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Atmospheric Neutrino Oscillation
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Atmospheric Neutrino Oscillation
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Atmospheric Neutrino Oscillation

Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003 (2008)
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e Osc. probabilities P(vy—v,) at earth diameter baselines produce 1+
oscillation maximum/minimum at ~25 GeV
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Charged particles traveling through water/ice

produce Cherenkov radiation

hadronic
shower

Advanced Test Reactor
Idaho National Laboratory



Photo-Multiplier Tubes

Photocathode Lastdynode

Photons 4 £ Focusing electrode

>
2 .
Photons ( “ €
> |
1 : e
Photons .
45 e

/

Window

*Australian Microscopy &
Photomultiplier tubes (PMTs) Microanalysis Research Facility
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lceCube/DeepCore

lceCube Lab

S~ - - - lceTop
- — - m—= - - - __— 81 Stations

= 324 optical sensors o

50m

.l

lceCube Array

86 strings including
8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized
for lower energies
} 480 optical sensors
Eiffel Tower
324 m

1450 m
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lceCube Digital Optical
Module (DOM)
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lceCube Hot Water Drill Animation




lceCube Hot Water Drill Animation




NuMu

6.08e+04
44 .43 deg
557.53 deg . | . f
100/446 shown, moxEEGeV% == 56675.77

100/444 shown, max E(CeV) == = 1.58
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NuMu

6.08e+04
44 .43 deg
557.53 deg . | . f
100/446 shown, moxEEGeV% == 56675.77

100/444 shown, max E(CeV) == = 1.58

D. Jason Koskinen - NBIA PhD School: Neutrinos Underground and in the Heavens ||



Track topology

(e.g. induced by
muon neutrino)

Good pointing

IceCube: lower bound on
energy for through-going
events

DeepCore: well
contained and provide
good energy via muon
track length
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Track topology

(e.g. induced by
muon neutrino)

Good pointing

IceCube: lower bound on
energy for through-going
events

DeepCore: well
contained and provide
good energy via muon
track length

Cascade topology W LR W R Il
(e.g. induced by electron "‘.: \RARN 31.' | - [
neutrino) ‘T’l. SALEE BT B

Good energy resolution 3\
lceCube: some pointing NRRN

DeepCore: poor AW AR AR AR R
pointing, more difficult to O U VS W Y
ID and reconstruct WA ;

.‘\. . \: iR . ‘ : ]
RN R v\ L " : . i’ § ]
- N N\ \ ki \ L ) ! ) s 1 ! ! 4
W\ 5 : 9 ') ’ y —_— -
S W %\ W : { | =9 § | ) “on time” delayed
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Track topology

(e.g. induced by
muon neutrino)

Good pointing

IceCube: lower bound on
energy for through-going
events

DeepCore: well
contained and provide

good energy via muon _
track length VandV are,

essentially,

Cascade topology | indistinguishable |

(e.g. induced by electron A
neutrino) A O

Good energy resolution KR
lceCube: some pointing AN R WA W
DeepCore: poor
pointing, more difficult to AL
ID and reconstruct

"’f- ..“.\-. .‘-.‘. ‘..' 0'\:
% 6\ T . e\

% O\ "\ ! ..\. \
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lceCube/DeepCore

® DeepCore
e |ncreased sensitivity at energies less
than 100-200 GeV

e 8 special strings plus 12 closest
ceCube-standard strings

e Denser DOM and string spacing
e Deepest and clearest Ice

e Higher efficiency photon sensors

e |ower trigger threshold

* |ceCube is not only a high
energy neutrino detector, but
also a cosmic ray muon veto
for any inner detectors

D. Jason Koskinen - NBIA PhD School: Neutrinos Underground and in the Heavens |l

Overhead View

DeepCore strings have
10 DOMs with a

DOM-to-DOM spacing
of 10 meters
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Oscillation w/ DeepCore

* |ceCube + DeepCore collects > 100k isotropic neutrinos at trigger level, tens
of thousands have undergone oscillation. Even single percent final analysis
efficiency contains 1,000s of atm. v events/year

= S0 = | ! ' -SRI
% | === DeepCore Trigger E
S | :
Q - =sssss [ceCube Trigger w/o DC . .
E 40} -
g Eouuooolnlnunl
:tq:) i ln.n.a.’ N
- 301 : ]
8 ' ! |
Q. B .u.u.ul )
N n -
mimim- -
- u : -
201 : : .
= - - 1
i _pn.n.nn.! .:' |
- ;Il.l.l. Sesnnns® T
10 . ;IIIII" E .
.0 1.2 1.4 1 6 1.8
Energy (Log 0 GeV)
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Oscillation w/ DeepCore

* |ceCube + DeepCore collects > 100k isotropic neutrinos at trigger level, tens
of thousands have undergone oscillation. Even single percent final analysis
efficiency contains 1,000s of atm. v events/year

c o0 : 1 3
% DeepCore Trigger g 10 -~
g T umu be Trigger w/o DC E ?
£ 40 : S
> 30 Oscillation
o Minima 0.6
@12700 km
. |
10 0.2

Q ‘ - 0.0
.0 1.2 1.4 1.6 1.8 2.0

v, Energy (Log . GeV)
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Current Results

500 : X
—— Expectation: best fit
400}| - - - Expectation: no osc. - Ve
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Do bl s st by il ffi it
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*DJK, Neutrino 2016
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Measuring Parameters

underlying nature o
Ua Uy Upgs V2) weak mixing
V7'> Ui Ur2 Usrs V3>

<
T
|

C12 = cosBq» S12 = sinB1>

/ Ve) \ C12€13 $12€13 -3'136’-_"8 / Vi) \ .
Experimentally
V) | = | —s12¢23 —ci2823513€"°  c12023 —s12523513€”° $23¢13 V2) measured
\!Vr) / S12573 — €1223813€™°  €12523 — s12023513€°  €23013 \ V3) / values

Three angles and one Charge-Parity phase
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D. Jason

What |s Being Measured?
*NOW2014

| '. |

Daya Bay

KamLAND Solar CC/NC ratio =
V. Disapearance

V. Disappearance

MINOS/T2K
V. Appearance

[J MINOS/T2K
s : .
: - v, Disappearance

OPERA and SK
Solar NC fluxes v: Appearance

Mark RosF-Lonerganl-- IPPP, D+rham University

Koskinen - NBIA PhD School: Neutrinos Undergr:



Unitarity

* Minimal assumption direct experimental constraints for
PMNS unitarity can be improved upon

*arXiv:1508.05095
9 T T T I T T T I T T T I T T B ‘ T T T T T I T T T I T T T T T T I T T T [ I T T T I T T T I T T T I T T T
i ’Uel| E 1T |Ue2| 1T ‘Ue3‘ — w/o Unitarity
I ' 17 17 (All data)
o 1. T T --- with Unitarity
N (All data)
< T : 1
3k | - |- N e w/o Unitarity .
i ! 17 17 (No normalisation 1
i ' 4t or sterile data)
0 1 1 I 1 1 ¥ J 1 1 1 I I I 1 1 I 1 1 1 I 1 1 1 I 1 1 1
9 T T T T I T T T T T T I L] T T l T
(101 I 7. U, P
61 4k 4L - _
NX -
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Unitarity

* Minimal assumption direct experimental constraints for

PMNS unitarity can be improved upon
*arXiv:1508.05095

i ‘Ue?)‘l —I w/o lIJnitarit;/

(All data)

-- with Unitarity
(All data)

(No normalisation 1

- 0 e w/o Unitarity -
or sterile data)
1

m Vol
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Unitarity

* Minimal assumption direct experimental constraints for

PMNS unitarity can be improved upon

*arXiv:1508.05095
i ‘Ues‘l —I w/o lIJnitarit;/
- (All data)

-- with Unitarity
(All data)

(No normalisation 1
or sterile data)
1 I 1 1 1

B w ----- w/o Unitarity -
1

o) Y ]

From OPERA
|U173|2 > O
*arXiv:1507:01417
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Experimental Approach

* |ceCube-DeepCore will collect the largest sample of
oscillated vt ever

Signal Background
— = — —
lceCube
DeepCore
< > _ >
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Experimental Approach

* |ceCube-DeepCore will collect the largest sample of
oscillated vt ever

Signal Background

- V-cascade at 0(25) GeV

< i < —
lceCube
DeepCore
<l > < e
%
I‘
‘\
~ N
— - @ . — = > =
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Experimental Approach

* |ceCube-DeepCore will collect the largest sample of
oscillated vt ever

Signal Background

- V-cascade at 0(25) GeV - Pure-noise events
- 'Ghost’ cosmic ray muons

- Irreducible background from
cascade-type neutrino interactions

Cosmic Ray

< > MUOH < >
lceCube
DeepCore DSIte'Ctor
— — °
k‘ "
- Ve,u,t-NC + <
< E/ \{ p G101 N <l N —
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Event Rate for v; Appearance

* Expected rate is low compared to background

e Kinematic suppression to the v; cross-section versus Ve

e 1-lepton decays quickly w/ final state neutrino resulting in missing

energy
20000 — ¢ 0 . ]
Y o g, 12000!
iso00l - - | 10000}
¥ : 1 3 »
0 0
N L 8000}
m m
c I £
5 10000 n 6000
< =
) [}
> >
t | 4000
5000 foo o ; —————————————————————— 1
| 2000
0.5 1.0 1.5 2.0 2.5 -1.0 -0.5 0.0 0.5
Logo(Reconstructed Energy (GeV)) Reconstructed Cos(Zenith)

*M. Larson, Neutrino 2016 (poster)
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lceCube/DeepCore v: Appearance

40 | | High stats. evt. selection
lceCube v: Appearance
35 3 Year MC Expectation 160
(Preliminary)
30 |
T 2D 56
=
S 20
N
" 15 4 o
a%\&
10} o ]
6,0/ 30
51 4 :
20
O ' 1 1 (¢]
0.0 0.5 1.0 1.5 2.0
CC

v.~ Normalization

*DJK, Neutrino 2016
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lceCube/DeepCore v: Appearance

40 | | High stats. evt. selection
lceCube v: Appearance
35 3 Year MC Expectation 160
(Preliminary)
30 '
- 25 ; 56
= s
S 20 T
N E
. , 4
15 o, Supports |Uy3l? 0
10l 6\% Unitarity |
So o
51 4 :
20
O ' 1 1o
0.0 0.5 1.0 1.5 2.0
CC

v.~ Normalization

*DJK, Neutrino 2016
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lceCube/DeepCore v: Appearance

40 High stats. evt. selection
lceCube v: Appearance
35 3 Year MC Expectation 160
(Preliminary)
30 |
2D i Do
% <4 Non-3x3 Unitary
3 20 -
N
| 4
15 O. Supports |Uy3l? 0
10l 6\% Unitarity |
50 o
51 4 :
_ 20
0 l | lo
0.0 0.5 1.0 1.5 2.0

v°“ Normalization

*DJK, Neutrino 2016
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lceCube/DeepCore v: Appearance

40 High stats. evt. selection
lceCube v: Appearance
35 3 Year MC Expectation 160
(Preliminary)
30 |
20 i ; ; Do
E <= Non-3x3 Unitary Unphysical =—
j] 20 i i
N
. 4 o
15 O. Supports |Uy3l?
10l é\% Unitarity .
Co
51 4 :
. 20
0 | 1 1o
0.0 0.5 1.0 1.5 2.0

v°“ Normalization

*DJK, Neutrino 2016
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lceCube/DeepCore v: Appearance

40 High stats. evt. selection
lceCube v: Appearance
35 3 Year MC Expectation 100
(Preliminary)
30 |
20 i ; ; Do
E <= Non-3x3 Unitary Unphysical =—
'j 20 i i
N
. 1o
15 95 Supports [Uysl?
< Unitarit
10} 0 / 1o
Co
51 4 :
. 20
| 1 1o
0 IC86 Expected 90% ’ 9

SuperK 90% (arXiv:1206:.0328)
0.0 0.5 . 1.0 1.5 2.0
v.~ Normalization

*DJK, Neutrino 2016
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Fundamental Mixing Today

Quarks (CKM)
((//\ /"H,/ Vus \'1,/)\ /(/\

1.0 — € -
L 2p<0
CE
A A A J J J J 1 J 1 J 1 J J 1l 1 1 J_l_LL.L A_]
1.0 05 0.0 0.5 1.0 15 2.0
P

Confirms Unitarity
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Neutrino (PMNYS)

Uel UeQ UeB
— Uun U2 Ups
UTl UTQ UTS

Currently Assumes Unitarity




Fundamental Mixing Today

Quarks (CKM) Neutrino (PMNS)
, Vs Vi) [
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"Current’ Experimental Landscape

Accelerator Based

I ! | | | | I | | |
| eV | KeV |0 MeV |00 MeV | GeV 10 GeV 100 GeV | TeV 10 TeV 10 PeV

Non-Accelerator Based

*Boxes provide sense of scale for physics sensitive regions
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"Current’ Experimental Landscape

Accelerator Based

I I I I I I I I |
eV | KeV |0 MeV |00 MeV | GeV 10 GeV 100 GeV | TeV 10 TeV 10 PeV

GERDA
EXO
KamLAND-Zen
NEMO
CUORE
Majorana

Non-Accelerator Based

*Boxes provide sense of scale for physics sensitive regions
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"Current’ Experimental Landscape

Accelerator Based

I I I I I I I I |
eV | Ke\ 10 MeV |00 MeV | GeV 10 GeV 100 GeV | TeV 10 TeV 10 PeV

\

GERDA \
EXO Borexino

KamLAND-Zen KamLAND
NEMO Double Chooz
CUORE Daya Bay
Majorana Reno

%4

Non-Accelerator Based

*Boxes provide sense of scale for physics sensitive regions
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"Current’ Experimental Landscape

Accelerator Based

I I I I | | | | |
eV | Ke 10 MeV 100 MeV | GeV 10 GeV 100 GeV | TeV 10 TeV 10 PeV
\ Super-Kamiokande
GERDA \
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KamLAND-Zen KamLAND
NEMO Double Chooz

CUORE Daya Bay
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Non-Accelerator Based

*Boxes provide sense of scale for physics sensitive regions
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"Current’ Experimental Landscape

Accelerator Based
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Non-Accelerator Based

*Boxes provide sense of scale for physics sensitive regions
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"Current’ Experimental Landscape

Accelerator Based

NOVH
OPERA
T2K |MINOS+
MINERVA
|Mi<:roBooNE
I I I I I I I I
eV | Ke 10 MeV 100 MeV | GeV 10 GeV 100 GeV | TeV 10 TeV |0 PeV
\ Super-Kamiokande
GERDA \
EXO Borexino lceCube/DeepCore
KamLAND-Zen KamLAND ANTARES
NEMO Double Chooz Baikal
CUORE Daya Bay
Majorana Reno

Non-Accelerator Based

*Boxes provide sense of scale for physics sensitive regions
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"Current’ Experimental Landscape

Accelerator Based
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"Current’ Experimental Landscape
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"Current’ Experimental Landscape

Accelerator Based
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Non-Accelerator Based

*Boxes provide sense of scale for physics sensitive regions
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"Current’ Experimental Landscape

Accelerator Based

NO\/;|
OPERA
Tokl | MINOS+
MINERVA
r"licroBooNE
I I I I I I I I
eV | Ke 10 MeV 100 MeV | GeV 10 GeV 100 GeV | TeV 10 TeV 10 PeV
\ Super-Kamiokande
GERDA \ }IIIIIIIIIIIIIIII
EXO Borexino lceCube/DeepCore ANITA
KamLAND-Zen KamLAND ANTARES HiRes
NEMO  Double Chooz Neutrino Mass Ordering Baikal Auger
CUORE Daya Bay T
Majorana Reno Enhanced Oscillation

(V; appearance & v, disappearance)

Non-Accelerator Based

*Boxes provide sense of scale for physics sensitive regions
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Neutrino Hierarchy/Ordering

V3 I T vV, I

Amj,
v, I V., I

Bve BV V- BVe BV: V-

n.b. “Neutrino Mass Ordering” and “Neutrino Mass

Hierarchy” are used interchangeably
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Neutrino Hierarchy/Ordering

e A big detector with sensitivity at O(1) GeV energy is in
the range of measuring the neutrino hierarchy/ordering

V. [ T vV, I |
] 2 T>Am$2
V., I
> Am3,

or A
vV, I [t
2
v, Amy, v..
1 3
Bve BV V- BVe BV: V-

n.b. “Neutrino Mass Ordering” and “Neutrino Mass
Hierarchy” are used interchangeably
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Neutrino Hierarchy/Ordering

e A big detector with sensitivity at O(1) GeV energy is in

the range of measuring the neutrino hierarchy/ordering

e Ok, fine. But, why would anyone?

or

v, I,
v, I

2

> Ams,,

A e

mv. WY, [0V
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n.b. “Neutrino Mass Ordering” and “Neutrino Mass
Hierarchy” are used interchangeably



Neutrino Hierarchy/Ordering

e A big detector with sensitivity at O(1) GeV energy is in

the range of measuring the neutrino hierarchy/ordering

e Ok, fine. But, why would anyone?

* Besides, of course, fundamental physics is fundamental

V. I

or

v, I,
v, I

2

A e

Bve BV. [V-
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n.b. “Neutrino Mass Ordering” and “Neutrino Mass
Hierarchy” are used interchangeably



Neutrino Mass Anive d Gonven
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* \Why is the neutrino mass ordering (hierarchy) relevant?
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lceCube

Precision

|ceCube

N ext DeepCore

Generat / >
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Geometry Optimization
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PINGU Simulated Event (Old)

DeepCore Only

o 928 GeV Neutrino, 4.9 GeV muon,
4.5 GeV cascade

e Older PINGU geometry w/ ~1/3 the
number of DOMs/string, but
illustrative of the potential
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PINGU Simulated Event (Old)

DeepCore Only

o 928 GeV Neutrino, 4.9 GeV muon,
4.5 GeV cascade

e Older PINGU geometry w/ ~1/3 the
number of DOMs/string, but
illustrative of the potential
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PINGU Technology Options

* Conventional 10” single PMT DOM
e Possibility for using multi-PMT DOM (mDOM)

e 3" PMTs providing almost 4nt angular coverage

* Up to factor 2 increase in photon collection vs. 10” PMT

lceCube
Digital Optical Module (DOM)

*L. Classen, ICRC 2015 (proc.)
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PINGU Neutrino Mass Ordering
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PINGU Neutrino Mass Ord

P(v,—v,) with Travel Through the Earth - 10 GeV, 179
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PINGU Neutrino Mass Ordering

P(v,~v,) with Travel Through the Earth - 10 GeV, 179
14 .
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PINGU Neutrino Mass Ordering

P(v,~v,) with Travel Through the Earth - 10 GeV, 179

—~ 147 y
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e Inverted/Normal ordering has up to 20% different in oscillation
probability for specific energies and zenith angles (baselines)
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Neutrino Ordering w/ No Magnet

P(v,—v,) with Travel Through the Earth - 10 GeV, 179
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* Neutrinos will see either enhancement or suppression of
oscillation probability, but anti-neutrinos will experience an
opposite sign modulation of the exact same magnitude
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Neutrino Ordering w/ No Magnet

arXiv:0203272 *G. Zeller, PDG 2012
T R, rrr Hnl e 1.6 % ANL, PRD 19, 2521 (1979) ¥ IHEP-ITEP, SUNP 30, 527 (1979)
" - ; ® ArgoNeuT, PRL 108, 161802 (2012) v IHEP-JINR, ZP C70, 39 (1996)
o o= s O BEBC, ZP C2, 187 (1979)
;1 02 ,__,. R \.\ al 8 1.4 s  EBNL PRDZS. 617 (1982 ® MINOS, PRD 81, 072002 (2010)
o . . R E — O  CCFR (1997 Seligman Thesis) 4 NOMAD. PLB 650, 19 (2006)
,.c = Ve R R WT-5XV o~ 1.2 01 CDHS, ZP C35, 443 (1987) ¢ NuTeV, PRD 74, 012008 (2006)
|h .......... = a2 : E m  GGM-SPS, PL 1048, 235 (1981) X SciBooNE, PRD 83, 012005 (2011)
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* PINGU has no magnet to separate neutrino from anti-neutrinos,
but there is a cross-section and flux difference between
neutrinos and anti-neutrinos
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Oscillation Pattern

Normal hierarchy Inverted hierarchy
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e Even before including detector effects and reconstruction
smearing, the event rate histograms are quite similar
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Neutrino Mass Hierarchy by Eye

Track-Like Events (mainly CC vy+v,)

30 . . . .
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PINGU NMO Sensitivities

12 ,
11L — N O,,m,ed,l,an,,senSItlv,lty ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
LI S e Preliminan g

95/ CL (stat) | : § —

e Brazilian flag sensitivities —
P

for the NMO analysis =4

Qb

o SenS|t|V|ty 1S mostly 040 045 050 055 060 065

Insensitive to the value sin? 6,
O'I: 6(: , Wh |Ch |S |n 7 »——-It)mediansen;sitivity - 68% CL- (stat) 95%CL(stat.)-
P - Prellmlnary |

contrast to other beam-
based experiments

x x NUFit v2.0 |q best % :
0.40 0.45 0.50 0.55 0.60 0.65
sin? 0,

*DJK, Neutrino 2016
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Statistics - A slight
aside
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® Neutrinos

Hierarchy Distinguishability Metric = : igepepeecor

- Use method outlined in Akhmedov, Razzaque, Smirnov - arXiv:1205.7071

Z‘TIH _ Z‘Z,NH 2 z = cos(zenith)
S p— E > ( ZJ /LJ ) Vef}Z Z Z;Lj‘zgc?;ive volume
tot L] NNH
©]

NNE = P )N« ®(v,) 5+ 0(vu); « VT + PNE (D)1 % ©(T) 5 # 0(7) + Vil

- Essentially bin, sum, and subtract one hierarchy from the other.
It works because:

Probability P(VM)IH + P(E)IH +* P(VM)NH + P(V_M)NH
Flux : ®(v,) > ®(7,)

Cross — Section : o(v,) > o(V,)

D. Jason Koskinen - LBNL 3 Februar N ] lceCube-DeepCore-PINGU



http://arxiv.org/abs/1205.7071

® Neutrinos

H OW LO n g ? : Lc:l?\l%ul?e-DeepCore

* The effect of all of the caveats needs to be determined

o Apply no conditions Distinguishability with Time

212 :

_ E i o(E)=0 GeV, o(0)=0, 0 Hits
* Apply 20 hit 2 ol
“reconstructability” 2 [
cut “E

i o(E)=0 GeV, o(0)=0 , 20 Hits
 Apply detector o
resolution sl

* Apply resolutions 20 I
and 20 hit cut ;_,___..7 — o(E)=3 GeV, o(6)=10, 20 Hits
0 #115é215:133154|1415é

Time (years)

lceCube-DeepCore-PINGU



® Neutrinos

Statistics Issues from Literature : isgeoeecos

*arXiv:1210.3651

* Since this is a “discussion”...

* The Akhmedov et. al. method may be optimistic

- Uses a chi-squared like statistic, but the discrete aspect of the
neutrino hierarchy fails regularity condition of Wilks’s theorem

» Alternative possibility is a MC method*

- Create many sets smearing the reconstructed angle and/or energy
for a specific hierarchy

- Compare likelihood of smeared set(s) to a normal hierarchy
template and an inverted hierarchy template

D. Jason Koskinen - ENAL = April.




® Neutrinos

Time to Distinguishing

 The statistical power of PINGU makes systematics a
critical factor sooner rather than later for hierarchy
- PINGU specific - angular reco, energy reco, ice modeling...

- Neutrino field at large - MC neutrino generators, cross-sections,
atmospheric neutrino flux...

Akhmedov Method MC Method
£ [ o(E)=0 GeV, o(0)=0,0 Hits | & | o(E)=0 GeV,o(9)=0, 0 Hits
§ 100 b— g 12 _—
£ T 10—
7 80— -
o B
, 81— ; :
60 o(E)=0 GeV, o(0) ~0", 20 Hits - o(E)=0 GeV,0(0)=0, 20 Hits
61—

IIIIIII

40

IIIlII

20—

o(E)=3 GeV, o(0)=10, 20 Hits

SN SR RN N T AU N SN NN AN S N NN AN RN VRN AN AN A AR A AN A (111111 ' T ' T T :. ¢+ 1 1 |
2 2.5 3 3.5 4 4.5 5 00 1 ) 3 4 5
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Differentiation Between Inverted/
Normal

e Use a likelihood ratio with many simulated trials

41000 —— 7 — T —
|::1 l()g(ﬁ( X ,,,1 IH)/L(X ;| NH) 1

3500 [ £ - log(L( Xy 1H)/ ﬁ(\\,,\m)......j ............... G
- Avg Val, obs |H ' '

3000 i LH_HUUH””H””,U”””@ ....................... i
2500}

2000

# Trials

1500

1000

500

“10 -5 0 5 10
Log Likelihood Ratio
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Back to our regularly
scheduled physics




PINGU Octant

e Number of years to exclude the wrong 023 octant

 Compare goodness-of-fit between best-tit over the entire range and
best-fit where the search is restricted to opposite octant

e |O less sensitive because MSW effect is in the anti-v channel

0T

 — 10
S R T I . I R e -

' 90% CL

o 0CL [\

Year until exclusion of wrong octant

*DJK, Neutrino 2016
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PINGU Octant

e Number of years to exclude the wrong 023 octant

 Compare goodness-of-fit between best-tit over the entire range and
best-fit where the search is restricted to opposite octant

e |O less sensitive because MSW effect is in the anti-v channel

S T T

9 —NO ____________________________________________________________________________________________
o IO

8

T

90% CL

Year until exclusion of wrong octant

. v*
lelele

*DJK, Neutrino 2016
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PINGU Octant

e Number of years to exc

e Compare goodness-of-fit

ude the wrong 0,3 octant

petween best-fit over the entire range and

best-fit where the search is restricted to opposite octant

e |O less sensitive because MSW effect is in the anti-v channel

10

Year until exclusion of wrong octant

NMO/Octant
degeneracy for
— 'opposite’ octant best-
fit when true best-fit
sin2923 < 0.45

*DJK, Neutrino 2016
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*DJK, Neutrino 2016

— 80 | ' | ] »
V1 Appea rance z._: ivetime: 1 year 1l | 2
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S 400 B3z,
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El R
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measurement Elal
e Direct measure of U 3/? o 0
cos(0)
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- | | | | <
excess in cascade % | *Note, PINGU is CC+NC  |™™ expected Ig'
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Conclusion

* |ceCube/DeepCore is producing results using high-purity track-like
events and working towards improved and new results with
multiyear datasets which will allow for the most sensitive probes of
v-appearance, which is a direct test of neutrino mixing unitarity

* Moving further into precision neutrino physics, e.g. dcp, requires
extended precision measurements of PMNS unitarity

e PINGU can resolve the Neutrino Mass Ordering at 30 in 3-4 years
and greatly enhances the reach ot IceCube/DeepCore physics
portfolio (v: appearance, octant, precision 033, ...)
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Backup
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Sterile Neutrinos

e Sterile neutrino signatures extend in energy beyond the
conventional reactor and accelerator searches

e At Am?4=1 eV? there is a matter induced resonance at v
energies of O(1) TeV for 3+N models, or v for N+3

Earth induced opacity 3+1 sterile including MSW
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2 R 2
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Sterile Search Approach

e Two separate diffuse vy event selections of 1-year livetime (IC59 and
|IC86-1) were used to search for a sterile signal [deployment map in backup]

® The pronounced sterile feature for v is smeared out by:

e Reconstruction uncertainty
e The v-induced muons are uncontained

e Signal is combination of v + v

100
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I14
- 80 ~
1108 Q
9 & 160 &
¥ @ e
18 2. 5
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O 2
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No Sterile Signature

* Primary result is IC86 “rate+shape”, complemented by IC59
aﬂd |C86 ”Shape Oﬂly" 10! - Acceptgd to PRL

* "rate+shape” is a
posteriori inclusion of a
40% prior on the atm. v 107+
flux normalization |

* From rapid oscillations, results at

‘---.-.---.
a®

Am? 2 5 eV? with an unphysical 10~

/7
'/
e,
l/'
''''''
"I
l[.
1
llllllll
L
LN
L

flux normalization are highly

‘a
/////
.,

degenerate with a no-sterile result | IceCube 99% CL Exclusions

, . | | === [C86 rate+shape s
e The loose prior constrains the flux |\ 1C86 shape only (blind result) .|

normalization to be physical and 102 L 1C59 result |
breaks degeneracy between many 102 1071 10°

high Am? results sin® 20,,
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lceCube Sterile v Result

1
l y 5\7
:( o ’ 1
10°
N
=
O
~—
=
< —1
10
| — IceCube 90% CL :
I 90% CL sensitivity |
(68% and 95%) :8%
Kopp et al. (2013) :E %
mmm= Collin et al. (2016) > |
10— ]
10 10 10
Public IC86-1 data release at £ 12 *Poster 4.088 by C. Arguelles
sin® 20,,

https://icecube.wisc.edu/science/data and arXiv:1605.01990
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