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Abstract

The purpose of this thesis is to look for new phenomena in the IceCube atmospheric neutrino spectrum.
First we revisit the high energy neutrino cross section in the perturbative QCD (pQCD) framework and
perform a new next-to-next-to leading order calculation with new parton distribution functions. We further
use the color dipole model of the nucleon and the assumption that cross sections behave asymptotically
as ln2(s) to extend the prediction of neutrino cross sections beyond pQCD. We then study the problem of
neutrino oscillations with non-coherent interactions and solve the problem in the density matrix formalism
efficiently by representing the neutrino state in terms of the SU(N) generators. This technique is used in
three new physics scenarios: sterile neutrinos, non-standard interactions, Lorentz violation. Besides studying
the phenomenology of this models in the atmospheric flux, the effect of Lorentz violation in the astrophysical
flavor ratio is also discussed. We find that, given the current bounds, large deviations from the standard
(1:1:1) expectation can be found. Having developed in detail the sterile neutrino phenomenology in IceCube
a search for sterile neutrino signatures in the IceCube-86 2011 data is performed. No significant evidence
for an eV-sterile neutrino is found and strong limits are put in the mixing angle improving by more than an

order of magnitude bounds from v,, disappearance.
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Chapter 1

Introduction

“En aquel Imperio, el Arte de la Cartogmffa logro tal
Perfeccion que el Mapa de una sola Provincia ocupaba
toda una Ciudad, y el Mapa del Imperio, toda una
Provincia. Con el tiempo, estos Mapas Desmesurados
no satisficieron y los Colegios de Cartdgrafos levantaron
un Mapa del Imperio, que tenia el Tamano del Imperio
y coincidia puntualmente con él. Menos Adictas al
Estudio de la Cartografia, las Generaciones Siguientes
entendieron que ese dilatado Mapa era Inutil y no sin
Impiedad lo entregaron a las Inclemencias del Sol y los
Inviernos. En los Desiertos del Oeste perduran
despedazadas Ruinas del Mapa, habitadas por Animales
y por Mendigos; en todo el Pais no hay otra reliquia de

las Disciplinas Geogrdficas.”

— Jorge Luis Borges, Rigor en la ciencia.'

Dear reader, this thesis is not meant to be a self-contained document, but rather a guide through the work

I have performed in my years as a PhD. student at the University of Wisconsin-Madison under the guidance

1

In that Empire, the Art of Cartography attained such Perfection that the map of a single Province occupied the entirety of
a City, and the map of the Empire, the entirety of a Province. In time, those Unconscionable Maps no longer satisfied, and
the Cartographers Guilds struck a Map of the Empire whose size was that of the Empire, and which coincided point for point
with it. The following Generations, who were not so fond of the Study of Cartography as their Forebears had been, saw that
that vast Map was Useless, and not without some Pitilessness was it, that they delivered it up to the Inclemencies of Sun and
Winters. In the Deserts of the West, still today, there are Tattered Ruins of that Map, inhabited by Animals and Beggars; in
all the Land there is no other Relic of the Disciplines of Geography.



of Francis Halzen (FH). This means that this work stands between a thesis and a mémoire. Furthermore,
knowledge of particle physics at the level of Halzen & Martin [1] is assumed. Experimental and statistical
methods will be used without any prejudice; most of them are contained in the Particle Data Group Reviews
[2]. Also, through out this text I set, as usual, ¢ = i = 1.

That said, the contents of the thesis is as follows. Chapter 2 describes my work on neutrino interactions
and oscillations. Most of the material in this Chapter was published in [3] and was done in collaboration
with L. Wille, M. Kroll, J. Salvado, M. Hall Reno, and F. Halzen; whom I acknowledge authorship. If you
are already familiar with high energy neutrino interactions and oscillations you may freely skip that chapter.
Chapter 3 is a brief review of the atmospheric neutrino flux both in its conventional and prompt component.
The results of the conventional component using the AIRS satellite were performed by G. Collins et al. [4].
Work on prompt neutrinos mentioned was done in collaboration with L. Wille, M. Kroll, M. Hall Reno, FH,
as reported in [3]; their authorship over this chapter cannot be denied. If you are already familiar with
the details of the atmospheric neutrino flux, you may also choose to skip this chapter; though I strongly
recommend that you read [5, 6, 4]. Chapter 4 describes new physics in neutrino oscillations that can be
measured in IceCube. The work presented here was done using the SQuIDS [7] package as well as the yet
unpublished v-SQuIDS [8] extension that was developefd in collaboration with C. Weaver and J. Salvado.
The theory on non standard interactions (NSI) follows Kopp [9] and recent work by [10, 11], the sterile
neutrino phenomenology is a revisit of [12, 13|, and the work on Lorentz Violation (LV) arises from the
seminal work by Gonzalez-Garcia et al. [14]. Finally the discussion of the effects of LV on the astrophysical
flavor ratio arise from a work with T. Katori and J. Salvado [15]. Of course, again, if you have already read
these papers feel free to skip this chapter too. Chapter 5 describes the IceCube-86 sterile search performed
with J. Salvado and B. J. P. Jones. The searched is based on the studies performed by C. Weaver [16, 17],
thus knowledge of his work, thesis, and corresponding publication is assumed. In particular, IceCube jargon
is extensively discussed and defined there. For a more self-contained recollection of the IceCube-86 sterile
analysis please read B. J. P. Jones thesis - which is certainly an excellent write up and work. You should
not skip this chapter since it is the main result of this thesis and cannot be found in any other reference
published to the date; except the B. J. P. Jones thesis which I already mentioned. Chapter 6 concludes the
discussion. Finally, dear reader, you will often find yourself feeling in medias res, this is normal, and by

design. Please enjoy.



Chapter 2

Neutrino interactions and Oscillations

“Los muchos anos lo habian reducido y pulido como las
aguas a una piedra o las generaciones de los hombres a

una sentencia.”
— Jorge Luis Borges, El Sur.?

2.1 High energy neutrino interactions

At high energies the interactions of neutrinos with matter are given by the exchange of a vector boson
with one of partons in the nucleon; this regime is known as deep inelastic scattering (DIS). The interaction
can be mediated through either a charge, W=, or neutral boson, Z°, which define charge and neutral current
interactions respectively. The Feynman diagram corresponding to these processes is shown in Figure 2.1,
where for the charge current (CC) process we have v,N — [, X and for the neutral current (NC) v, N — v,X.
Furthermore, standard model lepton number conservation implies that if v, is incident, then only v, or [,
can be produced. And — in the massless lepton limit — the cross section is the same for all neutrino flavors,
i.e. lepton flavor universality.

The total neutrino charged (neutral) current cross section for an incident neutrino with energy F, is

given by

s 1 2
0%o
SNUE ):/ dQQ/ d ( ”P> (2.1)
g, v X .
g Q% Q?*/s 0Q*0x CC/NC
2

His years had reduced and polished him as water does a stone or the generations of men do a sentence.
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Figure 2.1: Diagram of vp interaction in the deep inelastic regime.

with Qmin = 1 GeV and

820VN o i% ]\412 2
0Q20x  4drx \ M? + Q2
x [YiFr+2(1—y)Ff £Y_«Fy]

(2.2)

Here s ~ 2m,E,, Yy = 1+ (1 —y)? with y = Q?/(xs), M; = Mw (M) for charged (neutral) current

interaction, and “+7 (“—7) refers to neutrinos (antineutrinos). To leading order in pQCD F} = 0, while

FY(x,Q?%) and FY¥(z,Q?) are functions of the parton distribution functions, e.g., for a neutrino charged (CC)

and neutral current (NC) interaction with an isoscalar target nucleon N [18]

Ff =xz(u+1u+d+d+2s+2b+2¢)
CC: ,
oFY =x(u—u+d—d+ 2s+ 2b— 2¢)

1 _
Fi =z [4(Li+R3+L§+R§))(u+u+d+d>

+ (L2 4+ R2)(c+?)
NC:
+

ST

(LZ+RZ)(5+I)+§+E)}

1 _
ng’:a:{2(Li—R3+L§—R§)(u—ﬂ+d—d)}

(2.3)

where s, = sin(6,,) is the sine of the weak mixing angle and the weak couplings are given by L, = 1 —

4/3s%, Ly =—1+2/3s%, R, = —4/3s2 and Ry = 2/3s2. The antineutrino structure functions for charged



and neutral current are obtained by replacing ¢ — g and F¥Y — —F¥. For high neutrino energy, i.e. small z,
the F3 term does not contribute.

In Figure 2.2 F, for Q% = 102,10°GeV was plotted as a function of Bjorken-z using three parton distri-
bution function (PDF) group fits: NNPDF[19], CT10 [20], and HERAPDF [21]. The solid lines correspond
to the best fit value of the structure function, while the colored band represents the one sigma error band.
The left panel illustrates F» dependence on x, namely, the fact that it monotonically increases as a x de-
creases. The error becomes appreciable for < 1072, which corresponds to the limit of current experimental
measurements. The right panel compares the results from different PDF fitting collaborations by plotting
the ratio with respect to HERAPDF, remarking the fact that PDFs are uncertain in the very small = region
(r < 1075) and the forward region (x ~ 1). In Figure 2.3 xF3 has been plotted, as in Figure 2.2, three PDF
sets fits included with their corresponding error. It is clear, from the left panel, that this structure function
is a subleading contribution to the differential cross section and that, again, the error grows as a smaller x
value is approached. Furthermore, on the right panel the ratio to the HERAPDF has been plotted with the
corresponding error bars.

In the previous calculation the target mass has been neglected, which is an excellent approximation at
high energies (1/s > My). Nevertheless, a consistent treatment is also possible, in which one introduces the
target mass corrected (TMC) structure functions FI™ ¢ and modify Bjorken x to be

= 2 (2.5)

14+4/1+ 71“3?2”2’

where £ is known as the Nachtmann variable [22], which satisfies £ — z as Q? > x> M%. As noted in [23] the

TMC corrected structure functions can be written as a function of the usual structure functions as follows

FIMO(2,Q%) =" ATF(€,Q) + BI(€.Q) + Ciga(€, Q%) (2.6)

where the coefficients A7,B7, and C; are given in Tables I-IIT in [23]. The result of this calculation is shown in

FIMC and FIMC . As expected the effect is larger as one decreases Q? and is only observable

Figure 2.4 for
for Q* ~ 1GeV?, being much more important in the forward regime (z ~ 1). Furthermore, in the lower
panel the effect on F5 and Fj is shown and are found to be comparable in size. Thus in the IceCube regime,

TMC corrections do not play an important role. However, in future low energy extensions, such as PINGU,

it will play a role.
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PDF group fits: NNPDF, CT10, and HERAPDF. The solid lines in these figures correspond
to the best fit value of the structure function, while the color band represents the error band
at one sigma. The left panel shows the structure functions, where as the right panel shows
the ratio to the HERAPDF fit.
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PDF group fits: NNPDF, CT10, and HERAPDF. The solid lines in these figures correspond
to the best fit value of the structure function, while the color band represents the one sigma
error band. The left panel shows the structure functions, where as the right panel shows the

ratio to the HERAPDF fit.
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Figure 2.4: Effect of target mass corrections on the cross sections is shown for the F, and Fj structure
functions. The solid lines correspond to the structure function without TMC correction and
the dashed lines with TMC correction. The upper panel corresponds to Q% = 1GeV? where as
the lower panel correspond to Q? = 2GeV?, thus illustrating that the TMC effect becomes
less relevant as one increases Q2. The panels below the figures show the ratio to the
non-TMC corrected structure functions, in which one can see that the effect is more relevant
in the forward regime.



The final result of the calculation is the neutrino charge current cross section in the perturbative QCD
(pQCD) formalism shown in Figure 2.5. This calculation goes beyond the LO scheme, that has been briefly
described here, and is a full NLO calculation performed with the APFEL package [24]. The result is in
good agreement with a recent NLO calculation by Cooper-Sarkar et al. [18] with deviations of O(10%)
which originate from the updated PDF that now include LHC information. As expected, the cross section
increases as a function of the incident neutrino energy and the errors in the IceCube energy range, from
different cross section calculations, are no more than Ao, /o, = 15% which implies that predictions of

neutrino fluxes from muons are accurate to the same level.
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Figure 2.5: Neutrino cross sections calculated using pQCD.

In doing the previous calculation it has been assumed that perturbative QCD is valid to arbitrary small
x. However the high-energy behavior of photon, neutrino, and proton cross sections on protons cannot be
calculated perturbatively when the fractional momenta x carried by the constituents become vanishingly
small [25, 26, 27]. The structure functions develop a In(1/x) divergent behavior that results in a violation of
unitarity bounds [28]. It has been argued for some time that accelerator and cosmic ray data favor a In(s)

behavior of hadronic cross sections [29]. In fact, a model-independent analytic extrapolation of a In?(s)
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description of the lower energy data on proton-proton total cross sections correctly anticipated [30, 31, 32]
the measurements at the LHC and the Auger cosmic ray observatory [33, 34, 35].

In this section the unified dipole model framework [36, 37, 38, 39, 40, 41] is presented as a description of
the behavior of yp, vp, and pp cross sections at high energies and small-z. Perturbative QCD calculations
break down at high energy when the proton has an increasing number of partons with small fractional
momenta z. In a parton picture, one can simply think of saturation as screening resulting from the fact
that the increasing number of small-z partons have to be confined to a high energy proton of finite size.
Asymptotically, the proton is a black disk of (mostly) gluons with a radius that increases as In s.

The F} /7 can be evaluated using the dipole formalism with
Y= 7Q2 ' 2 oWV 2 .22
T/L ™ 42 D[ dz | drlvpp (21 Q%) Poa(wr) (2.7)
0
q

where w%f’q(z,r; Q?) corresponds to the wave function for a vector boson (W or Z), of virtual momenta
Q?, to fluctuate into a ¢q pair with fractional longitudinal momentum z and transverse spatial separation r.

They are computed from the diagrams in Figure 2.6; in the massless quark limit [42, 43]

2N, ~ ~

U7 (2m Q) = —5Q[27] [* + 2 Ki(er), (2.8)
N,

P m QP = TR Kier) 29)
N,

V7 (20 QN = S 5[LL+ LG+ Ry + RY)

x Q7 [27] [2* + 2°] Ki(er), (2.10)

2N..
WL (20 QN = (L] + LG+ Ry + RY)

X Q22> K2(er) . (2.11)

Following the Henley et al.[44] prescription, the transition from the pQCD parametrization of the structure
functions to the high energy dipole formalism is implemented by using Eqns. (2.3) and (2.4) for x < xg = 107°
and Eq. (2.7) otherwise.

Our result for the total charged current cross section is shown in Figure 2.7. In this Figure CT10NNLO
PDFs [20] and ¢ = 107> were used. At low energies the calculation agrees with the pQCD calculation, but
it incorporates the saturation effect at ultrahigh energies that reduce the neutrino cross section for E, >

10° GeV. The ultrahigh energy cross section is not very sensitive to the choice of xy between 1072 — 1076,
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The calculation with xg = 107 can be directly compared to the results of Block et al. [45]. As a reference,
the Cooper-Sakar et al. [18] calculation without saturation effects is shown; see also [46, 47, 48]. Table 2.1

contains the tabulated charge current cross section for the three calculations shown in Figure 2.7.

Voz(la) Vo VOé(lOé)
q q

q q
9 9

N Odip— X N 0dip— X

Figure 2.6: Diagram of vp interaction in the dipole picture. In the charge current interaction V = W#*
whereas in the neutral current V = Z.

Vo,

Ucc[cm2]
E,[GeV] Sarkar et al. | Block et al. This work
1 x 108 48 x 1073 | 431 x 10733 | 4.88 x 10733
2 x 108 6.2 x 10733 | 5.46 x 10733 | 6.15 x 10733
5 x 108 8.7x 10733 | 7.25 x 10733 | 8.07 x 10733
1 x 109 1.1 x 10732 | 8.87 x 10733 | 9.71 x 10733
2 x 109 1.4 x 10732 | 1.07 x 10732 | 1.15 x 10732
5 x 109 1.9 x 10732 | 1.36 x 10732 | 1.42 x 10732
1x 100 | 24x 10732 | 1.61 x 10732 | 1.65 x 10732
2x10%0 | 3.0x 10732 | 1.90 x 10732 | 1.90 x 10732
5x 100 | 3.9x 10732 | 2.33 x 10732 | 2.28 x 10732
1x 10" | 48x10732 | 2.69 x 10732 | 2.60 x 10732
2x 10" | 5.9x 10732 | 3.10 x 10732 | 2.96 x 10732
5x 101 | 7.5x 10732 | 3.69 x 10732 | 3.49 x 10732

Table 2.1: Neutrino charge current cross section values for Sarkar et. al [18] pQCD calculation, Block et

al. [45], and this work.
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Figure 2.7: Neutrino cross sections calculated using HERAPDF NNLO PDFs [21] and our dipole model
(orange). For comparison, a recent calculation done in pQCD by Cooper-Sakar et al. [18]
(black), which does not incorporate saturation effects and a similar calculation by Block et al.
[45] are showned. The solid lines represent the charge current cross sections, whereas the
dashed line portray the neutral current cross section.

2.2 Neutrino oscillations

During the last decades a plethora of evidence that neutrinos change flavor as they propagate macroscopic
distances due to the nonalignment of their mass and flavor eigenstates has accumulated from solar, atmo-
spheric, accelerator, and reactor experiments [49, 50]. Thanks to these remarkable experimental results and
related theoretical calculations the neutrino-mass induced flavor oscillation paradigm [51, 52, 53, 54, 55, 56]
has been firmly established and the three mixing angles that parametrize the lepton mixing matrix, together
with the two square mass differences have been measured to good precision [57]. Furthermore, it is the task
of on-going and future experiments to determine the neutrino mass ordering and the Dirac CP-violating
phase [58].

Even though most of the data can be explained in the standard three neutrino framework some puzzling
anomalies still remain [59, 60, 61]. These may be explained by introducing new neutrino states, often referred
to as light sterile neutrinos [62, 63, 64]; which will be described in detail on 4.1. Moreover, other new physics
scenarios such as the possibility of non standard interactions [65, 66] have also been considered and are

discussed in 4.2. Also the interplay between cosmology and neutrino oscillation has been widely studied in
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the literature as well as a playground for new physics scenarios [67, 68, 69]. In general, neutrino physics

constitutes an excellent proof for fundamental physics [58] as further explored in 4.3. In this section only

the standard paradigm will be considered.

V3

1

2
AT
(mass)?

Vs

A
Wz }

2
M=y,

[ v, [10,;17]
v‘u[lUmlz]
Ov.[1U,17

Figure 2.8: Diagram of active neutrinos mass splittings and mixings. The normal ordering is presented

(Am2,,, > 0) where the colors in each of the bars represent the approximate flavor

composition of each of the mass eigenstates.

The state of the neutrino ensemble can be represented using the density matrix formalism, e.g. in the

weak-interaction flavor eigenstate basis {|v,)} it can be written as

p:Z¢a|Va><Va‘ ) (2.12)

where ¢, specifies the flavor content. Another important basis are the mass eigenstates {|v;)}, which are

the eigenstate of the propagation in vacuum, and are related to the former by

Vo) = D Uil , (2.13)

where U is the unitary lepton mixing matrix. An illustration of the relationship between the mass and flavor

basis in Figure 2.8. It is customary to parametrize the mixing matrix U with mixing angles, {6;;}, and CP
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phases, {d;,}; for example when considering the standard three flavor paradigm the following parametrization

is often used

84
€12€13 512€13 s13e” 1018
_ " s
U= | —s12c23 — c12523513€1%  C12023 — S12523513€"012 523C13 ) (2.14)
is is
512523 — €12€23513€'°1®  —C12523 — $12C23513€"°1®  (23C13

where ¢;; = cos 0,5, s;; = sin 0;;. In this work, when the three flavor scenario is considered the aforementioned
parametrization will be used with values from [57] and when more flavors are considered the prescription
given in [70] will be implemented. Furthermore, the neutrino ensemble evolution is described by the following

quantum Von Neumann equation

Ip(E)
ox

= —i[H(E,z),p(E)] . (2.15)

In general the Hamiltonian, H, can always be split into a time dependent and independent parts. In

particular, for neutrino oscillations the following splitting is convenient

H(E,z) = Hy(E) + H,(E, z) (2.16a)
1

Hy(E) = ﬁdiag(o, Am3, Am3,, ..., Am2, ..., Am?)) (2.16b)

Hl (Ea (E) = \/iGFUleag(Ne(x) - Nnuc(x)/2» _Nnuc(‘r)/27 _Nnuc(x)/27 07 (a3} O)U (216C)

where 7 is the number of neutrino flavors, G is the Fermi constant, Am2, are the neutrino mass splittings,
and, finally, N.(z) and N,..(z) are the electron and nucleon number densities along the neutrino path. On
writing these equations the convention that the first three flavor eigenstates corresponds to v., v,, and v,
has been used, while the rest are assumed to be sterile neutrinos. Furthermore, Hy arrises from the neutrino
kinetic term, where as H; incorporates the matter potential, i.e. coherent forward scattering interactions
[71, 72, 73]. Given this splitting it is convenient to change to the so called interaction picture, generated by
Hy, defined by the following transformation for a given operator O

O — O(z) = exp(—iHpx)O exp(iHyx), (2.17)
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and then the evolution equation is

0E) _ ik, (2,2), p(B)] (2.18)

It is interesting to consider the case of vacuum only propagation, i.e. H; = 0, in which the oscillation
probability can be solved analytically. Given the Hamiltonian in Eq.(2.16) and solving the evolution of an

initial flavor state |v,) over a distance L, the probability of measuring a flavor state |vg) is

Psvs(LE) = bap— 42 Re(U},UpiUq;U};) sin® (2]L>

i>j
+2) " Im(U;,UpiUa;Us,) sin (A L) , (2.19)
i>j
where A;; = A;—A; are the Hamiltonian eigenvalue difference, which in this case correspond to Am?, j (2E).

Further simplification can be obtained in the two neutrino scenario, in which the oscillation probability is

Am?L
Pya_,yB(L,E)_5a@—sin22ﬂsin2< m )

E (2.20)

where 6 is the mixing angle that parametrizes mixing angle between the two flavor and mass eigenstates and
Am? is the square mass difference between the two levels considered. In Figure 2.9 the neutrino survival

probability (o = ) for sin?# = 1 and Am? = Am?

atm

= 2.47 x 1073eV? has been plotted.

1.
0.8-
2 0.6-
T
X 0.4+
[
0.2L Am? =247 x10"%eV?
sin® 20 =1 u
vl ol AV T
0% 102 10° 10°

L/E[eV?]

Figure 2.9: Simple two neutrino oscillations illustrates the three regimes that neutrino oscillation
experiments can encounter. If AmQ% < 1 no oscillations, then if Am2L ~ 1 first oscillations,

E
and finally Am?Z > 1 fast oscillations.
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It is clear from Equation 2.20 that the mixing angle controls the amplitude of the oscillation and Am?
the frequency with the maximum oscillation length L,, = 2(2n+1)7E/Am?2. The oscillation phenomenology
can be classified in three distinct categories. First, when Am?L/E < 1, then P, _,,,(L, E) = 6,3 and no
oscillations are observed. Second, when Am2?L/E ~ 1, then the oscillations are observed and can be resolved
by the experiment. Finally, when Am?L/E > 1 and one encounters a fast oscillation regime that cannot
be experimentally resolved and the oscillation probability averages out to P, ,,(L, E) = dap — %Sin2 26.
The transition between these regimes depends on the particular experiment, e.g. the experiment statistics,
systematics, and background will set the minimum oscillation amplitude that can be measured setting the
transition between seing no oscillations and observing disapperance (appearance). On the other hand, for
example, the energy resolution will set the transition between fast oscillations and slow oscillations.

In Figure 2.10 the neutrino oscillation experiments performed in the last decades have been plotted as
a function of the neutrino energy and baseline. The energy range extents from a few MeV to hundreds of
TeV and the baselines range from tenths of meters to the Earth diameter. The black dashed line corre-
sponds to the first oscillation maximum given by the solar scale, L, and the black dashed-dotted line to the
atmospheric scale, Lgy,. Solar neutrino experiments and medium baseline reactor experiments such a Kam-
LAND have measured solar neutrino oscillation given precise measurements of Am3, and 6;5. On the other
hand, atmospheric neutrino experiments such as Super-Kamiokande and IceCube-DeepCore have observed
oscillations on atmospheric neutrinos. This oscillation scale, has being further confirmed by long baseline
oscillations experiments, e.g. MINOS and T2K. These experiments have contributed to the measurement
of |[AmZ,| and 6a3. More recently, reactor experiments such as Daya Bay and RENO, have measure the
only remaining mixing angle, 613. The sign of the atmospheric mass-square difference, which determines
the neutrino ordering, is still unknown; as well as the value of the CP-phase. It is interesting to note that
the experiments colored in pink have claimed evidence of neutrino oscillation, which would point to a new
oscillation scale. If these anomalies were due to a sterile neutrino, i.e. a line in Figure 2.10, then it should
be observable in IceCube-DeepCore. Moreover, IceCube-DeepCore is in a previously uncharted regime in
the L-E plane, since previous high energy experiments were only possible at short baselines. In Chapter 4

we will return to this discussion and figure by illustrating different new physics scenarios.
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Figure 2.10: Summary of neutrino oscillation experiments performed in the last decades as a function of
their baseline, L, and the energy range E,. The dashed lined corresponds to the first
oscillation maximum given by the so called solar mass splitting Am%, where the
dashed-dotted line is given by the atmospheric mass splitting Am2 . Experiments which
incorporate a large range in mass an energy, e.g. Super-Kamiokande, are shown as colored

regions. Finally, experiments with evidence for an extra oscillation scale are colored pink.
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2.3 Neutrino propagation: interactions and oscillations

So far only neutrino oscillation and matter effects through coherent interactions have been incorporated,
but we will consider an extended formalism in order to treat non-coherent interactions and collective neutrino
behavior. This problem has been extensively discussed in the literature, in particular in [74, 75, 76] and
[77, 78, 79], for definiteness the formalism given in [80] will be followed. To simplify the notation, in what
follows the bar symbol — introduced in Eq. 2.17 — will be suppressed and all operators, unless specified, are
on the interaction basis generated by Hy. The formalism shown here aims to calculate the neutrino density
matrix p(E,t) at every time and energy given some initial condition pg(E), in what follows independent
variables t and x will be used interchangeably, since, for the cases of interest, the neutrinos are always
relativistic. In principle the problem can be solved continuously in energy and time, but such analytical
treatment is only possible in trivial contexts, e.g. vacuum; in practice discretization in time and energy
need to be introduced, for which the notion of energy nodes and correspondingly label the neutrino state
pi(t) needs to be introduced: the neutrino state at an energy F; and time ¢t. Given these considerations the

neutrino ensemble evolution is given by

O il (Bo),p) — {D(E: @), 00} + F(Q, L By ) (2.21a)
X
O (B )l + G B ) (2.211)

where E; is the energy corresponding to the i-node and we have introduced Q = {p;|i = 1,...,m} and

= {I% o = {e,u,7},i = 1,...,m} the neutrino and lepton ensembles respectively with m the number
of energy nodes. I' incorporates the effect of attenuation due to non-coherent interactions in neutrinos.
The F term contains the interactions between the neutrino ensemble and the leptons, similarly the G term
incorporates the effects of neutrinos into leptons. In most scenarios the e and u leptons lose energy too fast
to contribute significantly into the latter neutrino flux, thus we shall only consider the 7 leptons since they

have a very short decay time [81]. Thus, we write the right hand side terms of Eq. (2.21) explicitly as follows
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I(E,z) = za: 5 gjﬂ (2.22a)
V(B x) =— /\gec(lE,a:) (2.22D)
P@LE) = [CEY {Aﬁc@,m)’p (&, )} Mt (2:220)
4 /EOO dEW;:C)T(E,x)WHT
+ Briep /E b x(;, 5 #(B, 1) 81\7@5557, En
G(O B, z) = /E h dEchr [HT,,)(E@)] EWC‘(;(];E’E) (2.22d)

where we have introduced the flavor projectors II, and the sums run over the active neutrino flavors.
Furthermore, Acc, Anc, and Aiotal = Acc + Anc are the charge, neutral and total neutrino interactions
lengths respectively. Moreover, ‘g—g represents the outgoing neutrino (or 7 lepton) spectral distribution for

charge, neutral neutrino interactions and 7 decay. Finally, \7,

Tec 1s the 7 decay length, which is assumed to be

much smaller than the relevant neutrino oscillation and interaction scales. In order to compute the integrals
that appear in Eq. 2.22 we use a numerical finite difference algorithm.

In Figure 2.11 we have plotted the transfer function for v, and 7, calculated using Equation 2.22 as a
function of the zenith angle and neutrino energy at the end of the trajectory. Two important features can
be observed in these plots. First, at energies of O(100GeV) the v, transfer function is dominated by the
P(v, — v,) neutrino disappearance which at cosf, ~ —1 is ~ 10%. Second ,at high energies and high
cosf, (Earth core crossing trajectories) the Earth is opaque to neutrinos; regarding this also note that the
antineutrino Earth opacity is slightly less than the neutrino, this is just due to the antineutrino cross section

being smaller than the neutrino one.
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Figure 2.11: Muon neutrino Earth transfer function for neutrinos (top) and antineutrinos (bottom)
calculated using Eqgs. 2.22 as a function of zenith angle and neutrino energy; the color scale
shows the ratio of final flux (¢/7%!) to initial flux (¢*™**%). In most of the energy range and
baseline the transfer function is ~ 1, i.e. the initial flux is unaltered. Effects of Earth
absorption at high energies and oscillation at low energies can be seen for cosf, ~ —1.
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Chapter 3

Atmospheric Neutrinos

“Esas ambigiiedades, redundancias y deficiencias
recuerdan las que el doctor Franz Kuhn atribuye a cierta
enciclopedia china que se titula ‘Emporio celestial de
conocimientos benévolos’. En sus remotas pdginas estd
escrito que los animales se dividen en a) pertenecientes
al Emperador, b) embalsamados, c¢) amaestrados, d)
lechones, e) sirenas, f) fabulosos, g) perros sueltos, h)
incluidos en esta clasificacion, i) que se agitan como
locos, j) innumerables, k) dibujados con un pincel
finisimo de pelo de camello, 1) etcétera, m) que acaban

de romper el jarrdn, n) que de lejos parecen moscas.”

— Jorge Luis Borges, Otras inquisiciones.?

When cosmic rays interact in the upper atmosphere they produce hadronic showers which develop over
several kilometers in the atmosphere. These showers are meson rich, in particular, they contain large amounts
of light mesons such as pions and kaons. As the pions and kaons cascade down there is an interplay between
their energy loss and their decay length. Light meson decay produces the bulk of atmospheric neutrinos
and muons, e.g. via ™ — [ + V,, the neutrinos arising from light meson decay make up the conventional
component. This process is nicely illustrated in Figure 3.1. Neutrinos from higher than 10°GeV are increas-
ingly produced from charmed meson decay in the atmosphere. For those mesons the decay length is much

shorter than the interaction length up to 10”’GeV, so no competition between decay and interaction exist,

5

These ambiguities, redundancies, and deficiencies remind us of those which doctor Franz Kuhn attributes to a certain Chinese
encyclopaedia entitled ‘Celestial Empire of benevolent Knowledge’. In its remote pages it is written that the animals are divided
into: (a) belonging to the emperor, (b) embalmed, (c) tame, (d) sucking pigs, (e) sirens, (f) fabulous, (g) stray dogs, (h) included
in the present classification, (i) frenzied, (j) innumerable, (k) drawn with a very fine camelhair brush, (1) et cetera, (m) having
just broken the water pitcher, (n) that from a long way off look like flies.
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unlike in the conventional component. Thus, to good approximation, charmed meson decay instantly, and
the neutrino product of their decay conform the so called prompt neutrino flux. The different contributions

can be seen in Figure 3.2 from Feydinitch et al. [6].

T o+t
’ Cosmic

= -4 ray
uo— e +1/e+uu

at s ut+,

+ + -
uro ettty

Electromagnetic
shower

Figure 3.1: Diagram of a shower.

Furthermore, 7% has T ei(lj)e r i(;)
I

u) = O(107%), while for K* the corresponding fraction is
F(ei(;)eX)/F(ui(;)#) = O(1072%) [2]. Which means that the conventional atmospheric flux is dominated
by the v, neutrinos. The prompt component, on the other hand, is dominated by the D¥ mesons for which

F(ei(;)eX)/F(ui(z_/)uX) = O(1) and can decay to v, with a branching ratio F(Ti(l_/)

5) < 1.2x1073 [2].
Thus, as can be seen in Figure 3.2, at low energies, the atmospheric flux is dominated by the conventional
v, and at the highest energies by the prompt component which has almost equal v, and v.; finally the v,
content is highly suppressed.

From the previous discussion it follows that prediction of the atmospheric neutrino fluxes requires three
main ingredients: incident cosmic ray spectrum, hadronic interaction models, and the atmospheric density
profile on which the shower develops. The initial cosmic ray spectrum is illustrated in Figure 3.3 and for
proton energies less than 106GeV, it can be approximated by a power law E~7 with v ~ 2.75. It is important
to note that there is an approximate linear relation between the mean cosmic ray energy that produces a

shower and the resulting neutrino mean energy, such that < E, >~< E, > /10, see [4]. Since special

attention will be placed to the conventional component due to its larger statistics. This implies that details
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Figure 3.2: Partial contribution of intermediate particles to the flux of atmospheric muons pu* + p~ (top

left), muon neutrinos v, + 7, (top right), electron neutrinos v, + 7, (bottom left) and tau
neutrinos v, + 7, (bottom right). The primary spectrum is Thunman et al. (TIG) [82] and

the interaction model is SIBYLL-2.3 RC1.
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of the cosmic rays spectrum above 10GeV are not relevant to the search of new physics in the conventional

spectrum.
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Figure 3.3: Cosmic ray fluxes models and data from [5].

For the work on this thesis, three cosmic ray spectrum models will be considered: the Honda-Gaisser

model with Gaisser-Hillas H3a correction [83], the Zatespkin Sokolskaya [84], and the Polygonato model

[85]; the latter two are disfavored by the data at high energies — as can be see in Figure 3.3 — but are in

reasonable agreement in the region of interest E, < 10°GeV. For hadronic models the following will be

used: QGSJET-II-4 [86] and SIBYILL2.3 [87]. Finally, for the atmospheric density we will use data from the

NASA AIRS satellite [88]. AIRS orbits the Earth in a heliosynchronous orbit and measures the temperature

profile of the atmosphere. These temperature profiles are converted to density profiles, using the ideal gas

law. Which are a function of atmospheric depth, latitude, longitude, and time. We use the package MCeq

[89] to solve the cascade equations under these assumptions.

In Figure 3.4 the result of this calculation is shown as a function of energy for neutrinos and antineutrinos

for two zenith values in which yearly average has been performed when considering different combinations of

cosmic ray and interaction models. For comparison the HKKM model [90, 91] (a.k.a. the Honda model) is
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also shown as solid black line. It can be seen that the different models differ by no more than O(10%) from

the HKKM model.
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Figure 3.4: Atmospheric neutrino models.

Furthermore, in Figure 3.5 the effect of seasonal density variation as measured by the AIRS satellite is
shown. It is important to note that the yearly average with respect to a calculation using the US-standard
[92] does not deviate in more than 10% from the exact monthly calculation.

So far only the conventional component has been discussed, lets briefly talk about the prompt contribution.
Estimation of the prompt flux has an increased difficulty since cosmic ray energies greater than 10GeV need
to be considered, where features like the cosmic ray knee and cosmic ray composition — which are not well

known — appear, see Figure 3.3. Furthermore, even though the total charmed production cross section has
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Manthly flux correction using AIRS satellite data
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Figure 3.5: Atmospheric neutrino yearly variation due to the change in atmospheric density. The solid
lines correspond to vertical neutrinos and the dashed to horizontal ones. The region of
interest of the this work is between 10% to 10* GeV.

been measured in colliders, the differential cross section in the forward region still has significant uncertainties,
due to the fact that very small = region is proved.

The dipole formalism, that was introduced in Sec. 2.1, can be used to estimate the charm production
cross section in this regime. In the dipole model, the proton-proton to charm production cross section is

given by [93, 37]

~ 1n(2mq//5)
Opp—qg+X = 2/ dy 9019(3317/1)
0

X OgNoaqrx (22:Q%) (3.1)

where g(z1, 1) is the gluon distribution function at the scale u, and z1 o satisfy z1x2 ~ (2m,)?/s with

xy =~ 2\7}1§qexp(y) (3.2)
Ty 27§exp(—y); (3.3)

see Figure 3.6. Here ogn_qq+x is the partonic cross section, which in the dipole picture is given by

Con oz x (2:Q?) = / dz dr [, (1 Q%)

UQQQ($27 Z,I‘) (3.4)

X
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N‘( Odip >7X

27

Figure 3.6: Diagram of pp — ¢gX for one dipole interaction topology, the remainder are shown in Figure
3.7 . In this picture the gluon from the projectile proton has fractional parton momenta x
and it is modeled through PDF, while the target proton gluon has fractional parton momenta

T9 < 1 and it is modeled through a dipole interaction.

The partonic cross section is directly related to the dipole cross section [93, 37]:

. 9 _
Ggq7(T2,2,1) = 3 [0dip (T2, 2T) + Oaip (T2, Zr)]
1
- gadip('TQa 1”)

where the different terms correspond to the superposition of the diagrams shown in Figure 3.7.

The gluon wave function is related to the photon wave function, given in Eq. (3.6) by [94]

aem !
|¢%q|2 = €3Nc 92 [(22 + 2K (er) + mgKg(er)] ,

«

|1/}g“7q(z7r; Q2)|2 - 7s|¢%7q(zvr; Q2)|27

Ncae'm

(3.6)

(3.7)

where e, is the quark charge, V. the number of colors, €2 = 22Q% + m37 zZ=1-—2z, and Ky and K; the

modified Bessel functions. In Figure 3.8 the total proton-proton charm production cross section has been

9 9 9 q q
g
q q q
9

Figure 3.7: Possible g — ¢ interactions with a gluon in the dipole picture.
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Figure 3.8: Charm production cross section in the dipole formalism.

plotted for different dipole models using the CT10nnL.O gluon PDF with pu = \/W and ay; = 0.33. The
high energy dipole model evaluations of o(pp — ¢¢X) are lower than the central perturbative evaluation
of the charm pair cross section shown in, e.g. [95]. The perturbative calculation has large uncertainties
associated with the scale dependence and for E, = 10'° GeV and scales dependent on factors of m.., the

uncertainty band drops to o ~ 10726 ¢cm?, the level of the dipole prediction.
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Chapter 4

Exploring New Physics with Neutrinos

“La duda es uno de los nombres de la inteligencia.”
— Jorge Luis Borges, Diccionario privado de Jorge Luis

Borges.?

In this chapter three new physics extensions that can be proved by performing precise measurements of
atmospheric neutrinos with IceCube will be discussed; the three scenarios under consideration will be: eV

sterile neutrinos 4.1, non standard neutrino interactions 4.2, and Lorentz violation 4.3.

4.1 Sterile neutrinos

Measurements of the Z° invisible width at LEP have established the number of active neutrinos, with
masses less than half the Z° mass, to be three [96]; in this context active means that it participates in electro-
weak interaction i.e. it is charged under SU(2) x U(1). On the other hand, the LSND short baseline neutrino
experiment has measured P(7, — 7.), on a pion decay at rest experiment, finding oscillation compatible
with Am? ¢np ~ 1leV? and sin®6,, ~ 0.003 [97]. Since the existence of two other mass differences has
already been established, it follows, that to accommodate this result, a new mass eigenstate needs to be

introduced, which is called sterile neutrino. It is defined as: a (light) sterile neutrino to be a neutral lepton

4
Doubt is one of the names of intelligence.
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with no ordinary weak interactions except those induced by (mass) mizing [98]. This means that the lepton

mixing matrix is extended so that

Ve Ue4 v
vy Upmns Uua 12
= (4.1)
Vr U‘r4 Vs
Vs Udy U Uy Usa vy

where new matrix elements U,4 have been introduced. In principle, the measurements that has been per-
formed on combinations of elements of Upjs s should be revisited by the presence of the new elements, but
in what follows it is assumed that the correction to the standard mixing angles, due to the existence of sterile
neutrino, is smaller than their current error; thus U punNs ~ Upyns. The extended lepton mixing matrix

can be parametrized in the following way

U(0;j0i;) = R3aRoaR14Ro3R13R12, (4.2)

where each matrix R;; is a rotation in the 45 plane with rotation angle ¢;; and complex phase J;;, namely

cos 0 ... ¢in Gije_“;ij

— sin Hijei‘;if e COSs Hij

In a minimal description only a subset of the d;; are required to be allowed to be non-zero; it is customary
to place the standard three flavor complex phase in the 1-3 rotation. Furthermore, two new non-reducible
phase are introduced, which in this work - for definiteness - are placed in the 3-4 and 2-4 rotations. The
short baseline neutrino experiment that motivates the existence of a sterile neutrino are not sensitive to the
sign of Am3,, thus two possible sterile orderings exist. In the first one, the sterile neutrino is more massive
than the active neutrinos, Am?%, > 0, which is commonly called the 341 scenario. In the second one the
sterile neutrino is lighter than the active neutrinos, Am?, < 0, which correspondingly is known as the 143

scenario; see Figure 4.1. Finally, strong bounds from cosmology on the sum of neutrino masses exist, namely
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> vi < 0.23eV[99]. This bound disfavor the 143 scenario: in what follows only the 3+1 scenario will be

considered.
A
3+1 1+3
Vs
active v
o

£ :

<

active v
Vs

Figure 4.1: Sterile neutrino mass schemes. In the left diagram the sterile neutrino is more massive than
the active ones (3+1 scheme), in the right diagram the sterile neutrino is lighter than the
active ones (143 scheme). In both cases we have plot the active neutrinos in normal ordering.

Since the LSND anomaly was first published numerous experiments have tried to confirm the existence of
eV-sterile neutrinos. These experiments can be classified as either disappearance experiments which measure

either P((;)u — (;) )e — (;)e) or appearance experiments which have measured P((z_/)# — (;)e).

1) Or P((;
Detailed analysis of all neutrino experiments and channels in the presence of a sterile neutrinos has being
performed [100, 101] finding a tension between appearance and disappearance experiments. In order to
understand this tension, it is important to note that short baseline experiments studying P(v. — v.), e.g.
reactor experiments, are sensitive to the effective disappearance amplitude sin? 20, = 4|Uq4|?(1 — |Ues|?),

whereas long baseline experiments measuring P((z_/) )

w— (1; ), €.8. MINOS, MiniBoone, SuperKamiokande,
are sensitive to sin? 20, = 4|U,al*(1 — |Uyal?); finally, apperance experiments, e.g. LSND, MiniBoone,
KARMEN, NOMAD, measure sin®20,,. = 4|U,4|?|Uec4|?>. Appearance experiments, such as LSND and
MiniBoone antineutrino channel, imply |U,4Uc4|* # 0 [97, 102], which means that v, and v, disappearance
must be observed. Recent evaluation of the short baseline reactor experiments in light of a new reactor flux
calculation point to 3-6% disappearance [103] which is compatible with a sterile neutrino solution. Also,
gallium experiments such as GALLEX [104] and SAGE [105] point to a deficit of the same order [106, 107].
On the other hand, v, disappearance in the sterile neutrino scale has never being found, but rather strong

constrains have been placed on |U,4|? [108, 109, 110]. Thus, in order to confirm the existence of sterile

neutrinos v,, disappearance must be observed.
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Figure 4.2: This figures illustrate the MSW effect. In the left figure the resonance is produced mainly in

the core, whereas in the right figure on the crust. Furthermore, in both cases the effect of

Earth absorption is illustrated.
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Given the discussion above the role of IceCube is now clear: it must look for v,, disappearance induced by
the Am? ~ 1eV? scale. In order to understand the sterile neutrino phenomenology in IceCube, it is useful

to consider a two level system between v, and v,, whose Hamiltonian in the flavor basis is

0 ~ G Nnuc 0
U F

1~
H=-U' F— (4.4)
2° o amg V2 o o
where U is a 2x2 matrix that has the effective sterile-active mixing angle, 8, and the “—” sign correspond to
neutrino while the “+” sign corresponds to antineutrinos. It can be further written as
. 2 . 2 2 . 2
o sin? GAQ—’; T %Nnuc sin 6 cos 9%—’5 |- Cos 29%—7}; F %Nnuc sin 29% eod? QAmQ]I
sin 6 cos 9%—%2 cos? 9%—’5 sin 2¢9A4—7g2 0 2E
(4.5)

it is clear that resonant enhancement will occur when the off diagonal terms are greater than the diagonal

contribution, which will happen when the diagonal terms are equal. Thus the resonant energy is [111, 72]

cos 20 Am?

Eres = T = .
N \/iGFNnuc

(4.6)

An immediate conclusion from (4.6) is that if Am? > 0 then the resonant conversion only happens in
antineutrinos, obviously when the opposite happens it is in neutrinos. If the numbers Am? ~ 1leV? and
Nypwe ~ NEgrin are plugged in this formulae, then E,. ~ TeV! In order words, resonant antineutrino-sterile
conversion happens on the region where IceCube has a myriad of atmospheric neutrinos. This is shown in
Figure 4.2 for two sterile neutrino parameters such that in one case the resonant is triggered at the core and in
the other at the mantle; in performing the calculations to create this figures we have use the full formalism
described in Sec.2.3 in 341 neutrinos including interactions in the Earth. Furthermore, to illustrate the
E, ~ Am? behavior let’s consider the zenith average ratio of final to initial flux, < ¢3*! /¢ > which we
plot in Figure 4.3 for sin?260 = 0.1.

It is interesting to note that for Am? > 5 eV? the resonance occurs in the regime where neutrinos are
absorbed in the Earth; i.e. Earth opacity is O(10%) for cosf, = —1. It has already been pointed out in
the literature that when sterile neutrinos are included in the propagation on dense environments, the active

neutrino transparency changes, e.g. in supernova, Sun [79]. In order to estimate this effect, the interaction
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Figure 4.3: MSW effect dependence on the sterile mass splitting. This illustrates the relationship between
the resonant energy and Am?, see 4.6.The vertical axis is the ratio of final to initial fluxes
averages over zenith angle in the presence of sterile neutrino.
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and oscillation scales need to be compared, see Figure 4.4. The aforementioned figure contains the three
oscillation scales of which the only relevant scale for E, > 100 GeV is the sterile scale, Lysc—sterile- The
corresponding interaction length as a band, whose width correspond to the change in Earth density, has
also been plotted. One can observe that the scales match at O(10° GeV), where the number of events are

expected to be small.

10°
10°
10*
10
= 10°
2 10! 1

< 100

107!

L

102 osc—sun
- L
L

“osc—sterile

— L

osc—atm

103} -

int

107 5 2 3 1 5 6
10 10 10 10 10 10
E,[GeV|

Figure 4.4: Comparison of interaction and oscillations scales as a function of neutrino energy. The solid
green line corresponds to the Earth radius, the blue band is the interaction scale where the
width of the band is due to the varying Earth density, and the black lines correspond to the
first oscillation distance.

In order to quantify the error in separating oscillations and interactions it is useful to define

¢fa6t(E,,, CE) = PI/“%U“ (Eua £C) e I G(EV)N(w)dw’ (47)

v

where P, ,,, is the oscillation probability calculated considering only forward coherent interactions and the
exponential accounts for the Earth opacity. The difference between the factorizing and full solution for a

large Am?,; and close to maximal mixing angle is plotted in Figure 4.5.
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Figure 4.5: Comparison between full solution with respect to factorization approximation defined in Eq.

4.7.
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4.2 Nonstandard Neutrino Interactions

In this section the standard neutrino interactions formalism will be extended. Let’s first recall the
standard model interactions. The charged current (CC) and neutral current (NC) interactions, which that

were discussed in Sec. 2.1, arise from the Lagrangian operators

— g 1- 5 +
Loc = ﬁ |:€afy“2uaWM + h.c.] , (4.8)
and
_ g pl =75 701 . 4
LNC 2 cos 9w |:Vo/7 9 Vo ;L:| ) ( 9)

where g is the weak coupling constant, 0,, the weak mixing angle, v, the neutrino field of flavor «, and ¢,
the charged lepton field. When the neutrino energy is much below the W mass, My, the interaction can be

described via the Fermi effective dimension six operator

celd = ?/5 27" (1 = v5)ta] [frn(1 = °)f1] + hec., (4.10)
and
i = ?/5 [Py (1 = 75)val [f%;( gA)f} (4.11)

where Gr = /29?8 M2, is the Fermi constant. The fermions f and f/ that appear on the effective CC
lagragian are part of the same weak double, while in the NC lagrangian they can also be an iso-singlet. The
coeflicients g‘f/ and g£ are the vector and axial vector couplings of the fermion f.

If it is assumed that new physics exists beyond the standard electro-weak interactions, then the new
physics is most likely mediated by some heavy particle, or equivalently, can be realized by a similar effective
six dimensional operator. Then, in analogy to the standard scenario, the new operators are of the form

er G
L= \/g oy ey (1 = 5)la] [frn(1 = 4°) f1] + hec.
£.17

+ 5 (1) [P =]+

(4.12)
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where the e parameters give the flavor structure as well as the strength relative to the standard weak

interaction; i.e.
2

g
Grlel ~ —5—, (4.13)
Mg
which means that
M2
le| ~ — (4.14)
MI%SI

It is further interesting to note that if a constraint on |¢| to the O(1073) level is placed, then masses Mysg; of
O(1TeV) are being probed. Prospects of measurements of NSI in IceCube and PINGU have been recently
studied in [12, 112]. Ohlsson et al. [112] claim that three years of PINGU can put bounds on |e,,-| < 4.7x1073
and on |e,,| < O(1072), while Smirnov et al. [13] state that one year of IceCube-79 with DeepCore can
constrain |e,| to 6 x 1073, Thus, if the IceCube collaboration were to perform these measurements it would
start to probe the TeV scale: exciting!

The Hamiltonian of interest, in flavor, is given by

1
H = ﬁUM2UT + Hudmattor + Ef: Viey, (4.15)

where V; is the potential contribution arising from fermion f, namely V; = V2Gpn r where ny is the fermion
number density; and € is a matrix that gives the flavor structure. Following Alexei Yu. Smirnov et al. 77,

the NSI parameter can be normalized relative to the d-quark density by introducing the matrix

(Das ==Y %’(ef)aﬁ. (4.16)
!

Then, for the Earth where n, ~ n,, the following equation holds
Hysi = Vee | e (4.17)

where V¢ is the standard charge current potential strength. Finally, it is important to point out that the
previous discussion was valid for neutrinos. For antineutrinos the transformations V' — —V and U — U
need to be applied. Using the formalism in Sec. 2.3 and including this new term the neutrino muon survival

probabilities are calculated for cos, = —1, i.e. Earth core through going neutrinos, for ¢,, = 10~2 and
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€uu = €rr. In the left panel of Figure 4.6 the result for neutrinos is shown, while on the right panel we
illustrate the antineutrino scenario. For comparison the standard oscillation calculation is included. As can
be seen, the location of the first oscillation maximum is modified by the NSI as well as O(20%) change in

normalization at higher energies.

— e, =107" |]

— =0

102 103
E ,[GeV]

Figure 4.6: This figures illustrate the NSI effect in the IceCube-DeepCore range for €, = 1072. The
right plot is for neutrinos while the left one is for antineutrinos.

4.3 Lorentz Violation and the Astrophysical Flavor Content

In section 4.1 we introduced new physics by incorporating a new neutrino state, in section 4.2 we included
a new interaction between regular matter and neutrinos; in this section we will introduce generic new physics

that scale like E™. An effective way of introducing it in neutrino oscillations is by introducing new operators

H, = (E)nén. (4.18)

The full Hamiltonian that incorporates the new physics operators, in the flavor basis, can be expressed as

I:In of the form

1 EN\" -~ -
— ~ytame = ot _yt
H 2EUMU+§n (An> Ui0,0, = ViAV, (4.19)

where M? = diag(0, Am3,, Am3,), O,, = diag(O,,.1, 02,0y 3), and A = diag(A1, Az, Az). O, and A, set
the scale of the new physics and U, is the mixing matrix that describes the new physics flavor structure.
Since we expect new physics to be suppressed at low energies the first terms in the expansion should be more

relevant, thus in this work we will study n =0 and n = 1.
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These new operators can be interpreted in different new physics contexts. Some examples for n = 0
new physics are couplings between neutrinos and space time torsion [113] or CPT-odd Lorenz violation [114,
115, 116]. As for n = 1 new physics operators, CPT-even Lorentz violation and equivalence principle
violation [117, 118, 119] are possible examples.

There are some constraints from neutrino oscillation experiments to these effective operators in the
context of Lorentz and CPT violation [120]. The most stringent limits on certain parameters are obtained
from Super-Kamiokande and IceCube atmospheric neutrino analyses [121, 122]. In this context the CPT-odd
and CPT-even Lorentz violation coefficients are constrained to be O(1072* GeV) and O(10727) depending
on the flavor structure Uy. These constraints can be used to set the scales of n = 0 and n = 1 operators
introduced in this paper. For example, we set Og ~ 1 x 10723 GeV as a current limit of the n = 0 operator,
and O; ~ 1x1072% GeV with A; = 1 TeV as a current limit of n = 1 operators, where % = 10~27. Through
this paper we have assumed the scale of O is of the order of Oy without loss of generality.

We can easily understand the scale given by the Super-Kamiokande and IceCube bounds. Note that
the general expression for the neutrino oscillation probability in vacuum is given by Eq. (2.19), so that

if the new mixing matrix is real then P(v, — v,) =1-3, .

sin? (S2L) [-++Ji iy which will only be
significant if A;; = O(4+). As noted in Figure 2.10 the Earth diameter is 102GeV !, which means that
the constrains on the Oy should be of order 10723 GeV; just as we quote. Then a claim of a bound of
10~2°GeV on that operator just means that the amplitude is constrained to a precision of 1072. For the
n = 1 case, we can write, O; = ¢F and constrained it to the same level. For the later, at SuperKamiokande
higher energies of E, = O(10%) GeV, translate to a constrain on ¢ of order 1072°, on the other hand for
IceCube E, = O(10*) GeV provides a constraint as high as 10727 GeV. These simple considerations explain
the strength of the limits quoted. If follows that IceCube would provide the best limits, from neutrino
oscillation, to these operators. Finally, it is interesting to note that the non-standard interaction and these

operators have indistinguishable effects in constant density environments as noted by Diaz[123]; thus to really

differentiate between this two cases varying densities are required which makes the IceCube case stronger.
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We use the formalism introduced in Sec. 2.3 to calculate the effect of these operators on the atmospheric
neutrino flux. Since we are interested in the effect on v,,, we further consider the following flavor structure:

for the Oq operator,

0 0 O
Oo=10 0 af, (4.20)
0 a* O
and for O,
0 0 O
Oi=1o 0o c|E. (4.21)
0 ¢c* 0

When considering these flavor structures the v, survival probability is very close to an effective two level
system. In this case the effect of these operators was studied by Halzen et al.[14] using the full formalism
of oscillation and interactions that we have implemented. The result of their calculation is shown in Figure
4.7 for an initial power law spectrums of E~! and E~3; and n = 1 operator, since this is the more dominant
one at high energies, for real ¢ = 10723, It is interesting to see that since v, — v, oscillations are induced
the effect of tau regeneration needs to be taken into account specially if the spectrum is hard.

Since the operators grow with energy it is interesting to consider the effect in the IceCube astrophysical
neutrinos. An operator Oy with strength of O(10723 GeV) will be the dominant term in the Hamiltonian
at neutrino energies of O(1 TeV), well below the energies of the IceCube astrophysical neutrino events.
Equivalently for a neutrino energy higher than 35 TeV the neutrino oscillation is dominated by the new
physics operators with scale of O(10726 GeV). Thus, the flavor content of the IceCube astrophysical neutrinos
has the potential of probing scales much smaller than the current bounds.

To assess the impact of the operators in the astrophysical flavor ratio let’s first consider the standard
scenario expectation. In astrophysics charged pion decay from proton-proton collisions is one of the preferred
neutrino production channels. In this scenario the initial flavor composition is (¢ : ¢, @ ¢-) = (1 : 2 : 0).
Other scenarios such as rapid muon energy loss produce (0 : 1 : 0), neutron decay dominated sources produce
(1:0:0) are of interest, while compositions such as (0 : 0 : 1) are not expected in the standard particle

astrophysics scenarios.
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Figure 4.7: This figures illustrate the LV effect in the IceCube range for new physics operator O; with

Cpr = 10—23,
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Figure 4.8: Allowed regions of the flavor content at Earth using the priors on the mixing angles and
errors given from the current neutrino oscillation measurements. In the left plot, the different
colors correspond to different assumptions on flavor content at the production. The color
intensity is proportional to the probability density. In the right plot, we further sample the
initial flavor content as (z : 1 —x : 0).

The current measurements of the standard neutrino oscillation experiments allows us to determine the
astrophysical neutrino flavor content at detection given an assumption of the neutrino production. In Fig. 4.8
we show allowed regions of the flavor content at Earth, where we use the standard mixing angles and their
errors from the global fits [124] in order to produce density probability distributions for the flavor content.
Since the CP-phase is not strongly constrained, we assume a flat distribution from 0 to 27. Note that for
simplicity we use the larger of the asymmetric errors and implement them as Gaussian. In the left plot, we
assume four different production flavor composition hypotheses. We observe that all the allowed regions of
astrophysical neutrino flavor content at Earth are close to (1: 1 : 1), except when the initial flavor content is
(1:0:0). In the right plot, we show the allowed region of the flavor content of the astrophysical neutrinos
with all possible astrophysical production mechanisms, i.e., the production flavor composition is sampled
with (z : 1 — 2 : 0) uniformly on x. Therefore, this rather narrow band covers all possible scenarios of the
standard neutrino oscillations with the standard astrophysical neutrino production mechanisms.

In order to predict the flavor composition at Earth in the presence of new physics, the values of the
mixing matrices U,, should be specified. In order to show a prediction with new physics operators, we have

to account for all the free parameters in the mixing matrix; we use a random sampling scheme to construct
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the mixing matrix. A well established schema is the anarchic sampling [125, 126, 127, 128], which samples

a flat distribution given by the Haar measure

AU, = d&2, A déty A d52, A d (4.22)

where, 55, ¢;; and 6 are the corresponding sines and cosines and phase respectively for the new physics
n-operator mixing angles. We omit the Majorana phases since they do not affect neutrino oscillations.

In Fig.4.9 we show the allowed regions using anarchic sampling in the case where H = (%)n U,TLOHUH
Notice that in this case, we neglect the mass term and we are considering that the Hamiltonian has only one
operator, i.e., V = U,, so the result does not depend on n. Each plot in this figure correspond to a different
production flavor composition. We show the pion decay production (1 : 2 : 0), beta decay (1 : 0 : 0), muon
cooling (0 : 1:0) and for completeness we show the exotic v, dominant model (0: 0 : 1). The color density
in these plots is a representation of the probability given by the anarchic sampling.

In Fig.4.10 we show the case where we have a mass term and the n = 0 operators. In the top left plot,
we set Og = 1.0 x 10723 GeV, corresponding to the order of the current best limit on this operator. On the
top right plot we set Oy = 3.6 x 10726 GeV and the bottom plot we set Oy = 6.3 x 10728 GeV. These values
are chosen because they have the same magnitude as the mass term with neutrino energy of E, = 35 TeV
and F, = 2 PeV respectively. In this plot, the colors represent the different assumptions in the production
flavor content, and the color intensity is the probability given by the anarchic sampling as in Fig.4.9.

In Fig.4.11 we show the case for the n = 1 operators. As before, the top left plot we set the new physics
operator to the current best limit % ~ 10727, This is achieved by choosing O; ~ Oy ~ 1.0 x 10723 GeV
and A, = 1 TeV. In the top right plot, O; = 3.6 x 10725 GeV and A; = 35 TeV are used, and in the bottom
plot the parameters are O; ~ 6.3 x 10728 GeV and A; = 2 PeV. These choices make new physics to be the
same magnitude as the mass term with neutrino energy of E, = 35 TeV and F, = 2 PeV, respectively. In
other words, these choices explore new physics down to % =1.0x107%% and % = 3.2 x 10734, well beyond
what terrestrial neutrino experiments can achieve. The color notations and their intensities have equivalent
meaning as Fig.4.10.

From Fig.4.10 and Fig.4.11 we observe that the allowed regions in the flavor triangle change in a similar
way as a function of the energy scale. Comparing Fig.4.10 and Fig.4.11 with respect to the right plot
in Fig.4.9, where the allowed regions are more symmetric, there is a preferred region along the vacuum

oscillation triangle shown in Fig.4.8. It is interesting to notice that due to the unitary evolution and the fact
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Figure 4.9: Allowed region using anarchic sampling on the mixing angles for the new physics operator
when the mass term in the Hamiltonian is neglected. The different plots correspond to
different assumption on flavor content at production. The color intensity is proportional to
the probability predicted by anarchic sampling.

that the oscillations are averaged, for a given production flavor content, only a subset of the flavor triangle
is accessible.

The pion decay production mechanism (1 : 2 : 0) is one of the most natural astrophysical scenarios for
high energy neutrino production. From Fig.4.10 and Fig.4.11 the allowed region for this case is the smallest,
which means that if future measurements exclude this region, the pion production dominant mechanism is

excluded regardless of the presence of new oscillation physics.
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Figure 4.10: Allowed region using anarchic sampling on the mixing angles for the new physics n =0
operators. The top plot corresponds to the current limits on n = 0 operator; the bottom left
middle plot corresponds to Oy = 3.6 x 10726 GeV, while the bottom right plot corresponds
to Op = 6.3 x 10728 GeV.
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Figure 4.11: Allowed region using anarchic sampling on the mixing angles for the new physics n = 1
operators. The top plot corresponds to the current limits on n = 1 operator; the bottom left
plot corresponds to O1 = 3.6 x 10726 GeV and A; = 35 TeV (% = 1.0 x 1072%), while the

bottom right plot corresponds to O = 6.3 x 10728 GeV and A; = 2 PeV (% =3.2x1073).
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Chapter 5

Constraints on Sterile Neutrinos With IceCube

“Arribo, ahora, al inefable centro de mi relato, empieza

aqui, mi desesperacion de escritor. Todo lenguaje es un
alfabeto de simbolos cuyo ejercicio presupone un pasado
que los interlocutores comparten; scomo transmitir a los
otros el infinito Aleph, que mi temerosa memoria

apenas abarca?”

— Jorge Luis Borges, El Aleph.®

In Chapter 2 the properties of neutrinos and neutrino oscillations have been reviewed, in Chapter 3
an overview of the atmospheric neutrino flux was given, and in Chapter 4 new physics scenarios that can
be studied using IceCube atmospheric data were presented. Finally, in this chapter, the moment of truth
has come: Are there sterile neutrinos signatures in the IceCube atmospheric neutrino energy and zenith

distributions?

5.1 Signature and Model

First let’s revisit the sterile neutrino signature in IceCube. The effect of sterile neutrinos in the v, survival
probability was already discussed in Section 4.1. The most important feature is the MSW conversion of 7,
to Us. IceCube measures the survival probability as a function of cos @, and E,. In what follows a simplified
sterile neutrino model will be considered in which the only new mixing angle that is allowed to be non-zero

is f24; thus in this chapter when 0 is used it always refers to this angle. The effect of the sterile neutrinos is

5

I arrive now at the ineffable core of my story. And here begins my despair as a writer. All language is a set of symbols whose
use among its speakers assumes a shared past. How, then, can I translate into words the limitless Aleph, which my floundering
mind can scarcely encompass?
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illustrated in Figure 5.1 for the global best fit sterile parameter space, under the assumption that only 64

1S non-zero.

Antineutrinos at world best fit Neutrinos at world best fit
6.0 - 6.0 1.0
0.9
5.5
0.8
Opacity effect acity effect
pacity -0 pacity 0.7
Z Z 0.6
%) g S 0.5
¥ ¥ 0.4
- MSW resonance = 4.0
0.3
Vacuum-like 3.3 Vacuum-like 0.2
oscillation / oscillation 0.1
3.0
0.0

costl, cosll,

Figure 5.1: v, disappearance probability in neutrino and antineutrinos as a function of energy and zenith
with sin 220 = 0.15 and Am3, = 1eV?2.

Of course, the IceCube neutrino observatory does not directly observe neutrinos, but rather the products
of neutrino interaction: muons and showers. Muon reconstruction at energies greater than 500GeV is based
on the muon energy loss and is described in [129]. Tt is more meaningful to see the sterile neutrino signatures
in reconstructed quantities. In Figure 5.2, the effect of sterile neutrino as a function of reconstructed zenith
and muon energy proxy is shown. It is clear that there is not a one-to-one correspondence between the
proxy and the incident muon energy, and further there is not a one-to-one map between that energy and the
incident neutrino energy. From the most strict point of view the only thing we know is that the muon started
where its first light is detected; of course then we can assign probabilities of it starting at earlier times. From
these educated estimations we can obtain neutrino energy distributions, but not a neutrino energy. Thus,
the stronger the correlation between proxy, muon, and neutrino energy the better.

From Figure 5.2 we can note that the sterile neutrino signature has a characteristic energy-proxy/zenith
signal and that we are looking for effects at the 10% level. Furthermore, the fact that the parameter space,
which are shown on the upper left corner, covers several orders of magnitude: in Am?, from 1072 to 10
and in sin® 2654 from 1072 to 1 means that the sterile neutrino signature can have effects in all the energy-

proxy/zenith plane, which implies that we do not have control regions.
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The effect of the sterile neutrino in reconstructed quantities. The upper left diagram
illustration. The upper right Figure corresponds to parameter point one, while the lower left
each bin.

illustrates the sterile neutrino parameter space; three parameter points are mark for

Figure 5.2
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5.2 Event Selection

The event selection was performed by C. Weaver [16, 17] and consists of a high purity cut based on
the up going muon set. It is now worthwhile to introduce the analysis binning which corresponds to ten
logarithmically spaced bins in the muon energy proxy and twenty bins linearly spaced in cos,. The binning
has not been optimized for the analysis, but rather arises from IceCube energy and direction reconstruction
properties as well as to try to maintain large Monte Carlo statistics per bin in order to guaranty an accurate
prediction. The event distribution in the analysis space is shown in Figure 5.3. With respect to the original
C. Weaver selection we have reduced the event selection by cutting events above Epopy = 4 X 10 in order
to avoid the astrophysical background as well as reducing potential prompt contamination. Furthermore, we
have also introduced a low energy proxy cut in order to avoid the standard oscillation energy range as well
as to avoid increasing detector effects that become more important at low proxy, e.g. hole ice, ice models,
etc. As noted on the work of C. Weaver on the behavior of the energy proxy in this event selection the
correlation between the incident muon energy is lost for values of the proxy less than 400 due to the nature

of the proxy which is based on muon energy loss. This defines the lower bound on the energy proxy.
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Figure 5.3: Event distribution as a function of energy proxy and reconstructed cosf.,.

It is important to note that most of the events are around energy proxy O(10%), which translates to muon
energies of O(102GeV); see appendix on [17]. This is the energy range in which we expect sterile neutrino

effects to be significant as noted on Section 4.1.
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As we saw in Section 4.1 the sterile neutrino effect is an O(10%) effect on the LSND based fix point,
being considerably larger as sin® 26 increases. In Figure 5.4 the statistical errors on the analysis binning is
shown in reconstructed and true quantities. What is important to note here is that the statistical error when
the muon energy proxy is O(10%) is between 5 — 7%), which implies that the statistics are just enough to
perform the analysis. Note, though, that what gives the analysis sensitivity, as explained in Section 4.1, is
a very specific energy-zenith correlation, which will allow us to go further than simple statistics arguments
would suggest. An improved version on this analysis could be performed on the the already collected four

years of IceCube-86, which would then reduce the statistical errors to about 3%.

rox stat error 20 Expected stat error, 1 year 10
16 36
12 S 7 146 156 32
2L 8 i"; .2 14.0 .8 96 104 28
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= 5 202
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Figure 5.4: Statistical errors on the final selection in true and reconstructed quantities.

5.3 The analysis

In this section the main features of the analysis will be described. The analysis, performed and designed
in collaboration with Benjamin J. P. Jones and Jordi Salvado, is a blind analysis. In this section the pronoun
we refers to those two gentlemen and myself. Thus the analysis had three stages: the pre-unblinding checks,

the box opening, and the post unblinding discussion.

5.3.1 First Stage: preunblinding

The first stage, after recognizing C. Weaver’s event selection as idoneous for this analysis, was to identify
the main systematics and decide on the analysis’ statistical procedure. Weaver had already included several

systematics regarding atmospheric neutrino uncertainties and some detector effects. The original continuous
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Continuous parameter \ Central value | Gaussian prior width
normalization (Ng) 1 no prior
DOM Efficiency (e) 0.99 no prior
cosmic ray spectral shift (A~) 0 0.05
/K ratio 1 0.1
v /T ratio 1 0.025
atmospheric density shift () 0 tuned per-model

Table 5.1: Continuous nuisance parameters used in the fit. The central values are with respect to each
flux model, while the errors quoted are assumed the same in all models.

systematics considered by C. Weaver were: normalization of the atmospheric spectrum (Np), ratio of pion
and kaon contributions (R, k), uncertainty in the cosmic ray spectral index (Av), and DOM efficiency (e).

We can compactly write the initial atmospheric v, flux when considering these nuisance parameters as

Gatm(cos b, E,) = Ny (¢K(cos 0,E,) 4+ Rk ¢x(cosb, E,,)) x E;A7 (5.1)

where these were included as nuisance parameters in a maximum likelihood problem with priors given in
Table 5.1. It was promptly realized that we needed to include the v/ ratio since the sterile neutrino MSW
effect only occurs, for the 3+ 1 model, on antineutrinos. The use of only the Honda model as an atmospheric
neutrino prediction was a concern from the early on the analysis since this model was tuned for sub 10TeV
energies and later patched to higher energies, and further it was the main origin of the atmospheric priors.
This problem was not solved until A. Fedynitch [6] released the MCeq package [89] which allowed the solution
of the cascade equations which predict the atmospheric fluxes. Using this package G. Collins et al. [4] used
the AIRS satellite data to construct the atmospheric models which I described in Chapter 3. We could now
predict the atmospheric flux. This allowed us to confirm the parameters given in Table 5.1.

It was further realized that we needed to include the effect of atmospheric density uncertainty, which
has an energy and zenith dependency and is much greater as one approaches the horizon, since there is less
data from the AIRS satellite in the south pole atmosphere. The deviations are small, so we decided to use a
linear correction cos# and F, and constructed a function whose effect was predominantly around the horizon

where the uncertainties were larger; the following parametrization was used’

(E, — Ep) 1
E; 1+ Exp (—x(cos @ + cosbp))

€(cosf, E,;0) =14 (cosf + cosby)o |1+ . (5.2)

1
In some IceCube internal documentation you may find this parametrization named as the Jordi-é construction.
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where the parameters Ey, E;, x, and cosf were fitted and fixed from the atmospheric model variations?.
Then the error on the atmospheric uncertainty is controlled by the dimensionless parameter §, whose prior
we change for each model and is of O(0.05). This finalizes all the atmospheric neutrino nuisance parameters.

Even though the atmospheric uncertainties dominate this analysis, we — of course — studied all the
detector systematics. C. Weaver had already included the effect of changing the Digital Optical Module
(DOM) efficiency by generating MC data sets for five DOM efficiency values and then constructing a spline
?77?, which gave the effect of changing the DOM efficiency in final reconstructed quantities; analysis space.
As T already mentioned the goal of this analysis was to have systematic control on the detector side of
0O(10%). The detector systematics that we decided to include and study were the following: DOM efficiency,
DOM oversizing, Ice model variations, and hole ice effect. We promptly realized that we had a serious
problem. The existing IceCube MC statistical uncertainties for the default configuration of the detector on
the analysis space had errors of O(30%), and the systematic variations available had errors of O(100%). Even
more, the IceCube MC was designed to start in the upper atmosphere and was designed in such a way that
the effect of Earth propagation could not be disentangled after the fact. There was only one solution: we
needed a new MC system that started in the vicinity of the detector and had titanic statistics for the default
configuration and all systematic variants. The designed of this new system, which we called NuFSGen —
NeUtrino Final State Generator —, was a process that took O(lyear); I briefly sketch this MC approach on
Appendix A. Obviously, the production and extensive testing of this Monte Carlo was only possible through
great collaborative effort, of whom I would specially like to thank P. Desiati, G. Merino, J.C. Diaz-Velez, C.
Weaver, J. van Santen, D. Chirkin, D. Schultz, C. Kopper, and many others.

With the NuFSGen Monte Carlo in place we were ready to assess the effect of all systematics. First,
let’s see the effect of the original Weaver systematics in the analysis space. Those are shown in Figure 5.5.
As expected changing the spectral index changes the event count at the tail of the distribution. Changing
the DOM efficiency changes the position of the peak of the distribution and distorts the low energy tail.
Increasing the Kaon fraction increases the overall rate above 700 energy proxy units and reduces it below
it. From the effect of the one dimensional distribution one might get the impression that the 7/K ratio, for
example, is degenerate with the effect of the DOM efficiency change. There is some truth in that statement,
when performing a fit on the nuisance parameters there exist correlation between the different nuisance

parameters. But it is important to remember that the fit is performed in muon energy proxy and zenith,

2
We use Eg = 360GeV, E1 = 11279GeV, k = 200, and cos 6y = 0.4.
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Figure 5.5: Effects of continuous systematics on the event distribution. The upper right plot shows the
effect of changing the cosmic ray spectral index and the upper left shoes the effect of
changing the DOM efficiency. Finally, the lower panel shows the effect of increasing the Kaon
component normalization.
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not only in one or the other; thus e.g. the zenith effect of the DOM efficiency is different from the /K one
breaking degeneracies. Figure 5.6 shows the effect of changing the DOM efficiency from its nominal value,
0.99, to 0.9, 0.95 in the upper panels and to 1.089, 1.1979 in the lower ones. This Figure illustrates why the
DOM efficiency is such an important systematic, it has distinct energy effect that is of O(10%). Our spline
allows us to calculate the effect of the DOM efficiency variation for intermediate values than those shown in

these panels.
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Figure 5.6: Effects of the DOM efficiency change on the final event selection.

Another important effect in the MC generation is the DOM oversizing, which is an approximation that
is done in the conventional IceCube MC which assumes that the DOM is bigger than its physical size in
order to reduce MC generation time. Commonly, an oversizing of factor five is used, i.e. the DOM area is a
factor 25 larger in the simulation. It turns out that for muon energy proxy less than 103 the DOM oversizing

approximation breaks down causing mismodeling in the MC. This effect is shown in Figure 5.7 where in the
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right panel we illustrate the DOM oversizing approximation and on the right panel we show its effect on the
analysis space. The reason that DOM oversizing rescaling works at higher energies is that the average DOM
to event distance is larger, so the ratio of the area oversized disk and the photon surface area is close to one.
On the other hand, when the events happen close to DOMs, as depicted on the second diagram, then the

ratio of the surface of a sphere to that of a plane is not close to one. This is why the NuFSGen MC does

not use oversizing.
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Figure 5.7: Left panel illustrates the oversizing approximation. Right panel shows the effect of DOM
oversizing on the final distribution.

The next important detector effect is the hole ice effect which is shown in Figure 5.8. The hole ice
effect arises from the fact that, when the hot water drill deploys the IceCube DOMs in chains and the
water refreezes it behaves differently than the unperturbed bulk ice. It turns out that the hole ice effect is
subdominant with respect to those previously discussed, more over the effect of changing the ice model has
a comparable size.

This motivated the following analysis strategy. Large effects, such as the flux systematics, we will address
as continuous variations when doing the fit. Smaller effects, such as hole ice, ice model variations, and cross
sections, we will treat as discrete variations. This invites the following definition for the log-likelihood

Npins 2
S o 0, —
log £(sin® 264, Am3,) = ming (@) ( E [x log \; (6, d) — /\i(e,d)} + § ("02@")> , (5.3)
i=1 n n

where 0 corresponds to the continuous nuisance parameter vectors, d the set of discrete systematic pa-

rameters, and Al(é, d) = )\1(5, d;sin? 2054, Am3,). In practice for each sterile neutrino parameter point,
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(sin? 2054, Am32,), and fixed d we minimized on #, and then, at the end, we minimized on {d}. For com-
putational reasons we could not minimize on {d} = {flux variant} x {detector variant}, but rather we just
did {d} = {flux variant, detector variant}, i.e. when a detector variant was used we used the Honda flux,
while when a flux variant was used we used the default detector configuration. After defining the statisti-
cal procedure, we then performed data challenges for the null hypothesis and signal points and found that
within expected errors we recovered the injected hypothesis. Another important procedure to agree on prior
to unblinding was how the significance was going to be calculated. Due to computational limitation a full
Feldman-Cousins (FC) [130] could not be performed. We decided that we would unblind and quote initial
significances using Wilk’s [131] theorem and then validate it adding several points through the FC method.

We calculated the estimated sensitivity which we shown in the brazilian plot in Figure ?7. In this Figure
the dashed line represents the mean sensitivity, while the yellow and green regions corresponds to the bands
that encompass 68% and 95% of the null hypothesis injected 90% confidence levels from one thousand

simulated pseudoexperiments, respectively.

] Parameter | Expectation | Our prior | From [17] | This work |
normalization 1 no prior 0.93 1.045
DOM Efficiency 0.99 no prior 1.09 0.990
cosmic ray spectral shift 0 0£0.05 -0.023 0.051
/K ratio 1 140.1 1.15 1.064
v /U ratio 1 1+0.05 not used 1.00
atmospheric density shift 0 0£0.035 not used -0.043

Table 5.2: Best fit values for the null hypothesis

Finally, before unblinding, we performed preunblinding tests which consisted on using the null hypothesis,
i.e. no sterile neutrino, and perform various tests. There were some important rules: the fit could be formed
in the full analysis space, but we could only see either the projected zenith or muon energy proxy distributions
and — obviously — no sterile neutrino hypothesis could be tested. The reason for using only the projections
was that in the MC test we realized that one could not see the sterile neutrino effect if one would look only
at the projection, this guarded us against potential bias. The best fit parameters for the null hypothesis on
the pre unblinding test is reported on Table 5.2; no nuisance parameter was found to be in tension with the
priors. The one dimensional projections in zenith and energy (see Figure 5.10) were also found to be in good
agreement. We further decided to perform other tests. First we split the detector in four azimuthal regions:

x 5r] [3x 7x] [x 3m

[0, 7] [Z’ T} , [T’ T] , [5, 7], and [%’r, 27r]. Then we split the detector into lower and upper parts. For each
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Shape-only sensitivity
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95% (trials)
—1.8| = 68% (trials)

102 10 ¢ 10°
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Figure 5.9: IceCube-86 sterile neutrino search 90% C.L. brazilian plot sensitivity. The yellow band
corresponds to the 95% range, while the green to the 68%. The median sensitivity is shown as
a dashed black line.
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of these splittings we used the null hypothesis with its full detector nuisance fit values and looked at the event

distribution. No significant deviations were observed. After these tests were shown to the collaboration we

asked for unblinded permission. Unblinding permission was granted on Thursday, 19*" of March, 2015.
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Figure 5.10: One dimensional event distribution prior to unblinding.
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5.3.2 Second Stage: opening the box

After been granted permission to unblind we proceeded to make the fit on entire sterile neutrino parameter
space: this was a very computationally intense process. We unblinded on Wednesday, 29*" of April, 2015
and showed the results to the collaboration, in the upmost secrecy, on the Madison IceCube Collaboration

meeting on Friday, 15! of May, 2015. Figure 5.11 shows us on that day.

Figure 5.11: Upper left shows from left to right: Francis Halzen, Gabriel Collins, Janet Conrad, Ben
Jones, Carlos Argiielles, and Jordi Salvado. Upper right shows the core of the sterile
neutrino search team: Ben Jones, Carlos Argiielles, and Jordi Salvado. Lower panel shows
the commemorative champagne bottle of this analysis.

5.3.3 Third Stage: post unblinding discussion

The result of unblinding, assuming Wilk’s theorem, is shown in Figure 5.13. The best fit is at Am3, =
10 eV? and sin® 264 = 0.56, with Alog £ from the no sterile hypothesis of 1.91 corresponding to a p-value
of 19.4% with respect to the no-sterile hypothesis; the pulls for the later are shown in Figure 5.12. In other
words this result is compatible to the null hypothesis within 20. It is interesting, though, to ask: where
would the minima be located in case the null hypothesis would be true? In Figure 5.14 we show the location
of the minima when the null hypothesis is injected in the left panel. The right panel shows the likelihood

distribution when the null hypothesis is injected; it is remarkable that Wilk’s theorem holds very well when
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the null hypothesis is true. The location of the minima in the left panel is not really surprising given the

phenomenology of sterile neutrinos.
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Figure 5.12: The pulls for the null hypothesis are shown as a function of reconstructed quantities.

There are three distinct regions in this space. In the lower right region the sterile neutrino effect is

suppress by sin’ (Am?uL/ E) so no oscillation effect occurs, i.e. indistinguishable from the null hypothesis.

The middle region of the plot, where the nose sticks out, is where the MSW resonance happens: this region

is disfavored by the data. The upper region is when the resonance condition is no longer met, but fast

oscillations are in play. In this later region, given the fast oscillation, it is possible that the fluctuations given

by the MC expectation under the sterile hypothesis easily match the data. This is precisely what we see

when we inject the data and recover the best fit when using MC, this is shown in Figure 5.14 where we plot

the distribution of the location of the likelihood minima when the null hypothesis is injected.
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Figure 5.13: Result for the shape only analysis is shown as a function of Am? and sin? 26. The best fit
point is marked with a red dot (Am3, = 10 eV? and sin® 2654 = 0.56) with a p-value of
19.4% for the no-sterile hypothesis . The orange (yellow) line corresponds to the 90(99)%
C.L. exclusion obtained using Wilk’s theorem.
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Figure 5.14: The left plot shows the the best fit point location from data challenges in which the null
hypothesis is assumed. It can be seen that the region of high mass difference and large
mixing angle is often the outcome of minimizing the likelihood problem when the null
hypothesis holds. The right plot shows the distribution of log-likelihood differences between
the null hypothesis and the best fit in the same data challenges. The solid black line shows
Wilk’s theorem expectation and the blue data points the data challenge realizations
distribution. The green lines mark the likelihood values that correspond to 90% and 99%
C.L. obtained from the trials. Finally, the dashed red line corresponds to the log-likelihood
value obtained for the data, which translates to a Wilk’s p-value of 19.4%.
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The previous reasoning implies that at high Am? there is a degeneracy between the null and the al-
ternative hypothesis. The way to break this degeneracy is to introduce a prior in the normalization since
the main effect in the high Am? would be to change the survival probability proportional to sin?26. It is
natural to introduce this post unblinding prior, namely what is the constrain due to the normalization of the
atmospheric flux, since for the most extreme values of the mixing angle the normalization nuisance param-
eter approaches two. Thus we, post unblinding, introduced a prior on the normalization which is gaussian
with a spread of 40%. After introducing this prior we obtained the result shown in Figure 5.15, in which
the best fit point is now at Am3; = 10 eV? and sin? 2054 = 0.5 — rather close to the shape only analysis —
with a log-likelihood difference from the null hypothesis of Alog £ = 0.75 which corresponds to a p-value
of 47.2% from the no-sterile hypothesis. It is easy to notice by comparing Figures 5.13 and 5.15 that the
introduction of the normalization prior has reduced the strength of the result. This is to be expected, since
the normalization prior and the shape only result best fit point nuisance parameters are in tension between
each other — namely the normalization on the best fit point is far away from the prior —; this tension in the
likelihood problem reduces the significance of the result.

It is interesting to note that if we restrain to the regime of only the MSW effect, namely Am? < 5eV?,
a result very close to the rate+shape analysis is obtained, a similar result is obtained if one constructs the
likelihood differences with respect to the null hypothesis and rejects negative values on AL, i.e. a Wilk’s
exclusion limit. All of this reinforces the claim that no MSW inducing sterile neutrino has being found on
the IceCube neutrino data. Of course no claims can be performed, as expected from the sensitivity in Figure
5.15, on the higher or lower square mass differences. It is important to point out that restricting the sterile
parameter space is not justified and is a severe violation of blindness; also making Wilk’s exclusion limits is
not an appropriate statistical procedure in this case since one is in a flip-flopping scenario.

Finally, let’s go back to the nuisance parameters that we discussed in the previous section. After per-
forming the analysis and corresponding fit, these are shown in Figures 5.16 and 5.17. The left column in
this Figure corresponds to the continuos nuisance parameters when constrained to a single model, while the
right column contains the nuisance parameters minimized over the discrete models. An important point to
make here is that the normalization nuisance parameter goes to very high values in the upper right corner of
the plot. This is explained by the degeneracy between the normalization and the fast oscillations amplitude.

This plots helps to motivate the introduction of the normalization prior.
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Figure 5.15: Result for the rate + shape analysis is shown as a function of Am? and sin® 26. The best fit
point is marked with a red dot (Am3, = 10 eV? and sin? 2654 = 0.5) with a p-value of 47.2%
for the no-sterile hypothesis. The orange (yellow) line corresponds to the 90(99)% C.L.
exclusion obtained using Wilk’s theorem.
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3.0
2.4
1.8
1.2
0.6
0.0
—0.6
—1.2
—1.8
—2.4
-3.0

3.0
2.4
1.8
1.2
0.6
0.0
—0.6
—-1.2
-1.8
—2.4
-3.0

©

Minimized over discrete model

10 Normalization
~  10°
>
3
~ -
< 10
-2
10,02 107! 10°
sin? 20
10! DomEfficiency
~  10° 1'
>
3
&
< 101
-2
10,52 T 10°
sin? 20
10! PiKRatio

107!
sin® 20

3.0
2.4
1.8
1.2

3.0
2.4
1.8
1.2
0.6
0.0 ©
—0.6
—1.2
—1.8
—2.4
-3.0

3.0
2.4
1.8
1.2
0.6
0.0 o
—0.6
—1.2
—1.8
—2.4
-3.0

68

decreases in the parameter space that is compatible with the null hypothesis. The left plots

corresponds to the default discrete variation, while the right plots are minimized over the
discrete variations. The abrupt changes in value seen in the right plots arises from the
sudden change of discrete parameters.
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Figure 5.17: Same as Figure 5.16 for the cosmic ray index, nu/nubar, and atmospheric density
uncertainty nuisance parameters.
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Chapter 6

Conclusion

‘Posible, pero no interesante’ — respondio Lonnrot—.
‘Usted replicard que la realidad no tiene la menor
obligacidn de ser interesante. Yo le replicaré que la
realidad puede prescindir de esa obligacion, pero no las
hipdtesis.’

— Jorge Luis Borges, La Muerte y la Brijula.’

This work has not concluded. There is still several years more of data to analyze under the sterile
neutrino scenario, and we have not even studied the NSI and LV hypothesis. This is the next task. In these
next analysis we will reduce significantly statistical errors and further improvements on detector systematics
could be included such as precise determination of DOM efficiency and hole ice. Figure 6.1 compares our
result with the current appearance and disappearance bounds. It is clear from this image that we have
improved the constraints on sterile neutrinos due to neutrino muon survival probability substantially: this
increases the tension, see the discussion on 4.1. In essence, as discussed in Section 4.1, we have placed
constrains on |U,4|, but we need to remember the right panel on that same Figure on which we have ploted
the limit on appearance experiments under the assumption |Ug4|? = 0.023 [100]. In this panel Conrad et al.
[101] global best fit as well as the Kopp et al. [100] are in tension with this result. An obvious interplay
is relaxing |U.4|?, but perhaps a not so obvious possibility is to introduce other angles into the IceCube
sterile neutrino fix, in particular it has been noted that #34 and the sterile CP phases may play an important
role, see [13]. It is very interesting to consider the case of 034 which, according to the references previously
mentioned, diminishes the sterile neutrino resonance at the expense of modifying the atmospheric neutrino

measurements. What this tells us is that to properly use the IceCube result we need to perform a global fit

6
“It’s possible, but not interesting,” Lonnrot answered. “You will reply that reality hasn’t the slightest need to be of interest.
And I’ll answer you that reality may avoid the obligation to be interesting, but that hypotheses may not.”



71

on the sterile neutrino sensitive data. Thus, for this result to be useful, it is imperative that the IceCube
collaboration make available data and MC needed to include this result in the global analysis, in order words

a two way interaction between the experiment and the community. Fin.
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Figure 6.1: Final result compare to the world. Results of the blind analysis — shape only — and post
unblinding shape+rate analysis are shown together with disappearance (left) and appearance
(right) results.
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APPENDIX
The NuFSGen Monte Carlo

The NuFSGen Monte Carlo (MC) chain was specifically designed for the IceCube sterile analysis and,
with respect to the standard IceCube NuGen [132] MC — similar to ANIS [133] —, it provides finer control
of systematic effects, greater flexibility, and improved statistics. Here the production chain will be briefly
described and then the MC weighting procedure will be presented. The MC events discussed in appendix
are included as part as a digital appendix as well as the IceCube events that have form part of the analysis

presented in this thesis.

A.1 Monte Carlo Chain

The Monte Carlo chain starts by generating events using MuonInjector [134], which is a prototype version
of the more general LeptonInjector [135]. Since the analysis selects for muon tracks the topology to be
generated is that of a v, charge current interaction. MuonInjector creates a muon-hadrons' that would be
later propagated by the IceCube software. A total energy, F,, is assigned to the pair by sampling from a

power law distribution, e.g. E~2. Then the muon and shower energy fractions are assigned by sampling

from a discretized di";y ansatz that has been chosen to match the differential cross section at a fixed energy.
Since both neutrinos and antineutrinos need to be simulated, when the initial lepton-hadron pair is produced
a fair coin is tossed to generate either a u™ or pu~. The cross sections used are the ones reported in this
thesis, namely Argiielles et al. [136]. The position of the pair is specified by sampling uniformly on cos6,
and then again uniformly in column density on a cylinder that contains the detector and whose axis is in

the direction of the primary particle, i.e. the neutrino, and its height corresponds to the 99% C.L. volume

which the muon will not survive to exit due to losing energy in the medium.

1
The IceCube MC contains a particle type call hadrons which is a template of a hadronic shower whose structure is energy
dependent and obtained from GEANT simulation.
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Once the muon and shower pair is generated, and their properties specified, the muon is propagated
using PROPOSAL [137, 138], which is a C++ reimplementation of MMC [139, 140], while the shower is propagated
by CMC [141]. The Cherenkov photons arising from the charged particles are simulated by direct photon
propagation using CLSIM [142]; which is shown to be compatible with PPC [143] used in older IceCube
simulations. Then photon and detector simulation are performed as described in Chapter 3 of C. Weaver

[16]. After which the cuts on Chapter 4 of C. Weaver [16] are applied.

A.2 Weighting the MC Events

Following the previous prescription, and for the purpose of this work, an IceCube event can be represented

by the following structure

MC Event

—' injectedEnergy | corresponds to the sum of the lepton and shower energies. [GeV]

x of the interaction. [dimensionless]
y of the interaction. [dimensionless]

—' InjectedMuonEnergy | initial energy of the muon. [GeV]

—' injectedMuonZenith| initial zenith of the muon. [rad]

—' inelasticityProbability| probability of given interaction. [dimensionless]

—' totalColumnDepth| column depth where there interaction was forced. [gr/cm?]

|ReconstructedQuantities

1
_____________________ ]

MuonEnergyProxy| muon energy proxy. [dimensionless]

reconstructedMuonZenith | reconstructed muon zenith. [rad]

FLWeight | Event flux-less weight. [GeV cm? st]

The true quantities variables are mostly self explanatory and they always make reference to the particles
at the interaction vertex, i.e. when the muon-shower pair is produced. Of these quantities the only one

that is not self explanatory is the inelasticityProbability which is the probability which corresponds to

having selected a given (z,y), namely it is 1 o

> dedy (z,y)AxAy where AzAy is the MC kinematic sampling

discretized phase space size 2. Since the physical neutrino flux is approximately a power law in energy it is

2
In the MC production we set Az = Ay = 1073,
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not efficient to generate events according to a flat energy distribution; it is better to sample according to a
power law. On the other hand, the spectrum only changes linearly in zenith and azimuth, for which it makes
sense to sample uniformly in cosf, and @.zimuth- Under these assumptions — when we simulate MC events
from Fin to Fpax with an index v # 1, from cos O, t0 €08 Opnax, and from ¢, t0 dpax in azimuth with

equal numbers of u* and = 3- the weight of a MC event is given by the following formulae

d?o

w = Wgen X totalColumnDepth x N, X
event gen P a dl‘dy

X $) = WFL X () (A1)

where N, is Avogadro number, ¢ _, is the flux of (anti)neutrinos in the center of the detector, dd;;y the
v

charge current (anti)neutrino cross section, and wgen is the MC generation weight which is

1 AzA 1 QuenAgen LY — BT
Wme = 72 . . °y A = - max T (A2)
0.5 inelasticityProbability Ny e FE~Y (1—7)

where F is the event injected energy, Nyc is the number of MC events, 0.5 arrises from the fact that we
have generated equal amounts of neutrinos and antineutrinos, Q = A¢,A cos 8, is the generation solid angle,
and Agen = 7TRi2nj is the injection area *. Finally, Eq. A.1 also introduces the flux-less weight (wgr,) which

is given in the digital appendix as FLWeight in units of GeV cm? sr; i.e. if the flux is given in units of

GeV lem 2sr 71871, then wWeyent has units of s71, namely the event rate associated with the given flux®.

3
In the MC production we set ¢a min = 0, Pa,max = 27, 02 min = 80°, 02 max = 180°, Enin = 102GeV, and Emax = 105GeV.
4

In the MC production we set Rj,; = 800m.
5

The Sterile analysis lifetime was of 8249.6 hours.
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