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High Energy Neutrinos at IceCube
36 neutrino events detected by IceCube in the high energy region 30 TeV up to 2
PeV

Ernie: 1.0 Pev Bert: 1.1 Pev  Big Bird: 2.0 Pev
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Philipp Sicking, September 1, 2015,
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Flavor Composition (¢ : ¢, : ¢;)
Deviation from canonical (1:1:1) ratio?!

[lceCube, 2015] [Palomares-Ruiz, Vincent, Mena, 2015]
35 TeV - 1.9 PeV, Best Fit: (0:0.2:0.8) 28 TeV - 3 PeV, Best Fit: (0.92:0.08:0)

. Philipp Sicking, September 1, 2015,
3/28 Introduction PP 9 Un?versﬁy of Hawaii
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Flavor Composition (¢ : ¢, : ¢;)
Deviation from canonical (1:1:1) ratio?!
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[lceCube, 2015] [Palomares-Ruiz, Vincent, Mena, 2015]

25 TeV - 2.8 PeV, Best Fit: (0.49:0.51:0) 28 TeV - 3 PeV, Best Fit: (0.92:0.08:0)

. Philipp Sicking, September 1, 2015,
3/28 Introduction University of Hawaii
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Possible Explanation

Results still compatible with expected canonical ratio!

Wait for higher statistic to either confirm canonical ratio, or open the door to
new physics

no Glashow events at 6.3 PeV?

(resonant production of ee — W)

several new physics models proposed

idea in this talk: modification due to altered dispersion relation
— shortcuts in extradimensions

Philipp Sicking, September 1, 2015,
University of Hawaii
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How to change the expected flavor ratio?

Astrophysical Origin of neutrino = oscillations will be averaged out:

N oy o [ SMEL
Pag = Prosus(t) = 0ap — 4> (UnkUskUajUs;) sin iE
k>j

=) |UakP|Upk[?> for L>> o
; E
lead to canonical Flavor ratio of (1:1:1) in case of initial pion source
change effective mixing angles in U, for change of flavor ratio

init

O, = Pag®f"  withinitial flavor composition = &
E

Philipp Sicking, September 1, 2015,
University of Hawaii
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How to change the expected flavor ratio?

Vacuum:

Vo) = 3 Uilv)  Hiss = gt Hiaor = U Himass(U)

U° diagonalizes the Hamiltonian in flavor space (rotates from flavor space to
mass eigenspace)
Introduce flavor-specific potential

H)gavor = UOHmEiSS(UO)]L +V
leads in general to different effective rotation matrix U = rotates from flavor
space to propagation eigenspace
= Different effective masses and different effective mixing angles!

Philipp Sicking, September 1, 2015,
University of Hawaii
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Example: Neutrinos propagating through 1st generation matter (electrons)

1 100 o
v=2_' G [0 0 0 Y .
V2 000 I I

Problem: No Standard-Model Mechanism for neutrinos in the interstellar spacetime

No matter
neutrinos uncharged
gravity: not flavor specific

= Idea: Introducing sterile neutrino with potential caused by spacetime

Philipp Sicking, September 1, 2015,
University of Hawaii
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Side Note: What is a sterile neutrino?

m postulation of neutrino to explain spectrum of beta
decay

“I have done a terrible thing, | have postulated a particle
that cannot be detected” - Wolfgang Pauli, 1930

m neutrinos are detectable due to weak interaction

ALEPH
0| DELPHI

L3
OPAL

= number of neutrino species e
determined by Z-resonance ¢

relative number of
electrons emitted

electron kinetic energy

8/28 Introduction

Philipp Sicking, September 1, 2015,
University of Hawaii
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Side Note: What is a sterile neutrino?

frequency in neutrino oscillation is
determined by 6m? — only 2 oscillation
expected

Neutrino

+ *Data stat err)
20 v, fromu*
] 5

m K’

Events/MoV

MiniBoone, LSND anomalies: new oscillation
frequency with 6m? ~ 1eV? discovered?

Gallium and Reactor annomalies: reduced
active neutrino flux

EventsiMeV

new neutrino can not interact weakly — 0s
sterile neutrino o

sterile neutrino: fermion, SM-singlet 02
but mixes with SM neutrinos

Jason Kumar: "half of the spectrum in String . )
Theory is a sterile neutrino® [MiniBooNE Collaboration, 2012]

Philipp Sicking, September 1, 2015,
University of Hawaii
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Side Note: What is a sterile neutrino?

frequency in neutrino oscillation is
determined by 6m? — only 2 oscillation
expected

Neutrino
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Events/MoV

MiniBoone, LSND anomalies: new oscillation
frequency with 6m? ~ 1eV? discovered?

Gallium and Reactor annomalies: reduced
active neutrino flux

EventsiMeV

new neutrino can not interact weakly — 0s
sterile neutrino o

sterile neutrino: fermion, SM-singlet 02

but mixes with SM neutrinos

Jason Kumar: "half of the spectrum in String . )
Theory is a sterile neutrino® [MiniBooNE Collaboration, 2012]
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Model

Introducing a sterile neutrino

vacuum mixing angle 6 to mix flavor and mass eigenstates

expand space time to an extra spatial dimension u with a non-trivial warping
n(u)

3
08 = o — 3o (u) (ax') — d?
i=1

motivated by brane-world scenarios: Let sterile neutrino propagate in 4+1
dimensions

original motivation: super luminal neutrinos at opera » can lead to shortcuts
for the sterile neutrino

Philipp Sicking, September 1, 2015,
University of Hawaii
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New Mixing
Shortcut through extra dimension — time shift 6t — difference in the action

AS ~ H6t:>AHeff:H5—Tt ~¢cE

shortcut-parameter [Pé&s, Pakvasa, Weiler, 2005]: e = 1 — n(u)
new effective Hamiltonian:

y_ 0m* (—cos20 sin20) (0 0
T 4E \ sin20  cos26 0 ¢E

New effective Mixing-Angle:

. cos20 — 2E5¢
cos20 = 527
(%e —cos 29) + sin?(20)

Philipp Sicking, September 1, 2015,
University of Hawaii
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Modification due to constant Potential
introducing the resonance energy

2
Eres = dm? cos 20
2¢
new effective mixing angle
12
sin? 26 = sin” 20 5
2
sin? 20 + cos? 26 [1 - (£) }

leading to now energy depending mixing matrix U(E) and therefore energy
depending flavor Ratios

®a(E) =) Pap(E)PS" # 04
B

Philipp Sicking, September 1, 2015,
University of Hawaii
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Two models of sterile neutrino
[Kopp et al., 2013] [Asaka, et al., 2007]

Light Sterile Neutrino (LSN) Neutrino Minimal Standard Model
= motivated by LSND, MiniBoone and (vMSM)
Gallium anomalies m sterile neutrino as warm dark matter
B SmP ~ 1eV? B 6mP ~ 1(keV)?

m sin® (20) ~ 0.12, (sin?(#) ~ 0.03) m sin®(20) ~ 1077, (sin®(9) ~1078)

X X Philipp Sicking, September 1, 2015,
13/28 Constant Effective Potential PP g, B ersity of Hawai



technische universitat Theoretische Physik 11 /
dortmund Fakultét Physik

¢e, q)/u q>7'1
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. . Philipp Sicking, September 1, 2015,
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Flavor Ratios at Resonance

source ‘ ¢03 “ mixing H R S T G
Pion 1:2:0:0 none (6% = 0) 1/2 1 1/3 1/9
ve — vy 119 8/11 11/30 4/45
v — vy 12 1 113 119
(ve, vp) — vg 41/73 32/41 41/114 16/171
(Y, vr) — vy 26/31 21/10 26/57 7/57
Damped 0:1:0:0 none(e"‘4 =0) 7 7M1 47 7118 2/27
Muon ve — vy : 913 4/9 9/22 2/33
vy — V4 220 2/3 12 2/5 115
(vesvp) — vy 16:115:115:42 115/131 16/115 115/246 8/369
(Y, vr) — vy 4 16/11 7/4 16/27 7/81
Neutron 1:0:0:0 none (9"‘4 =0) 217 5/2 2/9 5/27
Beam ve — vy 1/3 2 1/4 12
v — vy GBE 1/4 3 115 3/5
(vesvp) — v 10:1:1:6 1711 10 1712 5112
(vp,vr) — vy 35:14:14:9 217 52 2/9 5/9

Philipp Sicking, September 1, 2015,
University of Hawaii
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Constant Effective Potential - Summary

substantial changes in flavor ratio possible due to shortcuts in extradimension

significant effect at resonance Energy Eges = 1/ 2720520

resonance width « 6, therefore “large” vacuum mixing needed
resonant behavior should be seen in future spectral analysis

Philipp Sicking, September 1, 2015,
University of Hawaii
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Varying Effective Potential

Geodesics with non constant € possible

As a proof of concept we use an asymmetrically
warped space time

ds? = dt? — e 2klulgy? _ g

leads to geodesic for sterile neutrino [Hollenberg,
Micu, Pas, 2009]

u(x) = iﬁlnﬁ + K2x(1 — x)]

two free parameter: warp factor k, periodic length /

Philipp Sicking, September 1, 2015,
University of Hawaii
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Varying Effective Potential

new effective masses

=4 = 5 (57 — cos20)” +-sin’(29)

with A=2E2 (1—17>
14+k2x(I—x)
new effective mixing angles ]
cos20—2E2 (41
cos20 = o ( v ‘**ZX“‘”>

2
2E2 1 in2
=5 | 1— ———— ] —cos 20 | +sin?(20)
J <5m2 < 1+k2x(l—x)> )

= Effective masses and mixing changing during propagation process x
comparable to MSW-Effect

Philipp Sicking, September 1, 2015,
University of Hawaii
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A Side Note: The MSW-Effect [Wolfenstein, 1978], [Barger,
Whisnant, Pakvasa, 1980], [Mikheyev, Smirnov, 1986]

Problem: For Solar neutrinos Pee is different for low and high energies.
Explanation: Matter effects become dominant for higher energies:

1 (m: 0 1 10
Hgavor = UOE ( o1 mg) (UO)]L + zﬁGFne (0 0)
due to charged current interaction possible with 7.

Note: Electron density ne changes (slowly!) during propagation in the sun
from core to surface

= Varying effective potential in the adiabatic regime

Philipp Sicking, September 1, 2015,
University of Hawaii
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A Side Note: The MSW-Effect [Wolfenstein, 1978], [Barger,
Whisnant, Pakvasa, 1980], [Mikheyev, Smirnov, 1986]

e is produced in high density-region —
electron neutrino is nearly complete in

52
m
heavier effective mass eigenstate ve =~ »
adiabatic limit: potential changes slowly
enough to have no transitions between
effective mass eigenstates /‘

stays in heavier mass eigenstates until
surface

in vacuum the fraction of 7 in 0> is He

significantly lower (6 ~ 34°)

nres

Philipp Sicking, September 1, 2015,
University of Hawaii
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Adiabatic Limit

Want to apply MSW effect for our extradimensional scenario
condition for adiabatic behaviour (changing slow enough): Tsystem < Tinteraction
leads to

4F3 de

—— < = <1
(62 sin? (26) O o

Yres =
if condition is satisfied at resonance, it is satisfied everywhere
approximative condition for geometric parameters k/:

2FE°

. S— Y
(5m?)2 sin(20)

lower bound for k?/

Philipp Sicking, September 1, 2015,
University of Hawaii
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Effective Masses

- 2 2 .
me =4+ \/(6—22 —c0s26)" + sin(20)
with A=2F?2 (1—%
\/1+k2x(l—x)>

produced active neutrino propagates as
lighter neutrino

converges to sterile neutrino at x = § and
back to active neutrino

repetition after x > / L /

‘ - X
12 1

Philipp Sicking, September 1, 2015,
University of Hawaii
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Survival Probability

Py.sva(x) = cos? 6 - cos? 6 + sin? 6 - sin? §
Pyo—sus(x) = sin? 6 - cos? § + cos® 6 - sin?

p p
\
0.5 0.5
12 1 ‘ 12 1
Increasing E from blue to purple Increasing k from blue to yellow

- I Philipp Sicking, September 1, 2015,
23/28 Adiabatic Limit PP 9 Un?versﬁyof Hawaii
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Survival Probability

average over periodic length

!
P= 1/ Py va(X)dx
I'Jo

depending on K/

to lower transition probability, a
larger ki is needed =- upper bound ‘ ‘ : = =
for kI ~0.1 1 10 100 1000 10*

blue: kI = 0.1, red: kI =1, green: jj
kI =10

since P — 0 the neutrino will be undetectable (sterile state)

Philipp Sicking, September 1, 2015,
University of Hawaii
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Expanding to Three Active Generations

mechanism provides transformation of mass eigenstates into (almost) purely
sterile states

coupling 2 sterile states each to two neutrino mass eigenstates and not to v;
= flavor ratio will be (U : UZ; : U%)

possible flavor ratios ~ (4:1:1), (0:1:1), (1:1:1)

Philipp Sicking, September 1, 2015,
University of Hawaii
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Occurrence of this effect

adiabatic condition — small k?/

substantial decrease admixture of corresponding mass eigenstates:
P < 0.25 — big K/

solar neutrinos should not be affected — position of resonance occur at
distances higher than earth-sun

apply again to sterile neutrino models vMSM and light sterile neutrino
leading to viable parameter space for geometric parameters k and /

Philipp Sicking, September 1, 2015,
University of Hawaii
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Constraints for geometric parameters

Model | &m? | sin20) | E | Kl K21/eV
LSN (1eV)? 0.12 30TeV | 2107 [ «22.107%
LSN (1eV)2 012 | 1.2Pev | 210710 | «35.107%
vMSM | (1 keV)? 10~7 30TevV | 2107"" | «55.1072°
vMSM | (1 keV)? 1077 | 1.2Pev | 2107 | «3.5.10"%
1075 100 105 1010
10—]0 10—10
. [0 yMSMhighE
- 10715 1075 O yMsMiowE
“ [] LSNhighE
10-20 10-20 [ LSNlowE
1075 100 103 1010
linly

27/28

Resulting Constraints

Philipp Sicking, September 1, 2015,
University of Hawaii



technische universitat Theoretische Physik Iil /
dortmund Fakultat Physik

Conclusion & Outlook

measurement of high energy flavor ratios can be a probe for non-standard
neutrino properties

new effective potentials due to new sterile neutrino physics

provide non standard energy dependence

adiabatic conversion in asymmetric warped space time could explain a ratio of
4:1:1

further experimental results needed

Philipp Sicking, September 1, 2015,
University of Hawaii
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Conclusion & Outlook

measurement of high energy flavor ratios can be a probe for non-standard
neutrino properties

new effective potentials due to new sterile neutrino physics

provide non standard energy dependence

adiabatic conversion in asymmetric warped space time could explain a ratio of
4:1:1

further experimental results needed

=- Look at exotic phenomenology,
the time has come

Philipp Sicking, September 1, 2015,
University of Hawaii
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Model | P | siteo) | E | W K2lfeV anfoe2s
LSN (1eV)? 0.12 30TeV | 21071 [ «22.107% 1027
LSN (tev)? 012 | 12PeV | >107" | «35.10% | 6.5.10~%
vMSM | (1 keV)? 107 | 30TV | >107" | «55.1072° | 1.1.107%
vMSM | (1 keV)? 107 | 1.2Pev | 2107 | «35.107% | 6.9.10~%

Philipp Sicking, September 1, 2015,
28/28 University of Hawaii
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Backup

61 25 1 RPPST I P
10°ly = 5. 10% 4 > xes > 8107 = 1.6 10 7ly (1)
leads to
1, 471 émPcos20 5 1, 051 6mPcos26 . »
620 v ez K> 3p0 T 2E @

Philipp Sicking, September 1, 2015,
University of Hawaii
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Figure : Appearance- and Figure : Appearance-probability for different

disappearance-probability energies

Philipp Sicking, September 1, 2015,
28/28 University of Hawaii
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Backup

Effective masses

=2 A émP A
m __EiT\/(W

with A=2E?2 <1 -

— cos20)” + sin?(20)

1
\/1+k2x(l—x)>

28/28

Philipp Sicking, September 1, 2015,
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Backup
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