the evolution in mass eigenbasis. To convert it in flavor basis we rewrite

the Eq. (2.75) in terms of flavor states as

=3 van(t) valp, b)) (2.86)

a h=%1
Using the unitary transformation
‘Vk> = Z Uak |Va> s (287)
we get the relation
Yon(@ Z U () (2.88)

From Egs. (2.85) and (2.88) we obtain the evolution equation for the flavor amplitudes

d -
ETas > KZUM)?E'“UM *Véh)(x)fS“ﬁ) Snao a2 B ()0 | (),

B h=
(2.89)
where the magnetic moment in the flavor basis is given by
pln =300 U, (2.90)

k.,j

It is interesting to compare the magnetic moment (2.90) in the flavor basis for Dirac and

Majorana neutrinos, for which we obtained distinct form factors in Section 2.1. First let
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us consider Dirac neutrinos for which we have

piy” Z U iU =" UaioptiUsy = 15 = ptag. (2.91)

k.j

Since for Dirac neutrinos the form factors in the mass eigenbasis obey Eq. (2.21), thus we

have

Ik = Wij = Hpa = Hog- (2.92)

For the case of Majorana neutrinos, we have

s =" Uak paUsj o il Z ok iU (2.93)

k,j

From Eq. (2.22), we can see that the transition form factors for Majorana neutrinos are

anti-symmetric in mass eigenbasis

ik = —Hikj = ;- (2.94)

This anti-symmetry of magnetic moments is preserved in the flavor basis:

s ==l nls = -l (2.95)

which leads to vanishing diagonal magnetic moments in the flavor basis. In addition we
have

w = -l (2.96)

Using the above properties of the magnetic moment matrices, the spin-flavor evolution
equation (2.89) can be used to construct appropriate Hamiltonians for Dirac and Majorana

neutrinos.
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2.3.2 Two flavor Dirac and Majorana Hamiltonian

The phenomenon of neutrino oscillations in many of the cases, for example solar and atmo-
spheric neutrinos, can be effectively described using two neutrino mixing approximation.
Considering the case of solar 1 — 2 sector and neglecting the small effects due to 5, the

mixing between the two flavor neutrinos is given by

Yen _ costhy sinfiy Yin | 2.97)

77Z),u,h —sin 912 COS 612 ¢2h

where 615 is the mixing angle. First we consider Dirac neutrinos for which generalization

of Eq. (2.73), with two neutrino mixing (2.97) is given by

weL weL
idi Ve — Hp Y , (2.98)
T Yer Yer

¢MR wyR

where the Dirac Hamiltonian is obtained from Eqgs. (2.89):

A&E cos 2015 + V. Azfg sin 204 teeB 1 LepB 1
Hy — A&Z sin 262 A4_n§ cosbip + V), HpueB 1 PpuB1 |
Lee B 1 HpueB 1 A4’g cos 201 A4E sin 2014
LepB 1 LB 1 A4—7g sin 2601, A&Z cos 2012

(2.99)
where V. = Ve + Ve and V,, = Vi are matter potentials for left-handed electron and
muon neutrinos respectively and Am? = Am3, is the neutrino mass-squared difference.

Using Eq. (2.91) and mixing matrix given in Eq. (2.97), the effective magnetic moments
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for Dirac neutrinos in flavor basis can be written as,

[ee =111 €COS” O + fiog Sin O15 + 112 5in 261,

1

Hep :5 (M22 — ,Ull) sin 2(912 + [t12 COS 2(912,

[ =fi11 8I0% O1a + pag cos® O1a — 112 8in 261, (2.100)

where we have considered the magnetic moments 4, in the mass eigenbasis to be real.
The Hamiltonian (2.99) implies existence of two resonances which are generated by the
matter potential, in addition to the usual MSW resonance which occurs in the channel
Vel < VpL.

(¢) In the channel v, <+ v, the resonance occurs for

2

m
¥ cos 2015. (2.101)

Ve =Voe + Ve =

This density at which this resonance occurs is different from that of MSW resonance (see
Section 3.2 for example).

(i) In the channel v,,;, <+ v, the resonance occurs for

2

Am
V,=Vnc =—

°F cos 2015. (2.102)

Since cos 2015 > 0, and V¢ is negative this resonance can occur in normal matter. When
these resonance conditions are satisfied, there is an enhancement in the respective transi-

tion probabilities, which is termed as resonance spin-flavor precession (RSFP) [76,77].
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Let us now consider Majorana neutrinos for which the basis vector (2.98) is given by

(Ve VL, Ve, DN)T. In this basis the evolution equation Eq. (2.89) gives the Hamiltonian

—ﬁ—”; cos 2015 + V, Aél—”; sin 2645 0 HeuB1L
Ha — Aﬁ; sin 2012 ﬁ—’}; cosfiz + V, —pueB1 0 7
0 —fpeBL fﬁ—’gg cos 26019 — V. Aél—”; sin 2015
fepBL 0 A[g sin 2012 % cos 2012 — V),

(2.103)
where the magnetic moment is now given by ., = ué;ﬂ = [112. It can be seen that due
to the anti-symmetry condition (2.95), the diagonal magnetic moments do not appear in
the Hamiltonian matrix. Also the Majorana off diagonal magnetic moment are in general
different from the Dirac neutrino case (2.100). In this case also there are two possible
resonances besides the MSW resonance:

(¢) In the channel v, <+ 7, the resonance occurs for

2

m
Yo cos 2015. (2.104)

Ve+Vy=Voc+2Vnc =

(¢7) In the channel v,,;, <+ 7., the resonance occurs for

2

A
V. + V, = Voo + 2Vae = — ——

Yo cos 2015. (2.105)

Now, Vo + 2Vae = v2Gr(n, — n,) and since cos 2015 > 0, in a typical astrophysical
objects such as the Sun where n,, < n., only the first resonance can occur. The realization
of the second resonance requires large number density of neutrons such as those in neutron

stars.
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CHAPTER 3

Neutrino spin-flavor oscillations in solar environment

In this chapter we study the phenomenon of neutrino spin-flavor oscillations due to so-
lar magnetic fields. This allows us to examine how significantly the electron neutrinos
produced in the solar interior undergo a resonant spin-flavor conversion. We construct
analytical models for the solar magnetic field in all the three regions of the Sun. Neu-
trino spin-flavor oscillations in these magnetic fields are examined by studying the level
crossing phenomenon and comparing the two cases of zero and non-zero vacuum mixing
respectively. Results from the Borexino experiment are used to place an upper limit on
the magnetic field in the solar core. Related phenomena such as effects of matter on neu-
trino spin transitions and differences between Dirac and Majorana transitions in the solar

magnetic fields are also discussed.

This chapter is mainly based on the Ref. [78].

3.1 Introduction

The study of solar neutrinos and their oscillation phenomenology has revealed many facets

of the physics of neutrinos. The Ray Davis experiment, which started in the 1960’s in
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Homestake mine, was the first to detect solar neutrinos reaching the Earth. After sev-
eral years of operation, the experiment reported that there is about a two-third deficit in
the observed solar neutrino flux compared to the standard solar model calculation [79].
The deficit was further confirmed by other solar neutrino experiments, notably SAGE,
GALLEX and Super-Kamiokande (SK) [80-83]. This discrepancy between the observed
rate of neutrino flux and its theoretical prediction is called the solar neutrino problem. One
of the ways to resolve the problem was suggested by Pontecorvo on the basis of mixing be-
tween different neutrino flavors. He showed that if neutrinos have a non-zero mass then the
neutrino flavor mixing will give rise to oscillations among different neutrino flavors [84].
Thus electron neutrinos produced in the Sun may convert to some other flavor of neutrinos
on their way to Earth and become undetectable. The problem was finally resolved when the
Sudbury Neutrino Observatory(SNO) detected neutrinos from all three flavors in the solar
neutrino flux, which proved that there must be transitions among the three active neutrino
flavors [85]. However, if vacuum neutrino oscillation alone were responsible for these fla-
vor transitions, one would also be able to detect seasonal variation in the neutrino flux rate
due to eccentricity of Earth’s orbit. The 8B neutrino spectrum in the SK experiment ex-
hibited no such variation [86]. The mechanism of flavor transitions that is most favored by
data is the adiabatic resonant conversion due to neutrino-matter interactions, also known
as the Mikheev-Smirnov-Wolfenstein (MSW) effect. Wolfenstein showed that the coher-
ent forward scattering of neutrinos with electrons, protons and neutrons will induce an
additional potential which will modify the effective mass and mixing of neutrinos in the
medium [21]. In a medium with variable density, such as the Sun, these matter effects
can lead to enhanced transitions between v, and v, /v, even for small solar mixing angle
(MSW-SMA) [23,24]. However, most of the solar neutrino data, including data from the
KamLAND experiment and recent data from the Borexino experiment, have established

the large mixing angle (MSW-LMA) solution to the solar neutrino problem [87-91].
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Figure 3.1: Schematic diagram of the solar pp fusion chain. The neutrinos emitted in
different reactions are marked in red. (Figure taken from Ref. [91]).

3.1.1 Solar neutrino production and flavor transitions

The neutrinos in the Sun are predominantly produced via the pp-chain (shown in Fig. 3.1)

which can be summarized by the overall reaction

4p — *He + 2e™ + 2u, + 26.7 MeV. (3.1)

In this reaction two electron neutrinos are emitted for each * He nucleus produced in the
Sun. These neutrinos, having small interaction cross section, stream freely through the
solar plasma and reach Earth in about eight minutes, thus bringing important information
about the solar core. From the solar luminosity the resulting solar neutrino flux at the

Earth surface can be estimated to be about 6.6 x 10'° cm—2s!.

The solar pp chain ( Fig. 3.1) begins with the fusion of two protons to a deuteron via two
parallel pathways called pp and pep reactions. The deuteron thus produced quickly fuses
with proton to form *He. From here onward three possible reaction channels open up.
Most probable is fusion of two *He nuclei to form “He (pp-I branch). The other two lesser
probable channels are fusion of *He and “He to form “Be and capture of a proton by *He
leading to “*He. The "Be produced is finally converted to *He via production of either “Li
(pp-11 branch) or ®B (pp-1II branch) . The majority of the neutrinos (about 90%) are pro-
duced in the primary pp reaction, with energy E/ < 420 keV. Of the remaining 10% a large
fraction of neutrinos are emitted in the electron capture reaction on "Be in the pp-II branch

(mono-energetic neutrinos with £ = 0.862 keV or £ = 384 keV). Smaller contributions
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to the neutrino flux come from the pep fusion reaction (mono-energetic with £ = 1.44
MeV) and from the ®B decay in the pp-III branch (F < 14.6 MeV). A minuscule fraction
of neutrinos with highest energy are also expected to be emitted by proton capture of *He
(hep neutrinos), but due to negligible branching ratio of this reaction these neutrinos are
beyond current detection sensitivity [88]. The energy spectrum of different components

of the solar neutrinos is shown in Fig. 3.2.

Solar neutrino are produced in the central region (Fig. 3.3), which almost coincides with
the energy production region of the Sun [92]. Apart from the hep neutrinos, the region of
production of pp neutrinos is largest and extends upto r = 0.25R,. The ®B neutrinos are
produced in a comparatively smaller region with » < 0.1R, which plays an important

role in their resonant conversion.

It has been conclusively shown by several experiments that neutrinos undergo flavor con-
version as they propagate outwards from the solar interiors. This flavor conversion can

be characterized by a single function, the survival probability of electron neutrinos [93].

1013
102 pp [20.6%)]

01010 "Be [+6%)]

pep [1%]

8B [+12%]

105 ——
104 H—"]
103 hep [+30%]
102 -
il 1 1 e |
10" 1 10
Neutrino energy (MeV)

Figure 3.2: Energy spectrum of the solar neutrinos produced in different reactions in the
pp chain. (Figure taken from Ref. [88] ).
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Figure 3.3: Production of different components of the solar neutrinos as a function of
distance from the center of the Sun (expressed in units of solar radius R). (Figure taken
from Ref. [91]).

This probability P, is related to the effective two flavor neutrino oscillations by the rela-
tion [4,94]:

P, = cos 03P + sin* 3 (3.2)

The effective Hamiltonian for two neutrino propagation in matter can be written as [19,93]

Am?cos2012  V2GF cos® f13ne Am? sin 2012
4F 2 4F
H = , (3.3)
Am?2 sin 2601 . Am? cos 2012 + V2G  cos? O13ne
4F 4FE 2

where n, is the number density of electrons and Am? = Am3,. The relative importance
of the matter potential term and the vacuum oscillation term in the Hamiltonian can be

parametrized by the following term

_ 2V2Gp cos? Oy3n. E
B Am? ’

B (3.4)

which represents the ratio of the neutrino oscillation length in vacuum to the oscillation
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Figure 3.4: The solar v, survival probability as a function of energy (pink curve) with
oscillation parameters obtained in Ref. [20]. The data points with error bars show the
Borexino measurements reported in Ref. [88].

length in matter. As the neutrinos travel through the varying density of the Sun, they
may go through the MSW resonance condition and then proceed out to the vacuum. If
the density variation is sufficiently slow so that the propagation is adiabatic, the neutrino
will remain in the same mass eigenstate. In the MSW-LMA scenario the solar v, daytime

survival probability at Earth in the adiabatic limit can be approximated as [19,93]
L4
P..= 5 cos 013(1 + cos 20, cos 2612), (3.5)

where the mixing angle in matter is

cos 201, — 3
v/ (cos 20,5 — ()2 4+ sin? 2015

cos 20, = (3.6)

In Fig. 3.4 we plot the energy dependence of the survival probability P, for the oscillation
parameters Am%l =7.5x107°eV? and 6,5 = 33", which correspond to the LMA solution
of the solar neutrino problem. For the low energy neutrinos having 3 < cos 615 ~ 0.4, the

survival probability (3.5) has an approximate value

1
P, = cos* 013(1 — 3 sin? 2015) = 0.55, (3.7)
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which corresponds to vacuum averaged oscillations. On the other hand, for the high energy

neutrinos with 8 > 1, Eq. (3.5) becomes

Pee ~ COS4 913 SiIl2 012 ~ 0.3. (38)

Thus in this energy region the enhanced conversion due to matter effects leads to about two
third deficit in the solar v, flux, which resolves the solar neutrino problem. As shown in Fig
3.4, for neutrinos with energy 1 MeV, vacuum oscillations are dominant mechanism, while
for energies above 5 MeV matter effects are more prominent and the vacuum oscillations
are suppressed. In the transition region the survival probability exhibits a strong energy

dependence.

3.1.2 Spin-flavor precession of solar neutrinos

Another idea that was a popular candidate for the solution of the solar neutrino problem
was spin precession of neutrinos in the magnetic field of the Sun. It was shown that if neu-
trinos have sufficiently large magnetic moment then the solar magnetic field can give rise
to spin precession v.;, — v g, which will cause a deficit in the solar v, flux [74,95]. This
solution was partly supported by data from the Homestake experiment which observed an-
ticorrelation between the neutrino flux and sunspot activity [96]. However, measurements
from other experiments observed no such correlation [83]. Subsequently, the KamLAND
experiment ruled out the spin-precession solution by placing a strong constraint on the flux
of antineutrinos coming from the Sun [97]. A related effect due to neutrinos having non-
zero transition magnetic moments is called resonant spin-flavor precession (RSFP) which
results in both spin-flip and flavor change of neutrinos [76, 98]. This effect arises due to
the combination of matter and magnetic field on neutrino propagation and is similar to the
MSW resonance, and can take place in transverse [98]) as well as longitudinal magnetic
fields [77]. Also, the neutrino spin and spin-flavor transitions can give rise to other interest-

ing quantum mechanical effects such as non-vanishing geometric phases [99, 100], which
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demonstrate the intimate connection between the geometry of neutrino spin trajectory in

the projective Hilbert space and neutrino spin transition probabilities.

Having determined the basic oscillation parameters for solar neutrinos, the present effort is
to search for sub-leading effects in the solar neutrino transitions which may give important
clues for phenomena beyond the standard model. Various studies have been done to look
for effects of non-standard interactions (NSI) [101], dark matter imprints on the neutrino
spectrum [102], non-radiative neutrino decay [103] and the combined effect of NSI and
spin-flavor precession (SFP) [104]. In this Chapter, we study the possible sub-leading
effects caused by spin-flavor transitions due to neutrino propagation in the solar magnetic

field.

The neutrino electromagnetic coupling is given by the Hamiltonian Hp,, = %DHJM,/I/F'“V
+ h.c., where u is the neutrino magnetic moment matrix. For the case of Dirac neutri-
nos, the hermicity of the Hamiltonian requires 11/ = . On the other hand, for Majorana
neutrinos, CPT symmetry requires the magnetic moment matrix to be anti-symmetric,
which results in vanishing diagonal magnetic moments [105]. This difference in the mag-
netic moment matrix gives rise to different spin-flavor transition probabilities for Dirac
and Majorana neutrinos. The diagonal magnetic moment for a Dirac neutrino in the min-
imally extended standard model (MESM) including massive neutrinos is p, ~ 3.2 X
107*°(m,, /1eV)up, where m,, is the neutrino mass [54, 106]. The off-diagonal magnetic
moments for both Dirac and Majorana neutrinos are further suppressed due to GIM mech-
anism [37]. However, the current best experimental bounds on the neutrino magnetic mo-
ment are in the range p, < (2 — 10) x 107 up [31,32,50]. Thus, the sensitivity of
the present experiments is many orders away from the MESM predictions. To bridge this
gap, many theoretical models have been postulated which avoid the GIM suppression and
predict neutrino magnetic moment in the range (1071° — 107!)up (see Section 2.2.2 for

details).

In the present work, we examine the effects of magnetic moments ~ 107! 15 on the solar
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neutrino transition probabilities for both the cases of Dirac and Majorana neutrinos. In
particular, we first perform calculations for the approximate case of vanishing vacuum
mixing and show that the spin-flavor evolution equations can be reduced to a form which
admit an exact solution. We then study the actual case of non-zero mixing angle and the
effects of the level crossing phenomenon on neutrino transition probabilities and use the
results to place bounds on the solar magnetic fields. In the previous work along these
lines by various authors [107—114], several bounds have been obtained for both Dirac and

Majorana spin-flavor transitions for different magnetic field configurations.

The magnitude of the spin-flavor transitions depend mainly on the strength of the magnetic
field at the location of the SFP resonance. This in turn depends on the detailed magnetic
field profile of the Sun, which is not very well known, especially in the interior regions of
the Sun. In Section 3.2, we discuss current bounds on the solar magnetic field in various
regions of the Sun and its effect on neutrino spin polarization. We also discuss the ef-
fective two-flavor model for neutrino spin-flavor precession. In Section 3.3, we show that
in the approximate case of vanishing mixing angle the resulting set of equations possess
analytically exact solutions. We also derive bounds on the solar magnetic fields using the
existing experimental results. We then examine the effect of non-zero vacuum mixing on
neutrino transition probabilities in Section 3.4 and constrain our theoretical results with
the bounds from Borexino experiment in Section 3.5 . Finally we discuss the results in the

Section 3.6.

3.2 Magnetic field in the Sun

The magnetic field in different regions of the Sun exhibits different characteristic behaviors
[113]. In the solar convective zone (CZ) the magnetic fields are believed to be generated

from a dynamo mechanism active at its base. The current data from helioseismology points
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to a thin shear layer at the bottom of the CZ, known as a tachocline, which generates a large-
scale toroidal magnetic field. The strength of the magnetic field is predicted to be in the
range 10-100 kG [115]. On the other hand, the radiative zone (RZ) magnetic field may
have its origin in the formation of the Sun. Once formed, this primordial field might have
been frozen in the RZ and the solar core without protruding much into the CZ [116]. The
bound on the large-scale toroidal magnetic field in the RZ ranges from 5-7 MG [117] to
30 MG [118]. For the solar core, magnetic field bounds vary widely from 30 G [119] to 7
MG [120].

Based on the above bounds, we choose two profiles to simulate the magnetic field in the
Sun. In the first model we implement the field profile given by [121] and add an RZ
magnetic field

Birz(r) = Bysech[34.75(r/Re, — 0.25)]. (3.9)

The profile is chosen such that Br in the CZ is negligible compared to the CZ magnetic
field and also becomes very small near the solar core. For the second model, we select a

field profile which peaks in the solar core and is expressed as

B\ (r) = Bysech (5r/Rg). (3.10)

First we consider the neutrino spin precession as it propagates in the solar magnetic field
neglecting the effect of matter and flavor mixing. The change in neutrino spin polarization

in this case is described by the equation

dS
o =2u,S x B, (r), (3.11)

where for B, we apply the two magnetic field profiles in Eqs. (3.9), (3.10) and p, =~
107" up. As can be seen in Fig. 3.5, the change in neutrino spin polarization can be
sufficient even with peak fields ~ 10* G. The change in helicity of solar neutrinos can also

affect the v — e scattering [122].
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Figure 3.5: The longitudinal neutrino spin polarization .S) as it propagates in the mag-
netic field of the Sun. The solid curve is the magnetic field obtained by solving solar
MHD equations in [121]. The dashed curve is given by Eq. (3.9) and the dot-dashed
curve by Eq. (3.10). The peak magnetic field for both models is taken to be ~ 10* G.

Now if we include the matter potential term V' which affects left and right helicity states
differently, then the neutrino propagation can be described by a Schrodinger-like equation
(Eq. (2.74))

d |ve V(z) mBL vy,

x _ | (3.12)
"\vg B 0 VR

For the case of constant V and 5, the change in neutrino helicity is expressed as [31]

(ZUVBJ-)Q

PVL—WR(x) = V2 + (QNVBJ_

E sin’ (é\/w + <2MVBL)2ZE). (3.13)

Thus, matter potential is expected to further suppress the change in neutrino helicity in

solar magnetic fields.
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Now considering two neutrino flavors, we finally include the effects of neutrino masses
and mixing angle ;5. In this case, the effective Hamiltonian becomes a 4 x 4 matrix. For

the case of Dirac neutrinos, the effective Hamiltonian in the (ver,, V1, Ver, Yy r)7 basis is

given by Eq. (2.99):

Am

Am cos 2015 + V. sin 201 fee B 1 pepB1
" A4E sin 260;9 ﬁ cosths + V), e B 1 LB
D — )
/LeeBJ_ [LHQBJ_ Aéfg COS 2912 A4nE"L sin 2912
PepB1 PpunB 1 Am sin 2015 Am cos 26012

(3.14)
= \/§GF (ne

handed electron and muon neutrinos respectively, n. and n,, denote the number densities

where V., —n,/2)and V, = —Gpn,/ /2 are matter potentials for left

of electrons and neutrons respectively and Am? = Am?, is the neutrino mass-squared
difference. For the Majorana case the vanishing diagonal terms i, and f1,, result in the

following Hamiltonian in the (ver, V1, Ve, 7,)" basis (Eq. (2.103)):

Am Am

S5 082015 + V, S5 sin 201, 0 PepB 1
= Aﬁﬂi sin 2012 % cosfia +V, —ppeBL 0
M f—
0 —fpeB1 Am cos 2015 — V, A4”ET sin 2615
Mep B 0 % sin 2012 % cos 2012 — Vy,

(3.15)

Suppression due to the potential term in the two component case in Eq. (3.13) can now be
lifted due to resonant transitions. The electron neutrinos produced in the Sun can undergo
multiple resonances in the presence of a magnetic field. The usual MSW resonance v,;, <>

v,1, takes place at the location zyisw

p(x)Ye
My

_ Am?® cos 20y,
2V/2GpE

(3.16)

T=TMSW
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In addition, there is spin-flavor resonance v.;, <+ v,r which always occurs before the

MSW resonance. The location of the spin-flavor resonance is given by

p(z)Yet _ Am? cos 261,
My, 2V2GpE

T=TSFP

(3.17)

where p(z) is matter density inside the Sun, m,, is the neutron mass, Y is the electron

fraction and

(BY. —1)/2 for vep <> v,
yel — . (3.18)

(2, —1) for v, ¢ v,

E (MeV) Vel < Vg Ve, £ Uy
2.5 0.057 0.027
5.0 0.156 0.142
10.0 0.230 0.218
15.0 0.268 0.257

Table 3.1: The location of SFP resonance in the Sun (in units / R, for different neutrino
energies.

The location of resonance for different neutrino energies are provided in Table 3.1 using the
electron density profile from the solar model BS2005 of Bahcall, Serenelli and Basu [123].
We have used Am? = 7.4 x 107° eV? and 6, = 33.8  throughout the Chapter. For
neutrinos with energy below 2 MeV, the resonant density required is too high to occur
in the Sun. Thus only the high energy ® B neutrinos are expected to be affected by these

effects.

The solutions of the neutrino evolution equation with spin-flavor Hamiltonian (3.14) and
(3.15) are difficult to solve for arbitrary varying density and magnetic fields. However,
analytical [124] and semi-analytic [125] solutions exist for different cases. In the next sec-
tion, we will study the case of zero vacuum mixing which gives rise to equations admitting

exact analytical solutions.
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3.3 An analytical model for zero vacuum mixing

For the case of ;5 = 0, only the SFP resonance can contribute to the neutrino transitions.

In this case the effective Hamiltonian becomes a 2 x 2 matrix in the channel v, < v,z /7,:

—Am?2 5V
i T %
H =
Am?2 1%
frenB AE T 2

:;
e , (3.19)

where 6V = v2GppY ™ /my, with Y defined by Eq. (3.18). As can be seen from
Eq. (3.19), the main input required to study spin-flavor transitions is the profile of number
density of electrons and neutrons, and the magnetic field along the neutrino trajectory. The
electron number density in the solar model BS(2005) is shown in Fig. 3.6. However, for
obtaining numerical solutions various approximations, are applied [65]. Here we use the
approximation

ne(r) = 100[1 — tanh(57/Ro)]NA  cm ™, (3.20)

where N4 is the Avogadro’s number, which gives a reasonably good approximation apart

from the region near the surface of the Sun.

_2; — BS2005
- — — - 245 Exp(-10.54r/R)
........ 100 (1-tanh(5r/Ry))

l0g1o(ne/Na)

00 02 04 06 08 1.0
rRg

Figure 3.6: Electron number density variation vs. radial distance in the Sun. The solid
line represents the solar model BS(2005) and the dashed curves are analytical approxi-
mations.
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Now the equation for the neutrino flavor v,;, with Hamiltonian (3.19) becomes a second

order ordinary differential equation given by

Pre, (B \dve o do , .. 1B
e —(E—Hf) i + 1o ‘f'@E‘f'(MB) _Z¢u_B+¢§ ver, =0, (3.21)

where we have defined

Am? 1
¢=- 5 T EGW@, (3.22)

1
——=Gpn, for v, —v,,,
=) a (3.23)

—V2Gpn,, for v., — D,

In general, it is possible to solve this equation numerically to obtain the survival probability
of electron neutrinos. However for the case when magnetic field is given by Eq. (3.10)
and density is expressed by Eq. (3.20), the set of equations reduces to the well-known
Demkov-Kunike model, which has exact solutions [126, 127]. The analytical solution is
provided by Eq. (B.15) and can be used to calculate the neutrino transition probability
P(ver, = U,r; Re). The resulting solution plotted in Fig. 3.7 depicts the difference for
the two cases of Dirac and Majorana neutrinos. For sufficiently low magnetic fields, the
difference in the transition probability of the two cases is not significant. However, for large

magnetic field there can be a detectable difference in the Dirac and Majorana neutrinos.

If we assume that inside the Sun the transitions are driven dominantly by SFP resonance,
and that outside the Sun the transitions are mainly due to the large vacuum mixing angle,
then the probability for the electron neutrinos produced inside the Sun to reach the Earth’s

surface as electron antineutrinos is given by [108]

p(l/e — 176) :P(VEL — ﬂﬂR; R@)P(E/LR — IjeR; Res)

AM’R,,

=P(Ver, = Uur; Ro) sin? 26,5 sin? ( Vo

) (3.24)
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Figure 3.7: Transition probability of Dirac and Majorana neutrinos obtained from the
solution of equation (3.21). Here the neutrinos are assumed to be produced at the center
of the Sun with energy £ = 10 MeV.

where R, is the average distance between Earth and Sun.

For the above model, the result from the Borexino experiment can be used to obtain bounds
on the maximum magnetic field By at the center of the Sun. The Borexino experiment gives
an upper limit on the neutrino transition probability for ® B neutrinos P,__,; < 1.3 x 107*

at 90% C.L. for £, > 1.8 MeV [128].

Now the transition probability P(v.;, — v,r; Re) in Eq. (3.24) is obtained from Eq.
(B.15) by averaging over the ® B neutrino production region in the Sun [123]. Using this,
we calculate the the mean probability in the energy region (2 < £ < 15) MeV with 1
MeV/bin. For Majorana neutrinos we obtain (P) = 1.18 x 10~ for By = 3 x 10* G and
(P) =2.1x10*for By = 4 x 10* G. Whereas for the case of Dirac neutrinos we obtain
(P)y=1.0 x 107* for By = 3 x 10* G and (P) = 1.8 x 107 for By = 4 x 10* G. Thus
the consistency with the Borexino result requires By < 3 x 10* G in both cases. Hence,
this analysis presents us a useful bound on the magnetic field in the solar core. This bound
lies in between the various other bounds discussed in the previous section. However, this
limiting case obtained by substituting #15 = 0 inside the solar region over estimates the

transition probability by pushing the SFP resonance deeper into the solar interior where the
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strength of the magnetic field is higher. Thus we expect the actual bound on the magnetic

field to be higher in the full treatment with all the flavors taken into consideration.

For the case when magnetic field is given by Eq. (3.9) in the RZ of the Sun, such ana-
lytical solutions of Eq. (3.21) are not possible. In this case, since the magnetic field is
significantly weaker at the SFP location, we do not expect significant transitions. Hence,

the bounds on the RZ magnetic field will be comparatively weaker.

3.4 Including effects of 6,

Adding the effects of the vacuum mixing leads to the full Hamiltonian (3.14) and (3.15) for
Dirac and Majorana neutrinos respectively. However, since there is no resonant production
of ver/ve, we set its amplitude to zero which yields the effective 3 x 3 Hamiltonian for

the Majorana neutrinos

—fEr‘nZ COS 2912 + ‘/e A4_'nE12 sin 2612 /,LBL
HM = A4—Tg2 sin 2612 A4—1g2 COSs 912 + VH 0 ) (325)
,UBL 0 A4—T;C082012 _VM

and a similar one for the Dirac neutrinos. In this case, we have two resonances described
by Egs. (3.16) and (3.17). However at the location of both resonances, the Hamiltonian
is dominated by large off-diagonal term Am?sin20,5/4F . Thus merely fulfilling the
SFP resonant condition in Eq. (3.17) is not sufficient to drive large transitions due to the
magnetic field. In this case, it is more appropriate to go to mass eigenbasis where such
large vacuum mixing terms are absent [113]. The Hamiltonian in the mass eigenbasis can

be obtained by performing a rotation on the flavor eigenstates

Hy — R Hy Ry, (3.26)
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and diagonalizing the resultant matrix, where R, is the rotation matrix in the (12) plane.

We obtain
Ap 0 uB cosfp
Hy = 0 “Ap  uBsinp |, (3.27)
uBcosfp pBsinfp — K
where
Am? 1 2 Am? | 2
AD :\/( — 1B COS 2912 + EGFTLe) + (E S1n 2912> y (328)
1 Am? in 26
O = — = tan ! | L 02 , (3.29)
2 — S5 082012 + 5 Grpne
Am? 1
Kap = — — c08 2015 + —=Gp(ne — 2ny,). (3.30)

1E NG

In Fig. 3.8 we plot the eigenvalues of the Majorana Hamiltonian Eqs. (3.25) and (3.27) in
flavor and mass basis respectively. In the flavor basis. depicted in Fig. 3.8a, one can see the
level crossing at two different points. The lower one corresponds to SFP resonance while
the higher one is the MSW resonance. The electron neutrinos are produced predominantly
in the heavier mass eigenstate (dashed curve in Fig. 3.8a). At the SFP crossing point, the
transition between the neutrino states v, <> v, is driven by the strength of the magnetic
field at the location of the level crossing. Assuming the level crossing to be adiabatic, the
v, eigenstate is now represented by the solid curve in Fig. 3.8a while the dashed curve
corresponds now to ,. The electron neutrino then goes through another resonance at the
MSW crossing point. After this second level crossing, the v, state now corresponds to the
dot-dashed curve which is the lower mass eigenstate while v, is the upper mass eigenstate

(solid curve).

However, this notion of resonant flavor conversion is valid only for small mixing an-
gles [129]. For large values of mixing angle, the mass eigenbasis describes the situation
more accurately. Comparing Fig. 3.8a and 3.8b, it is seen that the level crossing which was

present for the case #15 ~ 0 is now absent. Again, if the electron neutrinos are produced
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Figure 3.8: Eigenvalues of the Hamiltonian for £ = 10 MeV neutrinos: (a) in the flavor
basis, Eq. (3.25) for 6,5 ~ 0. The two level crossing points correspond to SFP and MSW
resonances. (b) in the mass eigenbasis, Eq. (3.27) for 01, = 33.8". The dashed/dot-dashed
lines correspond to 1 /v, respectively and the solid line represents ,,. Here we have used
By = 10° G and the eigenvalues are in dimensionless units.

in the heavier mass eigenstate (dashed curve in Fig. 3.8b), they now will not encounter
any level crossing resonance such as those in Fig. 3.8a. Thus merely fulfilling the res-
onant conditions in Eqs. (3.16) and (3.17) is not sufficient for resonant conversion and
these conditions are valid only for small mixing angle. A general condition for resonant

conversion can also be derived which holds for both small and large mixing angles [113].

An examination of the neutrino transitions as it propagates in the Sun reveals further details

about the neutrino evolution in this general case. Working with Hamiltonian (3.27) we can
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see at the point of neutrino production near the solar core the diagonal terms are Ap ~
4 x 1072 eV for £ = 10 MeV, while the magnetic field term uB ~ 6 x 10716 eV for
B ~ 10* G. Thus there is a difference of about four orders of magnitude and the transitions
will be absent. As the neutrino propagates to the lower density regions in the RZ, the
eigenlevels come closer. Atr ~ 0.2R. we have Ap ~ 2 x 1072 eV while the magnetic
field now increases to about 10°G, thus uB ~ 6 x 10~!4eV. There is still a difference of
about an order of magnitude, however now there can be small v.;, <+ 1, transitions driven
by the magnetic field as can be acertained in Fig. 3.9. These conversions persist as long as
the ratio Ap/uB ~ 0.1. However beyond r = 0.4R, the magnetic field gradually falls
off to values < 10° G (see Fig. 3.5), and the corresponding transitions also die out. Thus
after the partial conversion of the neutrinos v. — 7, in the region r ~ (0.2 — 0.4)Rg,
the neutrino reverts back to being predominantly in the eigenstate v;. As the neutrinos
propagate towards the CZ, they will again encounter an increasing magnetic field. However
due to the strong bounds on the magnetic field in this region having peak field By < 10°
G, the diagonal splitting terms Ap > pB and there will be no significant transitions due
to magnetic fields. Thus assuming the neutrinos are produced in the eigenstate v, in the
Sun, they will exit the Sun in the same eigenstate and buried magnetic field in the RZ
having strength ~ 10° G is not sufficient to cause any appreciable level crossing. Thus the

transitions are suppressed to a great extent.

We can write the neutrino transition probability
P(Ver, = Dur) = Y P(Ver, = 1) P(v; = vup), (3.31)

where P(v.;, — 1) is the probability that the electron neutrino is produced in mass eigen-
state v; and P(v; — v,g) is the probability of transition ; — 7, under the effect of

magnetic field. Since the Hamiltonian in Eq. (3.27) for the Majorana neutrinos can be
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Figure 3.9: The variation of probability P(v.;, — ©,r) with distance inside the Sun for
maximum RZ magnetic field By = 10° G. The neutrinos are assumed to be produced at
the center of the Sun and £/ = 10 MeV.

effectively decoupled into two 2 x 2 blocks, we can write
P(Ver, = Dyg) = cos® Op(r;)P(r1 — Uur) + sin? 0p (r;) P(vy — UuR)s (3.32)

where 0p(r;) is the mixing angle at the neutrino production point 7;. The probabilities
P(v; — v,g) can be evaluated numerically to give the total transition probability in Eq.

(3.32).

3.5 Comparison with Borexino results

The most stringent constraints on the anti-neutrino flux are given by the Borexino exper-
iment [128], which reported an upper limit of ¢, < 760 cm™2 s~! on the ®B flux. For
an undistorted ® B neutrino spectrum, the solar anti-neutrino flux at the surface of Earth is
given by

G5 = 0u.("B)P(ve = 1), (3.33)

where the value of total ® B neutrino flux is ¢, (*B) = 5.88 x 10° cm~2 s~! [128]. Thus

Borexino placed an upper bound of P(v, — 7,) < 1.3 x 1072,
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The solar electron neutrino transition probability P(v, — 7,) at the Earth’s surface can
be calculated using Eq. (3.24), where P(v.;, — U,r; Re) is numerically evaluated using
Eq. (3.32) and is averaged over the B neutrino production region in the Sun [123]. To
put appropriate bounds on the solar magnetic field, we plot in Fig. 3.10 the probability
P(v. — ,) against the peak magnetic field for the case of Majorana Hamiltonian (3.25).
The two curves in Fig. 3.10 correspond to the two magnetic field profiles shown in Fig.
3.5, one peaking at the center of the Sun and other in the RZ, in accordance with the exist-
ing helioseismological bounds. In Fig. 3.10, we also show that the Borexino limit [128]
intersects the two curves at points corresponding to the maximum allowed peak magnetic
field. For the first case when the magnetic field peaks in the RZ, using the Borexino limit
we obtain the value of peak magnetic field By < 2.1 x 10® G. Thus the Borexino data is

unable to constrain the existing bound of By < 30 MG in the solar RZ, which corresponds

-1 N
10 Core By <7 MG .
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10 ™ gorexi -4 o i
Lo+ BOrexino (P.<1.3x1077) ... o e
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Figure 3.10: The probability of solar electron neutrino (£ = 10 MeV) to anti-neutrino

conversion at the Earth’s surface (Eq. (3.24)) and comparison with Borexino results.

The dashed(red) curve and dotdashed(brown) curve show the probability P(v. — 7.)
calculated using the two field profiles marked with respective curves in Fig. 3.5. The
dotted(blue) line signifies that the current upper bound P(v, — 7,) < 1.3 x 107* from
the Borexino experiment corresponds to a bound of 2.1 x 10® G on the RZ magnetic field
and toabound of 1.1 x 10° G on the core magnetic field. The solid(black) lines mark
the helioseismological bounds of 30 MG and 7 MG on the RZ and solar core magnetic
fields respectively.
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to the probability P(v. — 7.) < 2.9 x 107% and hence to an upper limit ¢,, < 17 cm™2

s~1 of the anti-neutrino flux. This requires an improvement by almost two orders of mag-
nitude in the sensitivity of 7, detection. However, the same analysis with magnetic field
peaking in the solar core provides very useful bounds which constrain some of the existing
solar models. The Borexino limit in this case yields an upper bound of By < 1.1 x 10° G,
which is almost a factor of one-seventh of the current largest bound on the core magnetic
field [120]. It is useful to compare this result with that obtained in Section 3.3, where
we obtained much stronger bound of By < 8 x 10* G. This demonstrates that the two
component approximation used frequently (e.g. [130] does not give the correct transition
probability and it is more appropriate to take into account all possible channels in which

the initially produced neutrino state may undergo resonant conversion.

Since the Borexino experiment continues to take data, it is natural to assume that future
results will be able to place more stringent limits on the anti-neutrino flux. This in turn
will be useful for placing stricter upper bounds on the solar magnetic field, especially in

the solar core region where current helioseismological bounds vary widely in predictions.

3.6 Conclusions

In this Chapter, we have studied the phenomenon of neutrino spin-flavor oscillations in the
Sun for neutrinos having sufficiently large magnetic moments ~ 107! ;15. We have con-
structed two models for solar magnetic field based on the current bounds on the magnetic
field in different regions of the Sun. In the first model, one can have large magnetic field
in the solar core and it tapers off with distance from the center. In the second model, we
have a large magnetic field in the RZ which becomes negligible in the core region and in
addition there is a CZ magnetic field, calculated in [121]. It was shown that even a mag-

netic field ~ 10* G is sufficient to change the neutrino helicity as it comes out of the Sun.

83



We have also obtained a novel parametrization for the electron density profile in the Sun,

which provides a better approximation compared to the usual exponential parametrization.

For the case of zero vacuum mixing and large magnetic field in the solar core, we obtain
analytically exact solutions. This allows us to put strong bounds on the magnetic field in
the solar core using results from the Borexino experiment. Also, the difference between the
Dirac and Majorana neutrinos is significant only for magnetic fields ~ 10° G or more. We
then examined the effects for the realistic case of large vacuum mixing angle and found
that it has an effect in suppressing the v. — v, transitions. The energy level diagrams
distinctly demonstrate the difference between the two cases. Whereas in the case of small
mixing angle we get enhanced transitions due to adiabatic level crossings. For the latter
case of large vacuum mixing, the eigenstates of the Hamiltonian in the mass eigenbasis do
not exhibit such crossing phenomenon. Thus the dominant terms are the diagonal terms
and small transitions take place only in the RZ where the ratio of the two terms is ~ 0.1.
Furthermore, the CZ fields do not affect the neutrino transitions. The Borexino results are
then utilized to place appropriate bounds on the two models of solar magnetic field. It
is found that whereas the Borexino bounds are too weak to place any upper limit on the
RZ magnetic field, for the solar core magnetic field we are able to place an upper bound
By < 1.1 x 10° G. This is significant improvement over the existing bounds coming from

helioseismology results.

Based on the above results it can be seen that while the sub-leading effects on solar neu-
trinos due to spin-flavor transitions are likely to be very small for p, ~ 107'up, with
improved sensitivity, the future experiments will be able to place even stronger constraints
on the neutrino magnetic moment as well as solar magnetic field. Thus the phenomenon
of spin-flavor oscillations gives important information about the solar interior independent

of helioseismological observations.
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CHAPTER 4

Neutrino propagation in magnetic fields and geometric

phases

In this Chapter, we show that neutrino spin and spin-flavor transitions involve non van-
ishing geometric phases. The geometric character of neutrino spin rotation is explored
by studying the neutrino spin trajectory in the projective Hilbert space representation and
its relation to the geometric phase. Analytical expressions are derived for noncyclic geo-
metric phases. Several calculations are performed for different cases of rotating and non
rotating magnetic fields in the context of solar neutrinos and neutrinos produced inside
neutron stars. Also the effects of adiabaticity, critical magnetic fields and cross boundary
effects in the case of neutrinos emanating out of neutron stars are examined. The variation
of geometric phase with magnetic field parameters is shown and its phenomenological

implications are discussed.

First we give a general introduction of the pure state geometric phase [131]. Then detailed
calculations are done, which show the emergence of geometric phase as the neutrinos

propagate in magnetic fields. This Chapter is based on Refs. [99] and [100].
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4.1 Introduction

The concept of geometric phase emerges from the idea that the phase factor acquired by
the wavefunction of a quantum system undergoing evolution has a part that is dynamical
and a part that is path dependent or geometric in nature. Berry in his seminal paper [132]
showed that for systems undergoing cyclic, adiabatic evolution this path-dependent ge-
ometric phase can have observable consequences. The phenomena of geometric phase
emerges in a wide range of classical and quantum systems and dates back to the work
of Pancharatnam [133] who demonstrated that when a polarized light is passed through
a series of polarizers such that initial polarization is finally restored, the final polarized
state acquires an additional phase. This additional phase is equal to half the solid angle
subtended by the curve representing the polarization states on a Poincaré sphere. The geo-
metric phase since then has been experimentally observed in a wide range of systems such
as molecular physics [134], neutron spin rotation [135], photon propagation in helically
wound optical fiber [136], and is a source of numerous investigations in physics [137]. In
the field of particle physics, in addition to neutrinos, the importance of geometric phase has
been explored in the context of super-symmetric quantum mechanics [138], CPT (Charge
conjugation, Parity and Time reversal) violation in meson systems [139], and axion-photon

mixing [140].

The geometric phase is an example of the phenomenon called holonomy in which some
variables fail to return to their initial value when other variables or parameters character-
izing the system undergo a cyclic evolution. A simple case of classical holonomy is the
parallel transport of a vector around a closed circuit on a curved surface. The parallel
transport of vector can be accomplished by requiring that it moves in such a way that its
magnitude remains constant and that it does not rotate locally about an axis perpendicular
to the surface. As a result of this parallel transport the vector comes back to its initial po-

sition rotated by an angle which depends only the path traced by the vector and is purely
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geometric quantity. For example, consider the case of vector parallel transport around a
closed curve C on a sphere. In this case the angle holonomy obtained is equal to the solid

angle subtended by C' at the center of the sphere (Fig. 4.1).

Figure 4.1: Parallel transport on the surface of a sphere. The vector, initially located at the
north pole, is parallel-transported along the path C'. As it returns to initial position, it gets
rotated by an amount  that depends on the path C' traversed by the vector.

The concept of parallel transport and holonomy associated with the curve can be extended
to quantum regime. In quantum mechanics the state of a system is represented by the
vector |¢(x)) € H, where H denotes the Hilbert space and x = (x3, Xa, ...) denotes the
set of parameters governing the system. The rule for parallel transport of [¢)(x)) along a
curve in the parameter space x is obtained by two conditions: (i) the length of |¢)(x)) is
preserved and (i7) [¢(x)) and |1)(x + dx)) have the same phase i.e. (1/(x) | ¥ (x + dx)) is

real and positive. Expanding (¢(x) | ¢(x + dx)) in Taylor series, we get

() [¥(x+dx)) = (@) [ ¥ (x)) + (@) | Vi[9 (x)) .dx + O(dx?). (4.1)

Thus the above two conditions imply

(Y | dy) = 0. 4.2)
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However, if |1)) is parallel-transported along a closed curve C' in the parameter space and

comes back with a changed phase i.e.

(initial | Venar) = €, (4.3)

then this phase change +[C] arises due to holonomy and is the geometric phase associated
with C. Quantum mechanically, adiabatic change provides the simplest way to parallel
transport the vectors over the parameter space. The resulting geometric phase is acquired

because of the underlying curvature of the parameter space.

4.1.1 Adiabaticity and Berry’s Phase

In quantum mechanics the notion of adiabaticity arises whenever the parameters governing
a system change sufficiently slowly with time. For such systems using adiabatic approxi-
mation [141, 142], the solutions of the Schrodinger equation can be approximated by that
of stationary eigenstates of the instantaneous Hamiltonian. For example, if the system is
initially in the nth eigenstate of the slowly changing Hamiltonian H (£) then the eigenvalue
equation

H(t)|n(t)) = Ea(t) n(t)), (4.4)

can be solved at each instant of time to give the eigenstate |n(t)) corresponding to energy
eigenvalue £, so that the system remains in the nth eigenstate.

Consider an adiabatically varying Hamiltonian, whose parameters return to their initial
value after time 7 so that H(t 4+ 7) = H(t). If [1)(0)) is the initial eigenstate of H then

adiabatic evolution ensures that after time 7 system remains in the same eigenstate i.e.

(7)) = € [4(0)), (4.5)
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where « is the phase acquired during the evolution. Let us first consider the simple case
of time-independent system (having arbitrary periodicity), for which the eigenstates of the

Hamiltonian are given by

(7)) =T |y (4.6)

where |v) is the solution of time-independent Schrddinger equation corresponding to en-
ergy eigenvalue E. In this case the phase acquired by the eigenstate is just the dynamical
phase i.e. o = 74, where 7, = — E/7. Thus for the general case of time-dependent Hamil-
tonians one might expect that the phase acquired by the eigenstates for the cyclic evolution

is just the generalization of the dynamical phase i.e.

a=— /T E(t)dt =4 4.7)
0

However, it was shown by Berry [132] that for this case o« = 74 + v(C), where v(C)
is a non-integrable phase factor that depends on the path C' traversed by the state |¢) in
the parameter space. While, v, gives the information about the duration of evolution of
the system, ~(C') gives information about the geometry of the circuit C' in the parameter
space. In terminology of the last section, 74 arises due to local rotation of the state vector,

while v[C] is the holonomy due to parallel transport of the vector around C.

To this end, we consider the Hamiltonian of a system & = H(x(t)) depending on a set of
slowly varying parameters x = (xj, Xa, ...). Assuming the energy spectrum of Hamiltonian
to be discreet and non degenerate for all ¢, we can construct a basis set {|n())} consisting
of normalized eigenvectors of H. In the adiabatic approximation, if system is initially
defined by the state |¢)(x(0))) = |n(x(0))) then at time ¢ it continuously goes over to the

state |n(x(t))), apart from phase factors. We make an ansatz

[P(x(t))) = eMme o B n(x(1))) (4.8)
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where, the second phase factor is the dynamical phase and +,, is some additional phase.

Substitution in Schrodinger equation

i% [0 (x(8))) = H(x(1) [¢(x(1))) , (4.9)

and using the adiabatic approximation, we get [143]

n(x(t))> dt. (4.10)

However, since the eigenvectors are defined upto a phase factor, under the transformation

In(x(t)) = €D n(x(t))), (4.11)
we have,
“(n|n) = (n|n) +iy,(t) = 0. (4.12)
Thus we can write
[ (x(8))) = e o B n(x(0))), (4.13)

such that ~/ (¢) = 0. Thus we can always chose the phase of the eigenvector according to
Eq. (4.12) at all the times such that the factor 7/, = 0. However, Berry showed that this
condition cannot be simultaneously realized over the whole parameter space. In particular
if we consider cyclic evolution in the space of parameters then the phase factor 7,, becomes

invariant under phase transformations. To see this we write

wlt) =i [ (n(el0)| %

x;(t)
=i /‘(0) (n(x(t)) | Vg | n(x(t))) .dx. (4.14)

n(X(t))> Zi/o (n(x(1)) | V[ n(x(2))) -%dt
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Under a cyclic evolution in the parameter space C' : [0, 7] — [x;(0), x;(7)] we get

T [C] = 7{ A, (x) - dx, (4.15)
c

where A, (x) = i(n(x(t)) | Vx| n(x(t))). Now if we choose to redefine the phase of the

eigenstate

In(x(t))) = €™ Jp(x(t))) (4.16)

then

An(x) = Ay (x) — iV ((x). 4.17)

If the parameter space is three-dimensional then we can write

Yu[C] = / Ve X Ap(x) - dS, (4.18)
S

where S is the surface bounded by the closed curve C'. Thus the transformation (4.17)
leaves the geometric phase invariant. Thus the geometric phase is non-integrable and

non-local.

If we define vector field V,,(x) = V x A, (x), then the geometric phase can be seen as

flux of the field V,, through the surface S

%mzéw@@s (4.19)

In higher-dimensional parameter space, the geometric phase y[C] has an appropriate gen-
eralization in terms of integral of a curvature two-form over a surface bounded by C

[144,145].
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4.1.2 Example- Spin precession in a magnetic field

A simple illustrative example where non-trivial Berry phase arises is that of spin preces-
sion in a magnetic field. For a spin 1/2 particle in a magnetic field, the Hamiltonian is
given by

H= —50" B. (4.20)

Consider the magnetic field rotating in the x-y plane at an angle 6, from the z axis
B(t) = B(sin 6 cos ¢(t), sin §y sin ¢(t), cos bp). 4.21)

The energy eigenvalues are £y = 4B /2 and corresponding eigenvectors |£) can be

calculated. The geometric phase associated with |+) is then given by [143]
1
Y+ [C] = —7(1 — cosby) = —§Q[C], (4.22)

where 2[C] is the solid angle subtended by the curve C at the center of the sphere. The
point B = 0 represents a point of degeneracy where the energy eigenvalues cross and
the adiabatic condition breaks down. So the closed circuit must not include the point of

degeneracy. To see the nature of degeneracy, consider the vector field

V,=—j (4.23)

ﬁv

which represents a magnetic monopole of strength 7 at the origin in the parameter space.

According to Eq. (4.19) the geometric phase is given by
T|C] = —jQ[C]. (4.24)

The resemblance of Eqgs. (4.22) and (4.24) shows that the point of degeneracy appears as

a magnetic monopole. The vector field may be thought of as radiating from an effective
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magnetic monopole of strength j at the origin of the parameter space. The effect of the
degeneracy is felt by a closed loop at a distance from the degeneracy and the Berry phase

is the flux associated with this monopole through the surface bounded by this closed loop.

4.1.3 Aharonov- Anandan phase

The notion of geometric phase was extended by Aharonov-Anandan [146] for any general
cyclic motion without regard to adiabaticity. According to their prescription, one can
split the total phase into dynamical and geometric parts by considering the evolution of
eigenvectors in the state space, rather than the parameter space. The geometric phase can

then be defined as the difference between the total and dynamical phase.

Let ‘H denote the Hilbert space consisting a set of possible states of a quantum system
(assumed to be normalized). Since two vectors [¢), e’ [1)) € H differing only by the

phase factor correspond to the same physical state, we define a projection map

m:H—=P(H),

(e ) = () € P(H) ¥ a € Rand |v)) € K. (4.25)

P(H) is known as projective Hilbert space. If the evolution [¢(t)) traces out a curve C in

‘H such that
(7)) = € [4(0)), (4.26)

then the corresponding curve ¥ = m(C) in the projective Hilbert space P(H) is closed

(Fig. 4.2).

There can be infinitely many curves in H which project to a given closed curve ¢ in P(H.).

So we ask a reverse question: given a closed curve ¢ in P, can we select a curve in ‘H for
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Figure 4.2: Cyclic evolution of vector in projective Hilbert state P(#). A closed curve
¢ = w(C) in P(H) can have infinitely many lifts in 74 which may or may not be closed.
This is called principal fiber bundle picture of the state space. The bundle space H consists
of three parts: the base manifold P(#), the fiber which is the group U (1) attached to each
point of base manifold and the map 7 : H — P(H). A closed curve in the bundle space
begins and ends on the same fiber.(Figure taken from Ref. [147]).

which dynamical and geometric part can be separated. To achieve this, we define

() = e IE(t)), (4.27)

such that f(7) — f(0) = ¢. From Eq. (4.26) it follows that |{(¢)) is smooth single-valued

function in H with |£(7)) = |£(0)). Under Schrodinger evolution we have

()

AL =H [V (1),
dE(t))
i—> = =(H + [)§(1)) .
af _
4 =i(e|5|e) -erme. @28
Integrating, we get the total phase
¢ = Qa+ Py, (4.29)
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where

¢d=—/0 <§|H|s>dt=/0 (| H | ) dt (4.30)

is the dynamical phase and

wis1=i [ (e|g|e)a=§ g @31)

is the geometric phase. Now, one can chose the same |£(¢)) for infinitely many curves
C € H, which project to the given curve ¥ = w(C) € P(H), by an appropriate choice
of f(t). Thus this definition of ¢, depends only on the curve in the projective Hilbert
space P(H) and is independent of the total phase ¢ and the Hamiltonian producing the
motion. Also, since the state [¢/) need not be an eigenstate of H, hence adiabaticity and
cyclic evolution of H () are not required. Further, ¢, is independent of parameter ¢ of ¢
(reparametrization invariant) and is gauge invariant. To prove the gauge invariance of ¢,,

we transform |¢(1)) — €*(®) |¢(¢)), then the geometric phase transforms as

b€ < ’ >dt— a(r) — a(0)]. (4.32)

Since |£(t)) is single-valued, therefore o(7) = «(0). Thus geometric phase is invariant

under gauge transformation.

4.1.4 Noncyclic Geometric Phase

The definition of non-adiabatic geometric phase (Eq. 4.31) requires cyclicity in the state
space P(H). However, in a general evolution the state vector may not return to the same
fiber in the bundle space giving rise to an open curve in P (). Samuel and Bhandari [148]
considered such a case of noncyclic evolution and used Panchratanam’s idea to compare
the phase on two different fibers of the principal fiber bundle. They showed that in this

case the geometric phase is proportional to the surface area enclosed by the curve in P(H)
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which is composed of two parts: the open curve € = {7(|£(s))) € P(H)|s € [s1, 2] C
R} describing the evolution from the initial point |£(s;)) to the final point |£(s2)), and a

geodesic curve in P(H) joining 7(|{(s2))) to w(|€(s1))).

Even though the geodesic closure approach gives an elegant and robust definition of geo-
metric phase, the calculations of geodesic can be tedious and in some cases may lead to
inconsistent results [149]. An equivalent approach to calculate the geometric phase for
any general nonadiabatic, noncyclic evolution has been developed by Mukunda and Si-
mon [150]. Their treatment is based entirely on kinematics, and the geometric phase is
defined as a property of curves in the Hilbert space. If C is any one-parameter smooth
curve of unit vectors |¢)(s)) € H, where s € [s1,55] C R, then the geometric phase

associated with the corresponding curve ¥’ € P(H) is defined by the functional

%thmwmmw@»—%/amwwww», (4.33)

S1

where ‘w(s)> denotes the derivative with respect to s. The two terms on the right-hand
side of Eq. (4.33) are, respectively the total and dynamical phase associated with the curve
C, and the difference between the two gives the geometric phase along 4. The geometric
phase defined this way is both gauge and reparametrization invariant. To check the gauge

invariance of ¢,, consider a local gauge transformation |1(s)) — () |¢)(s)), then

04l —+(a(52)) — a(s0)) + arg (000 [vs2)) = 3 [ ds(( (w1 ] d(5)) + i)

S1

—arg (w(s1) [0(s2) =3 [ as (u(s) |09 @34

S1

The geometric phase in ¢ (%] is only defined modulo 27, because of the form of total
phase in Eq. (4.33). Also, in case the vectors |1)(s1)) and |¢(s2)) are orthogonal both the

total phase and hence ¢,4[¢’] are undefined.
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4.2 Neutrino propagation in magnetic fields

The emergence of geometric phase in the context of neutrino oscillations has been ex-
plored by many authors in various settings [151-165]. In the present work we analyze the
noncyclic geometric phases that arise due to neutrino oscillations in magnetic fields and
matter. In particular, we first perform explicit calculations for the geometric phases that
arise due to spin and spin-flavor precession of neutrinos propagating in a medium with
constant density and uniformly twisting magnetic fields. We then study the case of geo-
metric phase acquired by neutrinos produced inside and emanating out of a neutron star,
with realistic density and magnetic field profiles. We also study the condition of adiabatic-
ity, the effects of magnetic field rotation and cross boundary effects on geometric phases

and neutrino helicity transitions.

In the quasiclassical approach, neutrino spin evolution in an electromagnetic field is de-
scribed by the generalized Bargmann-Michel-Telegdi equation [166]. For the system |v) =
(vgr,vz)T with two helicity components of neutrinos propagating in the presence of mag-

netic field B in matter, the effective Hamiltonian is given by [75] (see also Eq. (2.74))

AmQA—£>—,u

H= (5-ﬁ)( AE 2

— 1 —

7. [B —(1+ —)(B.ﬁ)ﬁ} , (4.35)
g

where 7 is the direction of propagation of the neutrino, & are Pauli spin matrices, AV =

Vi — Vg (V1, Vg being potentials due to coherent forward scattering of the neutrinos off

matter particles [21] for left- and right-handed neutrinos respectively), Am? = m% —m?,

A is a function of neutrino mixing angle 6, and F is the neutrino energy. In Eq. (4.35) the

terms proportional to identity matrix are omitted.
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Assuming the neutrinos to be propagating along the z-direction, the evolution of the state

|v) can be described by the Schrodinger-like equation [74]

— H(t) |v(t)). (4.36)

Since the longitudinal component of the magnetic field in Eq. (4.36) is suppressed by
a factor of 1/+, for relativistic neutrinos this term can be neglected. Also, we consider
the magnetic field rotating clockwise about the neutrino direction in the transverse plane

B, = Be'. The evolution equation (4.36) can now be rewritten as

v Vi(z)/2 B(z)e () v
Z_ag N ()/ nB(z) R | 4.37)
N\ uB(z)e ) ~V(2)/2 vy
where
Am?2A
V=AV — 4.38
5 (4.38)
and the distance z along the neutrino trajectory is approximated with time ¢.
Transforming to the rotating frame of the field, and using
v) = U |¢) = exp(—ios¢/2) [¥) (4.39)
we get an evolution equation in the rotating frame,
OY) -1 —
—— =(U""HU —iU"" —
i U )
1 .
== 5[(V+)os+ (2uB)oi] [¢) (4.40)

where ¢ = d¢ /dz. For the case of neutrino propagation in matter with constant density

and in a magnetic field of constant strength and uniform twist, i.e., constant V', B, and é,
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Eq. (4.40) can be integrated analytically and we obtain

Yr(2)
Yr(2)

((v + d)os + zuBm) z] vn(0)) (4.41)

¥r(0)

1

= exp lz

Using properties of Pauli matrices this can be written as

Vr(2) :{COS (5192”12) N 5;m ((v+¢)ag +2MBUI> - (52m2)] ¥r(0) |

Yr(2) ¥r(0)
(442)
where
0B = \/(V + 6)2 + (2uB)? (4.43)

gives the energy splitting of the eigenstates. If a neutrino is initially created in the left-
helicity state, i.e., [#(0)) = (0 1)7, then after traveling a distance z in the magnetic field,

the neutrino eigenstate will be an admixture of left- and right-handed components:

ie~19()/2 sin 20, sin (2p2)
v(2)) = | -

¢92)/2( cos (L) — j cos 26, sin (22p2) )

Here, we have taken the reference direction as ¢(0) = 0 and 6,,, denotes the mixing angle

between i and ¢,
2uB

tan 20,, = - .
V+o¢

(4.45)

If a beam of left-handed neutrinos starts at z = 0, the transition probability at a distance 2

is given by

6B,
P(vy — vr; 2) = |vg(2)]* = sin? 260, sin® ( 5 Z) (4.46)

Thus neutrino propagation in magnetic fields results in an oscillation in the v;, — v basis
with a length scale of 27 /0 E,,. For 6,, = 7/4 the mixing is maximal and the amplitude

of the transition probability becomes unity. Eq. (4.45) gives the condition for resonant
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Vg 4> V7, conversion

V+6=0,

Am

2 .
s Ate=0. (4.47)

or AV —

The effects of the variation of the twisting field on the transition probability has been

explored in detail in [167].

4.3 Bloch sphere representation of neutrino spin rotation

and noncyclic geometric phases

The dynamics of the neutrino spin rotation in a magnetic field can be described by spin-
polarization vector n = (v | o | v). In the two component formalism the equation describ-
ing the dynamics of n is equivalent to a Schrodinger-like equation (4.37), and is given

by [168]

Z_‘Z‘ — 1 x B, (4.48)
where Bog = /V2 + (2uB)2(sin y cos ¢, sin x sin ¢, cos x); x = tan~*(2uB/V’). The
path of the effective magnetic field B.g describes a circle around the z axis in the parameter
space, which is the unit two-sphere S2. For the case of a medium with a uniformly twisting
magnetic field and constant density as discussed in the previous section, Eq. (4.48) can
be solved analytically, and the resulting solution n(z) can be plotted in the Bloch sphere
representation. In this representation, a given neutrino state |v/) corresponds to a point on

S? and is determined by the unit vector n. The orthogonal states |v7) and |vg) correspond

to two antipodal points on S2.
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To solve Eq. (4.48), we define a vector ng = n - R, where R is the rotation matrix

cosg sing 0
R=|—-sing cos¢ 0]- (4.49)
0 0 1

Substituting this in Eq. (4.48) we obtain a time-independent differential equation for ng,

which can be integrated to give the solution for Eq. (4.48) as the superposition of two

rotations,
n(z) = R"-R; -n(0), (4.50)
where R; is given by
sin? 20, + cos? 20,, cos ¢,  cos 26, sin ¢, % sin 26,,(1 — cos ¢,)
R, = — c0s 20,, sin ¢, Ccos ¢y, sin 20,, sin ¢, ;
£5in20,,,(1 — cos ¢,) —§in 20, sin ¢, cos? 20,,, + sin® 26,,, cos ¢,
(4.51)

where we have defined the precession phase as ¢, = 6 I, 2, such that ¢, varies from 0 to

27 during one oscillation length.

The matrix R; represents a precession about the direction of Bt at an angle 26,, and at a
rate gZSp while R represents a precession about the direction of propagation of the neutrino
at a rate, ng These two precessions combine to give the evolution of the spin-polarization
vector n, which may be plotted on the Bloch sphere. The curve traced by the vector n on
the Bloch sphere, as the magnetic field rotates by 27, is noncyclic in general. However, for
the special case when the two precession rates (,/SP and qb are commensurable i.e. gbp = qu
for some k € Q, the evolution becomes cyclic. Different cases for cyclic and noncyclic
evolution are shown in Fig. 4.3 for the case of spin precession v.;, — v.r of left-handed
electron neutrinos produced in the Sun and propagating outwards under the influence of
matter and magnetic fields. As a first order calculation we assume a constant density and

magnetic field profile for the Sun and parametrize the rotation frequency of the magnetic
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Figure 4.3: Bloch sphere representation of neutrino spin rotation. Initially the neutrinos
are produced in the left helicity state which corresponds to a point on the pole of the sphere.
Under the effect of matter and magnetic field, neutrinos undergo spin-precession v,;, —
Ve and neutrino spin-vector n traces out cyclic [(a) and (b)] and noncyclic curves [(c) and
(d)] on the Bloch sphere depending on the relative values of q5p and the parameters of B.g.
The circular curve describes the path of B.g. The rotation frequency is in units of 7/R, and
the positive and negative signs of ¢ correspond to clockwise and anticlockwise rotation
of the magnetic field about the neutrino direction respectively. We used the following
parameters: electron number density n, = 10%'g/ cm®, neutron number density n,, =
n./6, matter potential V =v/2Gr(n, — n,,/2), and magnetic field strength B = 10° G.
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fieldas ¢ = 7 /f R, where R is the radius of the Sun.

< /2t
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(a) Cyclic geometric phase: Solid curve
corresponds to the cyclic case qu = 5¢ and the
dotted curve corresponds to the resonant
condition V' = —gﬁ

Ag

(b) Noncyclic geometric phase for the cases
¢ = 100 (solid curve) and ¢ = —200 (dotted
curve)

Figure 4.4: Geometric phases associated with the curves in the Bloch sphere for neutrino
spin-precession Ve, — VeR.

The area enclosed by the trajectory traced out by neutrino spin rotation in projective Hilbert
space, which in this case is Bloch sphere S?, is related to the geometric phases acquired
by the neutrino state during the evolution. If a neutrino is initially created in the left-
helicity state, i.e., [¥(0)) = (0 1)7, then after traveling a distance z in the magnetic field
the neutrino eigenstate will be a mixture of left- and right-handed components |v(z)) =
(vr(z) wvi(2))T . The geometric phase associated with the curve C traced by the state

|v(z)) on the Bloch sphere is then given by

d

o4ie) = arg WO} =S [ ) 45)

Using Eq. (4.44), we get the following expressions for the geometric phase:

Lol — _ P\, P Ad o _
b, [C] = arctan(cosQ@m tan 5 ) + 5 cos 20,, + 5 sin 29m<1

sin ¢,, )
» Y
(4.53)
where A¢ = ¢(z) — ¢(0). Similarly if a neutrino is produced initially in the right-helicity

state, the geometric phase acquired is

Pl =— oL (4.54)



Hence the spin and spin-flavor evolution of neutrino helicity states involve nonzero geo-
metric phases. These expressions for geometric phases are valid regardless of whether the
neutrino propagation is adiabatic or not, unlike the case of the Berry phase which requires

the propagation to be adiabatic.

Two particular cases clearly bring out the relation between the geometric phase and area
enclosed by neutrino spin trajectory on the Bloch sphere. In the cyclic limit, as the neutrino
spin-vector n returns to its initial positioni.e. ¢, = 2m, the geometric phase for each cycle

is given by Eq. (4.53) as

oZ[C]] = —7(1 —cos26,,) + % sin? 26,,,. (4.55)

cyc

This result is particularly easy to visualize in the rotating frame of the magnetic field where
A¢ = 0. In this frame the geometric phase reduces to the famous value — (1 — cos 26,, ),
which is equal to —% of the solid angle subtended, by the neutrino spin rotation trajec-
tory on the Bloch sphere, at the center of the sphere. Another interesting case is that of

resonance condition (4.47), for which Eq. (4.55) gives the geometric phase:
¢ [Cl] =0 (4.56)

This is expected since the resonance condition corresponds to the case when the neutrino
trajectory traces out a great circle in the x — z plane in the rotating frame. This is akin
to parallel transport of a vector along a geodesic, which does not give rise to holonomy.
The corresponding curve in Fig. 4.3b encloses no net oriented area, and thus has zero

geometric phase.

For the case of noncyclic evolutions the geometric phase can be interpreted in terms of a
solid angle subtended by the neutrino spin rotation curve obtained by geodesic closure on
the Bloch sphere. In Fig. 4.4, we plot the variation of the geometric phase with the relative

phase shift of the magnetic field for the case of neutrino spin precession v.;, — V.g.
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Next we will study the neutrino spin and spin-flavor evolution in the case of a neutron
star with realistic density and magnetic field profiles. We will examine various cases both
inside and outside the neutron star and analyze the quantitative difference in geometric

phases in different scenarios.

4.4 Neutrino Propagation in Neutron Stars

When stars run out of nuclear fuel at the end of their lives, the core of the star collapses
under its own gravity resulting in a supernova explosion. Neutron stars (NSs) are the com-
pact objects that are formed as final remnants of the core collapse supernova of stars with
a mass of about 8 — 20 times the mass of the Sun. NSs contain some of the most extreme
astrophysical environments where the interior densities can be ~ 5 — 10 times the nuclear
saturation density (~ 2.8 x 1014 g/ cm®) and where magnetic fields from the surface to the
interiors can vary from 10" to 10'® G [169, 170]. Although NSs are primarily composed
of neutrons, there is also a small fraction of protons, electrons, and other nuclei. In the in-
terior where density exceeds nuclear saturation density, exotic particles such as deconfined

quarks, stable hyperon matter, and superfluid pion condensate may appear [171, 172].

Neutrinos play an important role in the formation and subsequent cooling of NSs. During
the first few seconds of the supernova collapse a large number of neutrinos diffuse through
the resulting proto-NS, which leads to a rapid drop in temperature by a factor of ~ 100.
After about a minute, the NS becomes transparent to neutrinos resulting in a further drop in
temperatures. The main process by which the neutrinos are produced in the NS cores is so-
called direct Urca process n — p+e~ 41, p+e~ — n+v, [172,173]. However, the direct
Urca process requires a certain energy threshold below which the neutrino emission occurs
via modified Urca process n+(n,p) — p+(n,p)+e +ve, p+(n,p) = n+(n,p)+e"+v,
[174]. There are several other mechanisms by which neutrinos are produced in the NSs

and help in the NS cooling (see [175] for a detailed review).
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Figure 4.5: (a) Density and (b) magnetic field profiles of the neutron star. Magnetic field
is plotted in log scale.

In the following we study the spin-flavor evolution of the neutrinos produced in the core
region of the NS. For definiteness we consider only the left-handed electron neutrinos
produced below the resonance region and calculate the acquired geometric phase as they
propagate in the interior regions of the NS and finally come out of it. We also study
the effect of magnetic field rotation on the geometric phases and the probabilities of the
spin and spin-flavor conversion. These calculations require the knowledge of the density
and magnetic field profiles in the interior and outer regions of the NS. The knowledge of
the exact density profile of NS depends strongly on the equation of state for which many
models have been proposed (see [176] for a recent review). However, without going into
details of the models, we assume a simplistic density profile where the density decreases

quadratically from the center

ﬁ ,00+p17‘2, forr < R
pY ' = , 4.57)

0 forr > R

where IR is the radius and p, is the central density of the NS. The values of radius and
central density are taken as R = 10 km and p, = 10 g/ cm®. The typical surface density

of the NS is ~ 10° g/ cm® which determines the value of p1.The magnetic field profile in
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the interior [177] and outer [178] regions of the NS are taken as

B, + Bc<1 — exp ( — ﬁ(p/ps)7>) forr <R
B(r) = , (4.58)

By(R/r)? forr > R
where 8 = 0.005, v = 2, B, = 10'® G, B, = 10'* G, and p, is the nuclear saturation
density. The density and magnetic field profiles for the NS are plotted in Fig. 4.5.
4.4.1 Adiabaticity and Geometric phases

The Hamiltonian for the neutrino spin-flavor evolution equation (4.37) can be written as

1

H= —59" Bei(2), (4.59)
where
By =[Bes(sin x(2) cos ¢(2), sin x(2) sin ¢(2), cos x(z)), (4.60)
|Ber| = v/V(2) + (2uB(2) )%, (4.61)
a1 2pB(z)

x(z) =tan ( V) ), (4.62)

eff 2
y V2GRV Am oy (4.63)

my 2F

Formally, the solution of Eq. (4.36) with Hamiltonian (4.59) is given by the evolution

matrix

S(z,29) = Pexp < — %/Z(V(z')ag + Q,uB(z')al)dz') (4.64)

20
where P is the path ordering operator. However, in the limit of adiabatic approximation
the state of the system is given by one of the instantaneous eigenstates of the Hamilto-

nian (4.59). The eigenstates, representing the spin polarization along and opposite to the
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direction of B.g are given by

2
wy=| X (4.65)
e®) sin x(2)/2

z¢(z
o) = 2 (4.66)
—cos x(z)/2

corresponding to the eigenvalues F| Beg|/2. If the initial spin polarization of the neutrino
is along the direction of magnetic field then the state of the system is represented by |1 ),

and the adiabatic condition is given by

{Welip)

1, 4.67
o 2« (4.67)

which is equivalent to\/ X2 + (¢sin x)?/2 < | Beg|. We define the adiabaticity parameter

|Beff|
\/X gbsmx

so the adiabaticity condition (4.67) is equivalent to v > 1. We now calculate ~y for regions

(4.68)

both inside and outside the NS. We find that, while in the inside region the adiabaticity
holds for practically all values of ¢, in the outside region of NS the range over which the
adiabatic solution is valid is restricted and depends on the values of . The larger the value
of (15, the smaller is the region over which the adiabatic approximation is valid. For typical
values of ¢, the range over which adiabaticity holds is roughly 20 — 30 times the radius of

the NS as shown in Fig. 4.6.

In this case the magnetic field (4.60) traces out an open curve C' in the parameter space
R3. Under adiabatic evolution the noncyclic geometric phase associated with the curve

C'g, for the case of neutrino with initial spin polarization along the direction of magnetic
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Figure 4.6: logy(z) as a function of distance (a) inside and (b) outside the NS. The adi-
abaticity condition v > 1 is satisfied for all values of ¢ while for the outside regions
adiabaticity holds only in a limited region.

field, is given by the generalization of Berry’s phase [149]

6,[Crl =arg (14(0) |1 (2)) — S / R - (14 (R)| Vi |44 (R)) (4.69)

where R represents the magnetic field (4.60). Using Eq. (4.65) we calculate the geometric

phase as

(1 —cosx(2)).

(4.70)

05 Crl :tan—l( sin Ag(2) tan (x(2)/2) tan (x(0)/2) )_ Ad(2)

1 + cos A¢(z) tan (x(2)/2) tan (x(0)/2) 2

While for the other eigenstate the geometric phase is ¢, [Cr] = —¢F [Cr].

Since the definition (4.69) assumes adiabaticity, the expression (4.70) is valid only when
the adiabatic condition (4.67) is satisfied. When the nonadiabatic effects arise, one has
to resort to more general methods such as that of geodesic closure to calculate geometric
phases. However, we are only interested in the qualitative features of the geometric phases
that arise due to neutrino spin and spin-flavor oscillations in the NS environment. Since in
the inside region of the NS, the matter effects strongly dominate over the magnetic field,
the area of the curve traced by B4 is negligible, and hence the associated geometric phase
is vanishingly small. As the neutrinos come out of the NS, matter effects vanish and now

neutrino eigenstates develop a significant geometric phase as shown in Fig. 4.7.
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Figure 4.7: Geometric phases neutrino propagation in NS. In (a) the flat portion of the
curve corresponds to neutrino propagation inside the NS, where the geometric phase is
almost zero. In (b) ¢, corresponds to the resonant condition V' = —¢.

4.4.2 Transition probabilities and cross boundary effect

In this section we calculate the spin and spin-flavor transition probabilities as the neutrinos
propagate in NS’s under adiabatic conditions. Considering the case of left-handed electron
neutrinos produced near the center of the NS, the adiabatic survival probability is given

by [4,178]

P(vp = vp)(2) :% (1 + cos Oe (20) €OS Oefr (2) + Sin Oegr (20) sin Oegr (2) cos ((2)),

4.71)
where
. 1 ( 2uB
Qeﬁf(Z) =tan (m) s (472)
((2) = / dz' \/ (V + ¢)2 + (2uB)>. 4.73)

For the neutrino propagation inside the NS, for the given density and magnetic field profile
V' > 2uB, and hence 6.4 ~ 0, so according to Eq. (4.71): P(vy, — v1) ~ 1. Thus there
are almost no spin or spin-flavor transitions inside the NS. However, for the outside case
the situation is more interesting and there are appreciable transitions as shown in Fig. 4.8.
After about 200 R half of the left-handed neutrinos produced inside the NS are converted

into the right-handed neutrinos.
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For the case of neutrino propagation in a medium of constant density and uniformly twist-
ing magnetic fields, one can define a critical magnetic field, which is the magnetic field

required for the oscillation amplitudes v;, — v to be close to unity and is given by [178]

B KB Am? MeV B _g1 [ Meft ﬁ
B |G] —43< . )‘(1(3‘/2) < o ) cos20 — 2.5 x 10 p— +0.4 e I

(4.74)

By calculating B, for different situations, we can get rough estimates of the magnetic
field required for appreciable neutrino transitions. In the interior regions of the neutron
star, p ~ 10 g/cm”® gives neg ~ 6 x 103® cm ™2, hence for neutrinos with energy £ = 1
MeV, Eq. (4.74) gives B, ~ 6 x 10%* G. Since B., > B in the interior of the neutron
star, the transitions are negligible, as also shown by the probability argument above. Even
in the outermost crust of the star, n.s ~ 103 cm™3, and B, ~ 10'°G, which is greater
than the magnetic fields prevailing in those regions. So we expect very weak neutrino
transitions inside the neutron stars in the case of neutrinos produced below the resonance
regions. For the regions just outside the neutron star density suddenly drops to zero, so
there is a sharp decrease in the critical magnetic field required for the helicity transitions.
For 1 MeV neutrinos, Eq. (4.74) gives B., = 10® G. Since the magnetic field just outside
the neutron star is ~ 10™G (> B.), as the neutrinos cross the surface of the NS, there

are rapid helicity transitions that are termed as cross boundary effects [178].

Since the magnetic field outside the NS falls off as 1 /73, the range over which the magnetic
field exceeds critical magnetic field is given by 7o, = R(B/Be)'/® a~ 100R. As can be
seen in Fig.4.8, the oscillation amplitude reduces as we go away from the NS and almost
vanishes for » > 200R in the case for nonrotating fields. If we consider the effect of
field rotation then according to Eq. (4.74) the critical magnetic field required to sustain
oscillations increases. For qb = 10, the B, ~ 6 x 10® G. Thus the range over which

oscillation amplitudes are finite decreases to ~ 50R.
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Figure 4.8: Neutrino survival probability of spin and spin-flavor precession for various
values of the rotation frequency. Nonzero values of ¢ lead to suppression of transitions
and the probability converges to one-half at a faster rate compared to the case when ¢ = 0.
For the case of spin transitions in nonrotating magnetic fields the probability does not
converge to 0.5 but instead approaches 1 in the limit z > R. This is because for this case
cos O = 0 and the oscillatory term in Eq. (4.71) converges to 1 in the limit z > R.

4.5 Possible methods of geometric phase detection

The usual method of geometric phase detection employs experiments wherein a beam
is split into two parts, both parts undergo evolution along different paths in parameter
space, and then they are made to interfere. The resulting interference pattern bears the
signature of the geometric phase. However, these types of experiments are not feasible in
case of neutrinos due to their small interaction cross section that renders them practically

impossible to maneuver.

Another approach, which has become popular in recent years, is that of quantum simula-
tion. In this approach quantum systems that cannot be accessed experimentally are simu-
lated using a controllable physical system underlying the same mathematical model [179].
The possibility of studying neutrino systems by quantum simulation has been explored
in [162, 180]. In [162] it was proposed to detect the neutrino geometric phases using the
nuclear magnetic resonance (NMR) setup with a controllable range of parameters. Here

we propose an analogous NMR experiment where parameters can be varied to simulate the
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environment of neutrino oscillations in magnetic fields. The Hamiltonian for a standard

NMR experiment is given by [181]
H = —% [COS o, + sin (o, coswt + o, sin wt)] , (4.75)

where wy is the Larmor precession frequency of the spins, 26 is the angle between the
magnetic field direction and the quantization axis, and w is the frequency of the circularly
polarized magnetic field. Comparing Eq. (4.75) with the Hamiltonian (4.37) for neutrinos

we get the following values for the NMR parameters:

wo =+ V24 (2uB)?, (4.76)
2uB )
V2 + (2uB)?/’

0 =tan " 4.77)

w =¢. (4.78)

For example, the neutrino oscillation environment outside the NS can be simulated us-
ing the following range of parameters: wy/2m € (10° — 10%) MHz, § ~ =/5, and
w/2m € (1.5 — 150) kHz. In this way, the geometric phases that arise in neutrino sys-
tems can be inferred from those obtained in NMR experiments with a suitably chosen

range of parameters.

4.6 Conclusions

In this work, we have studied the noncyclic geometric phases associated with neutrino
spin and spin-flavor transitions. The dynamics of neutrino spin rotation was examined
in the Bloch sphere representation, which clearly brings out the geometric nature of this
phenomena. The geometric phase acquired by a neutrino state was shown to be related
to the area enclosed by the curve traced by a neutrino spin vector. For the case of cyclic

evolution, it was shown that the expressions reduce to the usual Aharonov-Anandan phase
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for spin precession in a magnetic field. As a particular case, we analyzed the geometric
phases acquired by the solar neutrinos as they propagate outwards under the effect of matter

and magnetic fields of the Sun.

Further, we analyzed the situation of neutrinos produced in the NS, propagating outwards
under the effect of matter and magnetic fields. We have obtained analytical expressions of
the noncyclic geometric phases in the adiabatic approximation and studied their behavior
both inside and outside the NS for various cases. We have also studied the transition
probability and the cross boundary effects and showed that at a distance of about 200
times the radius of a NS, the initial flux of left-handed neutrinos produced inside the NS is
depleted to half of its original value. We would like to point out that we considered only the
case of neutrinos produced below resonance regions. However, there might arise situations
where there may be significant resonant effects due to both matter and magnetic fields, and

it would be interesting to explore these effects in the context of geometric phases.

The emergence of geometric phases in neutrino spin and spin-flavor evolution highlights
an important geometric aspect of this phenomena. Even though at present there seems to
be no method to detect such phases directly in the current experiments, alternative methods
such as quantum simulation have been proposed to detect such phases. The present calcu-
lations bring out an essentially geometric character manifest in the neutrino spin rotation

and is well worth exploring further.
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CHAPTER 5

Mixed state geometric phase for neutrino oscillations

The geometric picture of neutrino oscillations offers a unique way to study the quantum
mechanics of this phenomenon. In this picture, the propagation of a neutrino beam is
described by a density matrix evolving in a state space with non-trivial geometry. We
derive explicit expressions of the mixed state geometric phase which arise during such an
evolution for both two and three flavor neutrino oscillations. We show that, in the case of
two flavor neutrino oscillations, the geometric phase is independent of the Majorana phase

and it can be used as a measure of coherence of the neutrino beam.

This chapter is based on Ref. [182].

5.1 Introduction

The success of the theory of neutrino oscillations has led to many studies exploring the
intricacies associated with this phenomenon. In the standard plane wave treatment, the
neutrino flavor oscillations arise due to mixing and interference between massive neutrino
states. A pictorial way to represent neutrino oscillations is in terms of precession of spin-

polarization vector in presence of an effective magnetic field [183, 184]. In particular,
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for the case of two-flavor oscillations, the polarization vector becomes three-dimensional
and its precession can be easily visualized in both constant and time varying magnetic
fields, the magnitude and direction of the magnetic field being specified by the Hamiltonian

governing neutrino propagation.

Quantum mechanically, such a precession can be understood in terms of evolution of the
state vector in the system’s Hilbert space. Such an evolution in the state space with non-
trivial geometry gives rise to geometric phase. Let H denote the Hilbert space and N
denote the set of normalized states in . The two vectors [¢1) , |¢2) € N represent the
same physical state if |1)5) = €' |1/;) where ¢ is real. The set of physical states is called the
projective Hilbert space and is the ray space: P = N /U(1). If H has complex dimension
n, then P is a complex projective space of dimension n — 1, P = CP"!. The projection
map 7 : N — P maps each vector in N to its corresponding ray. The above construction
defines the principle fibre bundle picture of the state space [144]. The bundle space N
consists of three parts: the base manifold PP, the fibre which is group U (1) element attached
to each point of the base manifold, and the map 7 : A — P. Now consider the evolution
of a normalized state |1)(t)) : t € [0,7] . Let the evolution is governed by Schrodinger
equation, so that the unitary evolution [¢/(0)) — |1(t)) = U(t) |1(0)) traces a curve C in
N. The projection 7 : |¢(t)) — [1(t)) (1(¢)| gives the corresponding curve 7(C) = € in
P. The evolution is cyclic if the curve € in closed i.e. [¢(7)) (¥(7)| = [(0)) ((0)|. In
this case the corresponding curve C in the bundle space begins and ends on the same fibre
such that [¢(7)) = €7 |1)(0)), where ¢ is the total phase acquired by the state during
cyclic evolution. Now, there can be infinitely many curves in NV which project to a given
closed curve ¢ in P. It was shown in [146] that given a curve 4 in P, we can define a
functional of € called geometric phase which is independent of ¢ and the curve C' in the
bundle space. The geometric phase is simply obtained by subtracting the dynamical phase

from the total phase:

¢a = arg{(Y(0)|U(T)[¢(0)} + /OT dt (W (0) Ut (EU()|(0)) - (5.1)
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It can be shown that ¢ defined above is (7) gauge invariant i.e. invariant under local phase
transformations of [¢)) and (ii) reparametrization invariant i.e. independent of parameter
t of C. Thus ¢¢ is independent of the dynamics of |¢(¢)) and is a geometric property
of the curve % in P. Also since |¢(f)) need not be an eigenstate of the Hamiltonian
H (t), hence the condition of adiabaticity and cyclicity of H(¢) are not required. Thus
Eq. (5.1) generalizes the adiabatic Berry phase [132] to non-adiabatic situations. The
definition of geometric phase has further been generalized to include non-cyclic and non-
unitary evolution [148, 150, 185, 186], which has found numerous applications in physics

[134,187].

Returning to two flavor neutrino oscillations, the Hilbert space in this case is the two di-
mensional complex space H = C?. The space of normalized states is the unit sphere
N = S3. Thus the projective Hilbert space is the complex projective line C P* = S3/U(1)
which is the Bloch Sphere S?. The pure neutrino states correspond to points on the surface
of the Bloch sphere. For the case of neutrino oscillations in vacuum or in a medium with
constant density, the cyclic evolution of neutrino eigenstates produces a closed curve on
S2. The resulting geometric phase is equal to the standard expression of one half the solid

angle subtended by the closed curve at the centre of the sphere [100].

In the context of neutrinos various authors have derived explicit expressions of geometric
phase in different settings, for example, neutrino oscillations in vacuum [156, 157, 159,
160], neutrino oscillations in medium with or without dissipation [154,155,158,161-163,
165], neutrino spin-flavor oscillations [99, 100, 152, 153] and neutrino self-interactions
[164]. In all of the above cases the neutrino eigenstate undergoing evolution is considered
as a pure state which can be expressed as a coherent superposition of different neutrino
states. However, it has been shown that a neutrino produced in a charged-current interac-
tion cannot be described by a pure state [188]. The neutrinos produced in such a process

are described by an incoherent superposition which is essentially a mixed state.

In this present work we calculate the mixed state geometric phase for the case of neutrino
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oscillations in vacuum using the gauge invariant formulation [189]. We show that our
expression of the mixed-state geometric phase generalizes the previously obtained expres-
sions by various authors for both two and three flavor neutrino oscillations. In Section
2, we describe the mixed state geometric phase for unitary evolution. In Section 3, we
consider the two flavor case and derive explicit expression of mixed state geometric phase.
We also compare the obtained expression of geometric phase with that of quantum co-
herence. In Section 4, we extend our calculation to three flavor neutrino oscillations and

finally conclude in Section 5.

5.2 Mixed state geometric phase

The mixed states are mathematically represented by density matrices which are convex
sum of pure states projection operators. The notion of geometric phase for mixed state
was first proposed by Uhlmann [190] using a procedure known as purification, in which
the mixed state density matrix of the system is written as partial trace of a pure state density
matrix of an extended system consisting of the given system and an ancilla. An alternative
definition of the mixed state geometric phase is given by Sjoqvist et. al. [191] which is a
direct generalization of the pure state geometric phase. While Ulhmann’s formulation of
geometric phase is based on purely mathematical ground, the definition by Sjoqvist et. al.
has a physical interpretation in the context of quantum interferometry [147,191-193]. For
a given unitary evolution, the above two approaches in general yield different results for
the mixed state geometric phase. However, both of them reduce to the same expression for
the case of pure states [194, 195]. In this chapter we follow the approach formulated by
Sjoqvist et. al. and its subsequent gauge invariant generalization [189], since its physical

implications are more transparent in the context of neutrino oscillations.

Consider a mixed state density matrix undergoing a unitary evolution p(0) — p(t) =

U(t)p(0)UT(t) which produces a curve I : ¢ € [0, 7] in the space of density operators. Let
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initial density matrix has the diagonal form

p(0) = wi k) (K], (5.2)

where N is the dimension of the Hilbert space. Then unitarily evolved density matrix can

be expressed as

p(t) =Y wilk(t) (k(1)], (5.3)

where |k(t)) = U(t) |k). The phase shift acquired by p(t) relative to p(0) is given by [191]

Vr = arg {Tr[u(f)p(o)] } = arg { ,éwk (k|k(7)) } (5.4)

The above formula can be verified by analyzing the interference pattern in a Mach-Zehnder
interferometer where the input beam is the mixed state (5.2). After splitting the beam, one
arm of the interferometer is exposed to a variable U(1) phase shift ¢’ and the other arm
to the unitary operator /(t). On recombining the two beams, the output intensity shows

the following interference profile [191]:
I =2(1+|Te[U(t)p(0)]| cos (x — arg Tr[U(t)p(0)])). (5.5)

The above interference pattern clearly shows that Eq. (5.4) correctly describes the relative
phase shifts between p(0) and p(t). In addition, several experimental tests have confirmed

the validity of Eq. (5.4) (see [193] for references).

The dynamical phase for the mixed state can be defined as the time integral of the average

of Hamiltonian H ()

vy = — /0 dTe[p(t) H(1)]

=—i /0 " Ty [p(O)U () U®)], (5.6)
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where 7 is the total time period. The geometric phase in this case, however, cannot be
simply obtained by subtracting accumulated phase (5.6) from the total relative phase (5.4)
due to the weight factors appearing in the two terms. To circumvent the issue, one defines
the notion of parallel transport in which the dynamical phase (5.6) vanishes identically and
thus the phase acquired by the mixed state during evolution is purely geometric. This can

be done by requiring p(t) and p(t + dt) to be in phase, which leads to the condition [191]
Tr[p(OUGU@)T] = 0. (5.7)

However, the condition (5.7) is not sufficient and a stronger condition is required, in which

each eigenstate of the density matrix is parallel transported [191]:
(klu®u@)k) =0, k=1,2,...,N. (5.8)

It has been shown that one can incorporate the above conditions in a gauge invariant func-

tional which depends only on the curve I' and has the following form [189]:

o =g { 5w ki) (- [wwoim)} e

0

It can be seen that imposing the parallel transport conditions (5.8), the above expression
reduces to the total phase (5.4). Also, for the case of pure states undergoing cyclic evo-
lution, Eq. (5.9) reduces to the geometric phase (5.1). Thus Eq. (5.9) provides a gauge

invariant expression for the mixed state geometric phase.

5.3 Two flavor neutrino oscillations

The case of two flavor neutrino oscillations gives us a useful toy model to study the im-

portant quantum mechanical features of the phenomenon. In this case the space of mixed
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states is the unit ball in R3, also called as Bloch ball. Pure neutrino states lie on the ex-
tremal points of the Bloch ball, which correspond to the Bloch sphere S2. Thus a general
mixed state can be represented as a point in the interior of the Bloch sphere. As the neu-
trinos undergo flavor oscillations, the unitary evolution of the mixed state traces a curve
on a spherical shell with radius equal to length of the initial polarization vector. Due to
non-trivial geometry of the underlying state space the above curve gives rise to geometric

phase which can be calculated using Eq. (5.9).

To this end, we consider a beam of neutrinos characterized by the following density matrix

in the flavor basis

p=> walta) (val, (5.10)

a=e,n
where w, is the initial statistical weight of the flavor state |v,,), such that > ©  w, = 1. The
density matrix (5.10) describes an incoherent mixture of different neutrino flavors, which
are generated in a single or multiple weak interaction processes [4, 188]. The flavor states

are related to mass eigenstates via unitary transformation

va) = Y Usilui) (5.11)

i=1,2

where U is called mixing matrix. For vacuum oscillations, |v;) are the eigenstates of
the propagation Hamiltonian with energy eigenvalue E; = \/p? + m?, where p; and m;
represent the momentum and mass of the ith mass eigenstate. The mixing matrix, for the

case of two flavor oscillations in vacuum, can be expressed as

cos 6 €% sin @
U = , (5.12)
—e ®ginf  cosf
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where 6 is the vacuum mixing angle and ¢ is the Majorana phase. In the standard plane

wave approximation, the Schrodinger evolution of the mass eigenstates is given by
lvi(z,1)) = e "Bt PiT |y, | (5.13)

where the space-time interval (z, t) is the separation between the propagation and produc-
tion point, and we have written |v;(0, 0)) as |;) for brevity. For the case of ultra-relativistic

neutrinos, one can employ the approximation x ~ ¢, under which Eq. (5.13) becomes
vi(t)) = e ) (5.14)

where E represents the neutrino energy obtained after neglecting the mass contributions.

Thus the time evolution of the flavor states (5.11) can be written as

Va(t)) = Uz ™H2E |y;) (5.15)

7

The amplitude of v, — Vg transition can now be obtained using Eq. (5.11) and Eq. (5.15)

Yas(t) = (Wplva(t)) = Y UsUsie ™", (5.16)

The initial state of the neutrino beam is described by the density matrix
p(0) = . (5.17)

As the beam propagates in space, the state undergoes a unitary evolution p(t) = U(t) p(0)U (t)1,

where U(t) is the unitary evolution operator given by

Z/{(t) _ 1/}66 (t) ¢ue (t) ' (518)

Yeu(t)  Pun(t)
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The density matrix at time ¢ can be written using Eq. (5.17) and Eq. (5.18)

o(t) = Welee()* + walYue (D) (we — wp)thee ()17, (1) | (5.19)

(We — wy)Y7 (D) Yen(t) weweu(t”z + quw(t)lQ
where we have used the unitarity relation
Veeloy = — Ve (5.20)

The explicit form of the transition amplitudes can be obtained using Eq. (5.12) and Eq.

(5.16) :

Yee(t) =€7t/2 cos? 0 + e~ rt/2 5in? §,

Yeu(t) = — 700!/ — 7 rl/2) gin f cos b,
Pue(t) = — (e — e=™rt/2) gin f cos 6,
Ypuu(t) =™t gin? § 4 e=rt/2 cos? 0, (5.21)

where w, = Am?/2E, Am? = mj — m? being the mass-squared difference. w, can
be physically interpreted as a precession frequency. To see this, consider the neutrino

Hamiltonian in the flavor basis

Am2 [ —cos20 e?sin26 W g 5.22)
=B .o, .

Hy = 5

AE e ®sin20  cos?20

where B = (sin 26 cos ¢, — sin 0 sin ¢, — cos 26) and o are the Pauli matrices. An equiv-

alent way to express Eq. (5.21) is in the following form [196]:

p(t)==(1+P(t)- o), (5.23)

N | —
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where P = (P,, P,, P,) is called polarization vector. The evolution of density matrix is

given by von Neumann equation:

dp

i = [Hy, p]. (5.24)

For the given Hamiltonian (5.22) and density matrix (5.23), we obtain

dpP

i w,(B x P). (5.25)

The geometric interpretation of neutrino oscillations can now be clearly seen from Eq.
(5.22) and Eq. (5.25). Specifically, Eq. (5.25) represents the precession of polarization
vector P around a magnetic field B, with precession frequency w,. The initial value of
polarization vector can be obtained by comparing Eq. (5.17) and Eq. (5.23), P(0) =
(0,0, we —w,). For the case of pure neutrino states w. = 1(0) and w,, = 0(1). In this case
we have P, = £1. Thus the neutrino states correspond to points on the unit sphere S2,
|ve) and |v,) being the antipodal points. In addition, Eq. (5.25) shows that for constant
B, the length of the polarization vector remains unchanged. Thus the precession of the
polarization vector will trace a curve on the Bloch sphere. The geometric phase associated

with this curve has been calculated for both cyclic [156] and non-cyclic [157] cases.

Now, the general incoherent mixture of neutrino flavor states is described by polarization
vector with length less than unity. However, Eq. (5.25) still remains applicable, which
implies that during precession the initial length, given by P,(0) = w. — w,, remains
unchanged. The precession of the component P, (t), which is related to the transition

probabilities, can be obtained by comparing Eq. (5.19) and Eq. (5.23)
P.(t) = (we — wy) (= 1+ 2tbee (1) 7). (5.26)

The precession equations for P, (¢) and P,(¢) can be obtained in a similar manner. Geo-

metrically, the precession can be visualized as being described by a cone of length P,(0)
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with axis along B and opening angle 26. Thus such a precession will trace a curve " on
a spherical shell with radius P, (0). To evaluate geometric phase in this case, we first note

that the initial density matrix (5.17) is diagonal, so its eigenvectors are simply given by :

1 0
|€1> = s |62> = . (527)
0 1

The eigenvectors of density matrix (5.19) can now be obtained using |e;(t)) = U(t) |e;) ;1 =

1,2, which gives

) = | ey = | ). (5.28)

eu(t) Dpns(t)

Now using expression (5.9), we obtain the following form for the geometric phase:

6 =arg {wt(r)exp (= [ AL 0500) + 03, 00000)
+ 1w, () exp ( . /0 ' At (07, (6) e (1) + zﬁzu(t)zbw(t))) } (5.29)

Substituting the explicit values of probability amplitudes from Eq. (5.21), we obtain

VG = arg {we (ezpr/Q COS2 0 + e—zpr/Q SiIl2 9) o~ iwpT cos 20/2

+w, (eipr/Q Sin2 @ & e=r/2 o2 9) pitpT cos 29/2>}. (5.30)

Finally after rearranging the terms, we can write this equation as

(we — wu)< — tan (w,7 cos 26/2) + cos 20 tan (wp7/2)>
e = tan " (5.31)
1 + cos 20 tan (pr/Q) tan (pr cos 29/2)

The above expression constitutes the central result of the chapter. An important point to
observe in Eq. (5.31) is that it is independent of the Majorana phase ¢. Thus the mixed
state geometric phase for two flavor neutrino oscillations does not distinguish between

Dirac and Majorana neutrinos. Since the geometric phase depends only on the curve I,
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during the evolution both Dirac and Majorana neutrino flavor states trace the same curve

in the space of density operators, despite having different evolutions in the Hilbert space.

It can be shown that for pure neutrino states the geometric phase (5.31) reduces to earlier
obtained results by various authors.
(1) Noncyclic geometric phase. Consider the evolution of state |v,), for which w, = 1 and

w,, = 0. Substituting these weight factors in (5.31), we obtain

vg —% cos 20 + tan™! (cos 260 tan %) ) (5.32)
This is the noncyclic geometric phase for the pure flavor state |1, ) as obtained in Ref. [157].

(11) Aharonov-Anandan phase. Let us now consider the cyclic evolution of the mixed state

which corresponds to 7 = 27 /w,,. In this case (5.31) becomes
yéA — tan " ((we — w“) tan (Q/2)>, (5.33)

where (2 = 27 (1 — cos#) is the solid angle subtended by the curve I" at the centre of the

sphere. For the pure neutrino states, we obtain the expression
54 = £7(1 — cosh), (5.34)

where positive and negative signs correspond to |v.) and |v,,) respectively. The expression
(5.34) is the Aharonov-Anandan phase obtained in Ref. [156].

(1i1) Neutrino propagation in non-dissipative matter. In presence of a medium, the neu-
trino oscillation parameters are modified due to coherent forward scattering of the neutri-
nos with the background particles. If the medium has constant density, the modification
is of the form : § — 6, and Am? — Am?2,, where 6,,, and Am?, are mixing angle and

mass-squared difference in the medium. The cyclic geometric phase (5.34) in this case
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becomes
cosf —V

V1—2Vcos+ V2|’

(5.35)

&4 = +m(1 — cosb,,) = £m |1 —

where V' = 2EV,../Am?, V,. being the charged-current potential. Thus we obtain the

result derived in Ref. [161] for neutrino geometric phase in dissipation-less matter.

5.3.1 Geometric phase versus quantum coherence

The study of coherence properties of neutrino beams can offer useful insights about the
neutrino propagation in a medium [197, 198]. The form of Eq. (5.31) shows explicit de-
pendence of geometric phase on the quantity w, — w,,, which is the relative amount of v,
and v, neutrinos present in the beam. For a maximally incoherent beam in which w, = w,,,
the geometric phase (5.31) vanishes. Thus the expression (5.31) carries the information
about the coherence content of the neutrino beam. Recently, quantum coherence in neu-
trino oscillations has been studied using tools from quantum information theory [199],

wherein coherence is quantified using the /; —norm:

1
Cp) = 1 Z | Ok, (5.36)
—

7‘7
K
where p is d x d representation of the density matrix of the system in a given basis. In

our case, using the expression (5.19) for the density matrix, we have

C(ﬂ) :2‘<w€ - w#)HweeweM
=2|(we — w,,)|| sin 20 sin(w,t/2)|

(1 — sin® 260 sin®(w,t/2)) /2. (5.37)

Comparing Eq. (5.37) with the expression of geometric phase (5.19), we see that both
the quantities are sensitive to the factor w, — w,,, which defines the coherence content of

the neutrino beam. In Figure 5.1 we plot the two quantities as a function of w. — w,, for
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Figure 5.1: Comparison of mixed state geometric phase (5.31) and quantum coherence
(5.37) with respect to coherence parameter w. — w,,. The neutrino oscillation parameters
are taken as: Am? = 2.5 x 1073 eV2, 0 = 48.6", L/ E = 520 (km/GeV).

typical oscillation parameters. It can be clearly seen that as the neutrino beam becomes
more coherent, both geometric phase (5.31) and quantum coherence (5.37) reach their
respective maximum values. Also, for completely incoherent beam they both vanish. Thus
both quantities contain information about the quantumness of the neutrino beam and can

be considered as a measure of coherence for two-flavor neutrino oscillations.

5.4 Three flavor oscillations

Let us now consider the case of three flavor neutrino oscillations. In this case the geo-
metric picture of neutrino oscillations involves precession of an eight dimensional polar-
ization vector around a magnetic field [6]. The space of density operators corresponds to
SU(3)/(U(1) x U(1)), when the density matrix has non-degenerate eigenvalues [200].
Even though pictorial representation is too complicated to visualize for three flavor os-
cillations, most of the mathematical expressions admit a straightforward generalization of

the results in the preceding section.
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The neutrino beam is described by initial density matrix
p(0) = Diag(we, w,, w;). (5.38)

The evolution of neutrino flavor states is governed by the unitary operator

Vee(t) Ypelt) relt)
UL) = | Yeut) Yuult) Yru(t) | (5.39)
weT (t) ?Dw (t) 77Z)’T7'(t>

where the transition amplitudes are given by
Yap(t) =Y UnUsie ", (5.40)

where E; = m?/2E;i = 1,2, 3. For the mixing matrix U, we assume the standard Dirac
parametrization with three mixing angles 6,5, 613, 623 and a CP (charge-conjugation and
parity)-violating phase & (Eq.(1.65)). The time evolved density matrix p(t) = U (t)p(0)U(t)

can now be written as

Yae(t)
p(t) = Z We wa,u(t) ( 2e<t> 2/1@) ZT(t)) ’ (541)
o Var (t)

where |eq) = (Vae Yap wm)T, a = e, ju, T are the eigenvectors of p. The geometric phase

can now be obtained from Eq. (5.9):

’YGZal"g{ > wathnalr) exp (- / iy ¢;ﬁ<t>¢aﬁ(t>)}, (5.42)

a=e,u,T 0 /8:67”77-

which is a simple generalization of Eq. (5.29). However it is too complicated to write Eq.
(5.42) in a form analogous to Eq. (5.31). A relatively simpler expression can be obtained

for pure states. Let us consider the geometric phase for |v,), for which Eq. (5.42) reduce
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to
B = arg {zpee(f) exp (- /0 " > vt (t)) } (5.43)
B=e,u,T

Substituting ¢, from Eq. (5.40), we obtain the following expression:

| €08 2015 cos? B3 sin €7 — sin® O3 sin ((2¢ — 1)E7)
cos? b5 cos £ + sin? 6,5 cos ((2q — 1)57)

fyg =tan

+ (2sin® 015 cos® 013 + 2g sin® O13 — 1)<, (5.44)

where { = (Ey — E1)/2 = Am3, /AE and ¢ = (B3 — E1)/(Ey — Ey) = Amj, /Am3,.
The above expression matches the pure state geometric phase for |, ) derived in Ref. [157].
Note that Eq. (5.44) is independent of the CP-violating phase d. However, it can be shown

that the pure state geometric phases for |v,) and |v;) include non-trivial dependence on 6.

5.5 Conclusions

Neutrino oscillations represent a phenomenon in which quantum mechanical effects are
observed at long distance scales. This provides us the opportunity to study the quantum
mechanical features of this system such as geometric phase and quantum coherence in a
unique manner. In particular, the appearance of geometric phases in neutrino oscillations
have been pointed out in several previous studies. However, all of them consider the case

of pure neutrino states, which cannot be realized in a typical scenario.

In this work, we consider the more general case of an incoherent beam of neutrinos, and
derive the expressions for geometric phase in both two flavor and three flavor models. We
discussed the geometry of the state space of neutrino oscillations and its connection with
the appearance of a geometric phase. For two flavor oscillations, the geometric phase is
shown to be independent of the Majorana phase, however for three flavor oscillations the

geometric phase shows non-trivial dependence on the Dirac CP-violating phase. We also
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show that our results generalize the previously obtained expressions of the pure state geo-
metric phase for neutrino oscillations in vacuum and in non-dissipative matter. In addition,
the comparison between geometric phase and information-theoretic quantum coherence is

also highlighted.
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CHAPTER 6

Summary and Outlook

Over the past several years the phenomenon of neutrino oscillations has been firmly estab-
lished on experimental grounds. The basic parameters of neutrino oscillations have been
determined to a satisfactory precision. However, several challenges still remain which can
only be settled by further experiments. Some of these include determination of neutrino
mass hierarchy, precise measurement of Dirac CP violating phase, more stringent bounds
on the neutrino magnetic moments and the absolute neutrino masses, and the determina-
tion of Dirac or Majorana nature of neutrino. The present theoretical effort is to compli-
ment the experimentation by pointing out new features of the theory and their possible

implications in the phenomenon of neutrino oscillations.

In this Thesis, we studied some of these features in the context of neutrino flavor and spin-
flavor oscillations. In Chapter 2 we studied the electromagnetic properties of the neutri-
nos. We showed that the Dirac and Majorana neutrinos exhibit differences with respect to
their electromagnetic character. It was shown that existence of finite neutrino mass imply
the presence of non-zero magnetic moment. We also discussed the present experimen-
tal bounds in the neutrino magnetic moments and the viability of the theoretical models

for generating large magnetic moments ~ 107!y 5. We then studied the interaction of
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neutrino magnetic moments with classical background electromagnetic fields and derived
the Hamiltonian for Dirac and Majorana neutrinos in case of two-neutrino mixing. In this
case it is possible for neutrinos to undergo spin-flavor oscillations in which both the spin-
flip and flavor change of neutrinos occur simultaneously. It was shown that the neutrino
spin-flavor oscillations gives rise to the possibility of resonance in two new channels, in
addition to the usual MSW resonance, which is termed as SFP (spin-flavor precession)

resonance.

Neutrino spin-flavor oscillations may play an important role in the solar interiors where
magnetic fields may be sufficiently large to cause appreciable neutrino transitions. Thus
neutrinos may act as messenger of information about the solar magnetic fields. We ex-
plored this idea in sufficient detail in Chapter 3. For this purpose we constructed analytical
models for the solar magnetic field in all the three regions of the Sun, based on the current
bounds from helioseismology. These bounds vary widely in magnitude especially in the
solar core where they range from 30 G to 7 MG. We thus constructed two models: in the
first model the magnetic field peaks in the core and then tapers off with distance, and in the
second model the magnetic field is negligible in the core and peaks in the radiative zone
(RZ) of the Sun. We also obtained a novel parametrization for the electron density pro-
file in the Sun, which provides a better approximation compared to the usual exponential
parametrization. We considered the case of Majorana neutrinos and evaluated the flux of
electron antineutrinos reaching the surface of Earth due to the transitions v.;, — v, — Ve
for both the models of solar magnetic fields. These results are obtained by numerically
evaluating the coupled neutrino spin-flavor equations and averaging over the ® B neutrino
production region in the Sun. The results from the Borexino experiment are then utilized
to place bounds on the two models of solar magnetic field. It is found that whereas the
Borexino bounds are too weak to place any upper limit on the RZ magnetic field, for the
solar core magnetic field we are able to place an upper bound By < 1.1 x 10°G, which is
an improvement by a factor of almost one-seventh of the current largest helioseismological

bound.
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The study of quantum mechanical aspects of neutrino flavor and spin-flavor oscillations
brings important new insights about the nature of this phenomenon. For example, the neu-
trino propagation in a magnetic field and matter can be understood by studying the trajec-
tory of the neutrino spin-polarization vector in the projective Hilbert space of the system.
This is the theme we study in Chapter 4. The evolution of the neutrino state consisting of
two helicity components (v, vz)? in the presence of an effective magnetic field can be
studied in the Bloch sphere representation. In this representation, any neutrino state |v/)
corresponds to a point on the Bloch sphere S? and the orthogonal states |v;,) and |vg) corre-
spond to two antipodal points on S?. We first studied the case of spin precession v,;, — Ver
of the left-handed electron neutrinos produced in the Sun and propagating outwards un-
der the influence of matter and magnetic fields. In this case the neutrino spin-polarization
traces out cyclic and noncyclic curves on the Bloch sphere for different parameters of the
Hamiltonian. Such an evolution in quantum mechanics is known to give rise to geometric
phase due to non-trivial geometry of the system’s projective Hilbert space. We derive an-
alytical expressions for the non-adiabatic and non-cyclic geometric phases and show that
the area enclosed by the trajectory traced out by the spin-polarization vector is related to
the geometric phases acquired by the neutrino state during the evolution. We also show
that for resonant transition v.;, <> v.p the geometric phase vanishes, since in this case
the spin-polarization vector traces out a great circle on S?. We then studied the neutrino
spin transitions for neutrinos produced in the extreme environments such as neutron stars
(NS). For these calculations we used realistic density and magnetic field profiles both in
the interior and outer regions of the NS. We showed that while inside the NS the neutrino
propagation is highly adiabatic, as the neutrinos come out of the NS the non-adiabatic
effects start to become more important as the distance from the surface increases. In the
interior region of the NS, the matter effects strongly dominate over the magnetic field,
thus the area of the curve traced by spin-polarization vector is negligible, and hence the
associated geometric phase is vanishingly small. As the neutrinos come out of the NS,

matter effects vanish and neutrino eigenstates develop a significant adiabatic geometric
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phase. In addition, we also studied the transition probability and the cross boundary ef-
fects and showed that at a distance of about 200 times the radius of a NS, the initial flux

of left-handed neutrinos produced inside the NS is depleted to half of its original value.

In Chapter 5 we return to the usual case of neutrino flavor oscillations. The geometric
picture of neutrino oscillations offers a unique way to study the quantum mechanics of
this phenomenon. In this picture, the propagation of a neutrino beam is described by a
density matrix evolving in a state space with non-trivial geometry. Such an evolution is
known to give rise to geometric phases in neutrino oscillations, which have been pointed
out in several previous studies. However, all of them consider the case of pure neutrino
states, which cannot be realized during neutrino production in a charged-current reaction.
In this Chapter, we consider the more general case of an incoherent beam of neutrinos,
and derive the expressions for geometric phase in both two flavor and three flavor models.
We also discuss the geometry of the state space of neutrino oscillations and its connection
with the appearance of a geometric phase. For two flavor oscillations, the geometric phase
is shown to be independent of the Majorana phase, however for three flavor oscillations
the geometric phase shows non-trivial dependence on the Dirac CP-violating phase. In
addition, for the case of two flavor neutrino oscillations the geometric phase can be used
as a measure of coherence of the neutrino beam. We also show that our results are a
generalization of previously obtained expressions of the pure state geometric phase for

neutrino oscillations in vacuum and in non-dissipative matter.

In this Thesis we put forward some new ideas and consolidated some of the existing re-
sults. The study of neutrino electromagnetic properties can reveal important aspects of
neutrinos such as their CP properties and their Dirac or Majorana nature. On the other
hand, the study of geometric aspects has divulged important new features of the theory of
neutrino oscillations. In this Thesis, we studied a combination these two ideas. Some of
the ideas we pursued in this thesis can be expanded in various directions. For example,

the geometric nature of neutrino spin-flavor oscillations can be studied in the presence of
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random magnetic fields and in dissipative environments, the significance of the CP vio-
lating phase on the three flavor neutrino spin-flavor oscillations can be explored in greater
detail, the effects of the state space geometry on the neutrino wave-packets and resulting

decoherence can also be examined.
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APPENDIX A

Neutrino oscillations, wave packets and decoherence

Introduction

The phenomena of neutrino mixing and oscillations has been firmly established on exper-
imental grounds [201,202]. The oscillation probability between three different neutrino
flavors is characterized by mixing angles and mass squared differences which have been
measured in various neutrino experiments [203]. In the standard plane wave treatment of
neutrino oscillations, the analytic expression for flavor oscillation probability is derived
using certain assumptions. In this appendix we explain these assumptions in detail and
show that some of the assumptions cannot be justified. Then we show that in a more
general approach involving wave packets, these assumptions are no longer required. In
addition, the wave packet approach gives additional insights such as effects of kinematic

decoherence and neutrino localization uncertainty on the oscillation probability etc.

The wave packet treatment of neutrinos was first carried out by Nussinov [204] in the
context of solar neutrinos. Subsequently detailed analysis of neutrino oscillation have
been carried out using plane wave, wave packet and various quantum field theory based

formalism [4, 205-208] and an experimental determination of the neutrino wave packet
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size has been reported in [209].

This appendix is based on Ref. [210].

Plane wave treatment of neutrino oscillations
The typical neutrino production and detection processes have the following form:

W+ =1, + v,

VB%W++Z/3

Neutrinos in flavor state |v,) are produced in charged current interactions, involving a
W boson, along with charged antilepton [,. The propagation of neutrinos produced in
the flavor state |v,,) is described by the eigenstates of the propagation Hamiltonian called
mass eigenstates. The flavor and mass eigenstates are related by the following unitary

transformation

va) = Ui vi) - (A.1)
J

Now as the neutrinos propagate from their production point to the detector, they may un-
dergo flavor transformation v, — v and be detected in the flavor state |v3). This phe-
nomenon of neutrino flavor transformation during propagation is called neutrino oscilla-

tion.

If the neutrino mass eigenstates evolve as plane waves, then in the Schrodinger picture we
can write:

|vj(x, 1)) = e PRI 15(0)) (A.2)
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where E; and p; represent the energy and momentum of the jth mass eigenstate. Using

Eq.(A.1) we get neutrino propagation in flavor basis
Va(x, 1)) Z Uz e Etmis [1(0)) (A.3)

For neutrinos produced in the state |v,) at (x = 0,¢ = 0), the amplitude of flavor transition

to state |v3) at (x,t) is given by

Al/a—wﬁ (X7 t) = <V,3 | Vth(X? t))

_ Z <Vk:(0) ‘ U;k!je—iEjt-i-iDj-XUBIC ’ v (0)>
7.k

= UsUsge 5+, (A4)

where we have used the normalization of mass eigenstates: (v; |vg) = d;,. The flavor

transition probability is then given by

’PI/QHVB (X, t) :’Auaauﬁ (X, t) |2

Z UsiUatUpe 01725, (A.5)

where ¢; = Ejt —p; - X

Now, let the distance between the source and detector is L. For macroscopic values of
L, we can assume that the momenta of the neutrino mass eigenstates are aligned along x.
In this one dimensional approximation, the standard expression of transition probability,

which matches well with the experiments, is given by [4]

Am? L
Prasvy(L, E) Z Us; akUBkexp< 2;; )

L
Z Us;U, kUBkexp< 2sz7> (A.6)

0osc

145



where L7}, = 4nE/Am?, is called the vacuum oscillation length, Am?, = m? —mj and

E'is the neutrino energy.

There are two ways by which one can derive the oscillation phase of (A.6) from Eq. A.5. In
the first method, we make the following two assumptions: (a) The transition probability
expression (A.6) involve only the distance of propagation L and does not involve time.
Since neutrinos travel almost at the speed of light, we make approximation that the neutrino

propagation time ¢ = L, thus

()L

¢; = (E; —p;)L = ~ oL, (A7)
! 7 E; +p; 2F;
(b) The mass eigenstates have equal energy F; = Fj, = F, so that
m2 —m? Am?
b; — dp & JQE RL= QEJ’“L. (A.8)

Using the above two assumptions in Eq. (A.5) gives us the desired result (A.6). However,
even though we obtain the correct expression, it is difficult to justify these assumptions.
Firstly, the assumption (a) implies a point like behavior of the particles, which is contrary
to the plane wave treatment used in the derivation. Also, the assumption (b) is unrealistic

since it ignores the neutrino mass contributions and hence cannot be justified.

There is an other set of assumptions through which one can obtain the standard oscillation

probability expression from Eq. (A.5). The oscillation phase is ¢; =  / p? + m?tj — pjT.
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Expanding ¢, around an average momentum p and an average mass m, we get

oy :\/(p +0p;)* + (m? + 0m;)*t; — (p + op;) L

z\/pQ +m? + 2pdp; + omit; — (p + p;) L

1/2
2pdp; + om?
%E<1+w> tj — (p+dp;)L

E2

1
2

oms
=(Et — pL) + 2_E]t + (vt — L)ép; + edt;, (A.9)

where propagation time of each mass eigenstate is expanded around an average value ¢; =
t+0tj, and £ = \/m and v = p/E are average energy and velocity respectively.
If we now make the following assumptions: (a) Equal time prescription: 6¢; = 0 i.e.
interference only takes place for equal times for different mass eigenstates and (b) classical

propagation condition: v¢ — L = 0. Then the phase difference becomes

(5mj2.kL _ (5m§kL

A.l
2Fv 2p (A.10)

Oj — Op =

Again, since the plane waves are delocalized in space-time, these assumptions cannot be

justified and a more realistic treatment involving wave packets is required.

Intermediate wave packet model

It is clear from above discussion that the plane wave description contains many ad-hoc
assumptions and does not provide the complete understanding of neutrino oscillations.
In addition, the plane wave treatment seems unreasonable since both neutrino production
and detection are localized processes which also involve the uncertainty in the energy-

momentum of neutrinos. Many of these issues can be resolved using intermediate wave
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packet model, in which each propagating neutrino mass eigenstate is modeled as a wave

packet.

For definiteness, we assume that the mass eigenstate wave packets in momentum space

have the following Gaussian form

B 1 (p— (p;)?
¢j(p7pj70'pp) = WGXP <—W , (A.11)

where o, p is the momentum width of each mass eigenstate in the production process and
is same along all three directions and (p;) is the average momentum of the jth mass eigen-

state. In coordinate space representation, the wave packets are given by

dp ipx—iE,
V;(x,t) :/W¢j(p7pjyapp)ep Bi®)r, (A.12)

We assume that the Gaussian wave packets are sharply peaked around the average momen-

tum (p,), so we can Taylor expand Ej;(p) as

OF
Eip) = Ei(py) + 50 (P (py). (A.13)
P:<P]‘>
We write

Ei((p;) =/ (pj)? +mj = (Ej), (A.14)
an <p_j>
- = =V, A.15
op o) (Ej) Y (A.15)
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where v; is the group velocity of each wave packet. The coordinate space wave packet

then becomes

dp 1 (p—(p;))°
w0 = [ o Vo [_ o7y ] "
exp [Z’P x —i((Ep)t+v; - (p - <pj>)2)]

exp [i((pj> X — (Ej)t) — %} (A.16)

1
T W2roup)

where o,p = 1/20,p is the width of wave packet in the coordinate space. The neutrino

flavor state in coordinate space representation is given by

Vo (X Z i(x,t) [15(0)) . (A.17)

Comparing this with Eq. (A.3) elucidates the difference between the plane wave and wave
packet formalism. Now consider the detection process in which a neutrino is detected in
flavor state |vg) at a distance L and after time ¢ from the point of production. The detected

neutrino is described by the wave packet [211]

=320 [ a00300.9,.000) 150} (A18)

Here o,p represents the momentum width of wave packets in detection process. The av-
erage momenta p; of the mass eigenstates of detected neutrinos is assumed to be same as
that of incoming wave packets in Eq. (A.11). Also the state |v3) does not evolve in time
as it does not represent propagating neutrinos. If the neutrinos are detected at distance
L from the production point, the coordinate space wave function of detected neutrino is
given by

(x—L)?

2
do%p

vs(x — L)) = ip;) - (x—L) - : (A.19)

1
——————ex
V2mo,.p)3/? P
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where 0,p = 1/0,p. The transition amplitude is then given by

Apo—vs (L t) :/dx (vg(x — L) | va(x,1))

2020 eb P S U e [i) L= (B)1) - T |
’ (A.20)
where 02 = o2, + 02, is the effective width which depends on both production and
detection processes. In a typical neutrino experiment, the distance L between the source

and detector is fixed whereas time ¢ is not measured. The quantity that is measured in

experiments is the transition probability at a fixed distance, obtained by averaging over

time
00 2
Prosy (L) = / ‘Ayﬁyﬁ (L, t)| dt. (A21)
0
After integrating and imposing the normalization condition 8 P(va, — vg) = 1, we
obtain
v+ Vi
Pra—svs (L Z 1UsiUarUpy exp Ek))m —((py) - (Pk))) L
i T Uk

(=)L) (B - (B

exp 402(vF + Uk) 402(v3 + v})

(A.22)
In this expression the first exponential is the interference term which generates oscilla-
tions between different neutrino flavors whereas the second exponential contains damping
terms which sets conditions for oscillations to be observed. To simplify and compare this
expression with the standard plane wave transition probability (A.6), we make following

approximations. We first Taylor expand the average momenta (p,) around m; = 0

(A.23)

150




where p and E are the average momentum and energy of the massless neutrino, |[p| = £

and
3 o(p;)
S o A24
2F om? - ( )
Similarly for average energy and velocity we obtain
(B =07 +m2 ~ (@] + 51
E;) =¢\/(p;)* + m; = |(p;)| + !
2(p;)|
p-&\m
~F 1—— A.25
(on) .
and
() P [P p-§ m;
REER\ < 7POIE SN I 4 I L A.26
ViTlENTE T |E E ) "¢ e (A.26)
The absolute value of velocity is
2
ms
v ¥oP (A.27)
For N neutrino mass eigenstates the average of the mean momentum (p,) is
e m?
p=— Yy=p—&— A28
p N;ﬁm P-&5 (A.28)

where m? = Zf\il m?2/N. Eq. (A.28) implies that momenta of different massive eigen-

states are not collinear. To find the deviation from collinearity of p and L, we estimate

=

L
= — + €. (A.29)

| L

e=]

Since the magnitudes of both sides of this equation must be unity, we have

1
L-e;=—lefL. (A.30)
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From Egs. (A.28) and (A.26), to zero order in neutrino mass we have

L L
p%E(z—FEL), Vi%z—l—EL. (A.31)

Now we use above approximations to analyze the probability expression obtained in Eq.

(A.22). Let us first consider the interference term in (A.22). We have to first order in |e/ |

(py) = (py) - Lo~ — AZLEJQ"% L, (A32)
R (R A e
(Z% : Z’; L z(% te) L=L (A.34)

Thus the interference term is
exp [—i<(<Ej>—<Ek>)QV}§:LL—zg— ((m)—(m))) -L] A exp —iA?—g’“L(l—E-eL)].
(A.3%)

In the collinear limit -€;, — 0, we recover the standard oscillation phase exp(—iAm3, L/2E).

Now consider the first term in second exponential in Eq. (A.22) given by

2

A.36
4o2(vi +vz) | (A.36)

o [_ ((v; —ve) 1)

This term shows that different massive neutrino wave packets travel with different group
velocities, so for sufficiently large distances the wave packets may separate and will not be
detected coherently. In this case, only one of the massive neutrino contributes to the de-
tection. Thus interference effects due to coherence of wave packets is lost and oscillations
will not be observed. This phenomenon is called decoherence in neutrino oscillation. The
distance beyond which decoherence effects start to become important is called coherence

length, which we can easily derive using the above approximations. We have from Eqgs.
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(A.26) and (A.27)

Amj, | p P&

Am?, L L-&\e,-L
B jk e _L-§yeL- L (A.37)
=~ |17 6L>L+<1 L ) L |

and @/vf- + v} ~V/2.

Thus to first order in |ey |, we get

((v; = vi) - L)*
P [  402(0? + 1)

Am?,L ?
sow| | mn (o€l | A

In the collinear limit & - €, — 0, we get the decoherence term exp(—(L/L’*, )?), where

the coherence length is
12F?g,

Lk = : (A.39)
" ’Amik’

The final term in Eq. (A.22) does not depend on distance L and is called localization term.

It can be approximated as following

2

() BF [ (e
403(1)]2 +v?) 4/2Fa, L L

2 2
o2 &L Oy
w2 () e

where we have used Eq. (A.35) to derive the oscillation length to first order in |¢|:

1 4ATE gep—0 4ATE
Amjz.k B Am?k

ij I(l—f'EL)

osc

(A.41)

LIk = 4nE(1—§- €)' /Am?,. This term implies that to observe the oscillations o, <

osc

L% i.e. the production and detection processes must be localized in regions much smaller

0osc

than the oscillation length. Using the above approximations the transition probability in
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Eq. (A.22) becomes:

coh

2 2
&L Oy
_ 27r2< _ T) (Lg,;) ] . (A.42)

It can be clearly seen that for L < LCoh and 0, < L%

2
L L
,,a_wﬁ Z Ugj akngUﬁk exXp [— 271"&@ — (L]k )

I, the wave packet effects are neg-
ligible and we get back the standard plane wave result (A.6). However the wave packet
formalism provides us additional insights about the role of neutrino production and detec-
tion processes in oscillation experiments. From Eq. (A.39), we see that coherence length

LJ

coh

is proportional to o, = /02, + ¢2,. It means that a precise measurement of the
neutrino momentum (or energy) during detection, which implies a small o,,p and hence a
large o, p, will lead to a large coherence length given by Lcoh ~ 4/20,pFE?/|Am? |- Thus
because of precise measurements even those wave packets which have negligible overlap
may interfere coherently during detection and give rise to oscillation pattern. However, Eq.
(A.42) also implies that with increasing measurement precision of neutrino momentum (or
energy), which will lead to increase in o, the localization term starts to become more im-
portant and for o, > LJ*_ the interference between v; and v, wave packets is suppressed
resulting in washout of oscillation pattern. Thus the measurement of neutrino momen-

tum or energy cannot carried out with infinite precision without affecting the oscillation

pattern.

Size of wave packets and coherence length

In usual neutrino experiments the condition o, < L’* is satisfied and thus the effect of

osc

finite neutrino localization during production and detection can be neglected. Neglecting
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the localization term in Eq. (A.42) we obtain the transition probability

2
Provs(L) = E UojUnUs;Upk exp [— QWZLW - (ij ) ] (A.43)
j k osc coh

Now the coherence length (A.39) can be written as

_ 4V/2E*(GeV)o,(cm)
C [Am(ev?)

Lk

7", (km) x 10" (A.44)

To determine whether decoherence effects are important or not one needs to know the
width of neutrino wave packets, which depends on production and detection processes,
and energy spectrum of neutrinos. Next we examine two cases, one where decoherence

effects are negligible and one where they are significant.

Pion decay

In accelerator neutrino experiments proton are bombarded on a target which produces
pions and kaons. These particles further decay to produce neutrino beams. Consider the
decay of 1 GeV pion: 7" — ™ +v,. If 7, (here 7, ~ 2.8 x 107% 5) is the lifetime of the
decaying particles in the rest frame then the width of the neutrino wave packet o, ~ 7,.
However since particles decay in flight the wave packet size is dilated by Lorentz factor:
Oy ~ YTz Where v = E,/m,, E, and m, being energy and rest mass of the decaying
particle. For 1 GeV pions decaying in flight v ~ 7. Then Eq. (A.44) gives the coherence
length for the muon neutrinos produced in the accelerator experiment

L%~ 1.7 x 10®km (A.45)

coh

In typical accelerator experiments the detector is located at distances ~ 1—10% km from the

point of neutrino production. Thus Lzljh > L and decoherence effects can be neglected.
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Solar neutrinos

For neutrinos produced inside the Sun effects of scattering of particles with neighboring
nuclei are important. These effects are called collision broadening and limit the size of
the neutrino wave packets. Taking these effects into account Nussinov [204] estimated the
size of wavepacket for solar neutrinos: o, ~ 107% cm. Thus for £ ~ 100 keV neutrinos
the coherence length is

"

coh

~ 10%km. (A.46)

Now the distance that solar neutrinos travel before being detected at Earth ~ 10'° km.
Thus for the case of solar neutrinos decoherence effects take over and the oscillations due
to interference among the wave packets is not observed. The effects that is more prominent
for the case of solar neutrinos is called resonant adiabatic transitions that take place inside
the Sun due to its varying density. These transitions convert electron type neutrinos to
muon and tau neutrinos during their propagation from interior regions to the surface of

the Sun producing in a net deficit of electron neutrinos.
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APPENDIX B

Neutrino evolution equations and Demkov-Kunike model

For the case when magnetic field and density of the Sun are given by Egs. (3.10) and

(3.20) the Hamiltonian (3.19) can be written as

—Am? Vo
+ 24(1 — tanh(br/R Bgsech(br/R
H— 1E p) ( ( / @)) 2 2220y ( / @) 7 (Bl)
By sech(5r/Rg) am- _ % (1 — tanh(5r/Rg))

where V; = v/2G Y py /mx with py being the density at the solar center. We define

Am?  V,
=— — B.2
a B T (B.2)
Vo
=—— B.
b 5 (B.3)
c =ubBy. (B.4)

For ultra-relativistic neutrinos propagating along the radial direction in the Sun, the flavor

equation (3.21) can now be written as

Prer + itanh(5r/R )dVeL+<c2 sech?(5r/Ry) + (a + btanh(5r/Rg))?
dr?  Rg 7 dr © ©
+ i(a tanh(5r/Ry) + b))yeL = 0. (B.5)
Ro
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Now substituting z = (1 + tanh(5r/Ry))/2, Eq. (B.5) becomes

v, 1 dver, o5 (Ro\?
A=z Fal=2) = +c (?) a(z)ver =0,
where
2 Y3
=14+ — 2z —1 —(a(2z —1 .
q(z) =1+ 4c2z(1—z)((a+b( z—1))" + R@(a( z )—l—b))

Finally the substitution v.;, = z#(1 — z)"u(z), where

p=—i(a—b)Ry/10,

v =i(a + b)Rw/10,

converts Eq. (B.6) to a Gauss hypergeometric equation

2

1= T8+ (1~ (a+ B+ 1)2) 5 —afu(z) = 0,

where

o =12 (i Va2,

10
3 :@(z’b ~ VR,
10
1
=5 ila — b)%.

Eq. (B.10) has two linearly independent solutions which can be taken as [212]

Vel + = zi“(l — 2)"ug(2),
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(B.6)

(B.7)

(B.8)

(B.9)

(B.10)

(B.11)
(B.12)

(B.13)

(B.14)



where u (2) = u(2)|,—+, If the neutrinos are produced at the location 7, inside the Sun,

then the evolution of the state v, is given by

Ver, (1) = c08% 0,70 2 (1 — 2)" 5 Fi (o, B,7; 2)

+ 8in® Oe 02 (1 — 2) 9 Fy (o, 8,73 2) s — s (B.15)

where 0, = tan"!(c/a)/2, w = \/(a)? + (¢)? and 2 F(c, 3, 7; z) is the Gauss hyperge-
ometric function. Since b* >> 4c¢?, we canuse o ~ p + v, 3 ~ 0 and v = (1/2) + 2u
for evaluating the survival probability given by P..(rg,7) = |v.r(r)|*>. The transition
probability 1 — P..(rg, ) is then averaged over the ® B neutrino production region to put

appropriate bounds on the magnetic field.
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