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Neutrino Sources

Becker, Phys. Rep. 458, 173 (2008)

PP

Solar

o AMANDA-I|

B Frejus

BBXW kpc
/) 1987

L relicy
E SN

Atmospheric

3
N
.
o
N
N
A &
Ny
y
\
S
s
v\
Y
SN
O
LY
LN
'
[
Y
il
R
P
[
LY

LS

. %

. %

ol |
,

Neutrinos as new physics EFoe
probes!? - 10 |
— only known physics beyond SM i 18
— high energy o
. L 3
— long baselines Q10
— high Lorentz boost (> 10'") =
S
2
All high-energy fluxes connected =~ 10~
with cosmic rays "
10
-1
Challenges: 10"
— low cross section and/or low fluxes 2
: 10
— absolute fluxes often uncertain
— “test beam” is astrophysical 107
15 -10

-5

0 5 10
log(E, /GeV)



Atmospheric Neutrinos
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7Figure from Los Alamos Science 25 (1997)

J. Kelley, UH Manoa

Produced in cosmic ray
interactions, charged pion/
kaon decay

Below ~50 GeV: mass-
induced oscillations!

Vy <> Vs




Neutrino Oscillations

| Dec 201 |

Evidence (SuperK, SNO) that

neutrinos oscillate flavors
(see e.g. hep-ex/9807003)

Mass and weak eigenstates not
the same (mixing angle(s))

Implies weak (flavor) states
oscillate as they propagate
(governed by energy differences)

J. Kelley, UH Manoa

() = (o8 3m ()

Figures from Los Alamos Science 25 (1997)
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Oscillation Probability

. Probability that Vu has become v,
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P(V, — Vg) + P(V, —V,)

o

P(‘vy, —'v}) = sin® 26 sin®[1.27 Am*(L/E)]

Distance, x = ct

. Probability that v, is still v,

J. Kelley, UH Manoa




Example |: Violation of Lorentz Invariance

Lorentz symmetry violation possible in various quantum gravity
formulations

“Fried chicken” VLI = modified dispersion relation™: £ —])‘(“-I-mq(‘4

Different maximum attainable velocities c, (MAVs) for different particles:
AE ~ (oc/c)E

For neutrinos: MAV eigenstates not necessarily flavor or mass eigenstates =
mixing = VLI oscillations

Am? -1 0 Ao, E™ —1 0
T T, Tt
H:t _lE I'Tg ( O .I.) I'T/‘;' + 2 I’ == ( O 1) [ En,Enn

* see Glashow and Coleman, PRD 59 116008 (1999)




VLI + Atmospheric Oscillations

1

1

2
=1 — sin? 20 sin? <Am N R)

4F

1
sin? 20 = 702 (sin2 2093 + R? sin® 2§ + 2R sin 2023 sin 2€ cosn)

R = /14 R2? + 2R(cos 2093 cos 2£ + sin 20,3 sin 2€ cos7)
_Gel 4E
¢ 2 Am,
* For atmospheric v, conventional oscillations turn off above ~50 GeV

(L/E dependence)

* VLI oscillations turn on at high energy (L E dependence), depending on
size of dc/c, and distort the zenith angle / energy spectrum (other
parameters: mixing angle &, phase 1)

Gonzilez-Garcia, Halzen, and Maltoni, hep-ph/0502223



VLI Atmospheric v, Survival Probability
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AMANDA and lIceCube

b \ punch-through
muons

IceCube Lab
AT S e s IceTop
== — =~ - _— 80 Stations, each with
50m[— T S I S 2 IceTop Cherenkov detector tanks

2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

atmosgheric
neutrinos ‘ IceCube Arra

/86 strings incIudYng 6 DeepCore strings
60 sensors on each string
5160 optical sensors

AMANDA Array

Precursor to IceCube

extraterrestrial
neutrinos

1450 m

DeepCore

6 strings—sensor spacing optimized
for lower energies

Eiffel Tower

324 m
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Detection Principle

Tracks:

Muon - IC 40 data

Cascades:

IC79 Cascade Event

Composites:

16 PeV v_simulation



Amundsen-Scott
South Pole Research Station

lceCube
South Pole Station o
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Current Experimental Status

No point sources (yet)

Large sample of atmospheric muon
neutrinos

— AMANDA-II: 6500 events in 7 years,
energy range: 0.1-10 TeV

— One year of IceCube 22-string data: ~5700
neutrino candidates

— One year of IceCube 40-string data:
~14000 neutrino candidates

22-string lceCube neutrino skymap (2007)

| Dec 2011 J. Kelley, UH Manoa 14



Simulated Observables
(AMANDA 2000-2006)

VLI signature: deficit of muon neutrinos at high energy, near vertical

Log, €./

reconstructed zenith angle

Nchannel (energy PI"OX)’)
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Results: Observables
(AMANDA 2000-2006)
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Data consistent with SM atmospheric neutrinos + O(1%) background
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Results:VLI upper limit

Abbasi et al, PRD 79, 102005 (2009) maximal mixing

—24

-----
-----

Py

-

SuperK+K2K limit* (red dotted):
excluded

, dcle < 1.9 x 1027 (90%CL)
-25 '

«  AMANDA 2000-2006 data:

dc/c < 2.8 x 1027 (90%CL)

_o7 [N * Constrains interpretations of
I Tt ] OPERA result
_____________ , (see e.g.arXiv:1109.5917)
-28 ‘
0.0 0.2 0.4 0.6 0.8 1.0
sin® 2¢
*Gonzéalez-Garcia & Maltoni, PRD 70 033010 (2004)
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Example 2: Sterile Neutrinos

* Missing ingredient in
SM: neutrino mass

Three Generations
of Matter (Fermions) spin %

mass . |
charge - |24

name - |1

-~ C

~ charm

D26

104 MaV eﬂ».zseul
£ 5
= \.
S A : bn
= " strange ttom
Cr
o0 ey
nV
mugn
neutfino
0.511 MeV 105.7 MaV 1.777 GeV
n |=L -1 1
4 = T
=]
=
@ electron muon tau
=
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Bosons (Forces) spin 1




Example 2: Sterile Neutrinos

* Missing ingredient in
. Three Generations
SM: neutrlno mass of Matter (Fermions) spin %2

mass - 2.4 MeV 1.27 GeV 171.2 GeV 0
charge - | 23 u 7 C %A t 0 g
b . name - up charm top gluon
* Extend with right-
" 4.8 MeV 104 MeV 4.2 GeV 0
= |-%A -5 -5 0
handed v - “d S D Y
4 down strange bottom photon
<0.0001 eV /~10 ke ~0.01 eV / ~GeV ~0.04 eV / ~GeV E 91.2 GeV 0 >114 GeV
o‘\[ Nl 0 N2 OVT N3 ~lo Z 0 H
1 1 y ; muo i tau /' sterjlg ?8\ K . Hi
* No SM interactions St seiieg | neuirio SIS, | PeUting netirino| S | Yorce boson
LL .
66 . ' 0 0.511 MeVv 105.7 MeV 1.777 GeV |04 ey - spin 0
(“sterile™), but can he Pp Pt | M
o )
o o
Pa rti C i Pate i n — electron muon tau m ‘f’g?glef

oscillations

figure: O. Ruchayskiy



Hints of Sterile Neutrino(s)?

Oscillation data

- LSND Aguilar-Arevalo et al, PRL 105, 181801 (2010)
Aguilar et al, PRD 64 112007 (2001) o

—_ MiniBooNe e LSND

0.015 ¢} A MB V mode
Reactor “antineutrino = 0010 |

1

anomaly” E oo0s |
Mention et al, PRD 83 073006 (201 1) = _H'l"{”

0.000 H +“F‘H~

, L T4

0005 b

Dark matter. PUISar kICkS. 02 04 06 08 1.0 1.2 1.4 1.6 1.75 2.6

Cosmology (SPT)!? LIE, (m/MeV)

Not a magic bullet
— see e.g. Hamann et al. (arXiv:1108.4136)
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Sterile MSWV Resonance

Survival Probability: ¥, to sterile, in Earth (Am? = 1 eV?, sin’26 = 0.2) |
5

 Matter effects can enhance
oscillations (MSWV effect)

Log, (E /GeV)

* Resonant O(| eV) sterile

% 100 1o 120 139 a0 150 B neutrino oscillation in
courtesy W Fuelsnicz atmospheric neutrinos
o Am41 = 0 4 eV?, Sln2924 = 0. 1 — see e.g. Choubey JHEP 0712,014 (2007)

£ on * Observable in IceCube!

g'm (with control of systematics)
I o= FN. DR T : 3"32. osaon-
T %8 28 o4 o2 o0

Cos( 3,)
courtésy-AEsmaili and F. Halzen J- Kelley, UH Manoa 21



Example 3: Neutrino Mass Hierarchy
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DeepCore and PINGU

DeepCore (completed)

— 30 MTon sub-detector * .

— ~10 GeV threshold il

— lceCube acts as a veto ‘I\c@C \

— O(100k) physics quality I
atmospheric V/yr |

7

—

HREL

B

PINGU-I (proposal in
progress)

— 20 more strings

— ~| GeV threshold

— access to more oscillation
minima

SOOTIT

| - Zuri
| Dec 201 | J. Kelley, Uit v



v

Sensitivity to Hierarchy

Neutrino
hierarchy Mena, Mocioiu & Razzague, Phys. Rev. D78, 093003 (2008) I PINGU Events with E_ < 25 GeV, cos(v zenith) < -0.9, for 5 years I
(sin?(2012)=0.1) :
L ) 6000
n T c N § ' '
AN R £ L Very Preliminary
= | apergs o 5000(—
" T —
© n S E . .
.g - | T — § : Normal hierarchy
Oé “l 54000~ W inverted hierarchy
g v, appearance E
S 0.6f 3000(— .
= _
8 E .
0.4} v, disappearance 2000}—
N L]
0.2 1000—
0 B 1 1 L 1 I 1 L 1 1 I 1 1 1 1 I L la l 1 l 1 1 1 1
0.0 L 0 5 10 15 20 25
10 20 30 40 50 E, [GeV]

Neutrino Energy (GeV)

|0 0 effect in several bins... but does not yet include analysis efficiencies!

Depends strongly on size of 0,; (T2K results promising)
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An Aside on Systematics: lce

Dust concentration (a.u.)
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Dust Absorption via Muon Timing Residuals

Hit Resdiduals for PTD (blue) and Elves (red) (depth 90-100m) |

Calculated Absorption of Ice (300 < T“ml <700, MAM cuts)

— 200 : : : ; .
E S Millennium
2180~ —— Data (average)
160 :_+ ......................... ................................................. ....................
140} ]l +
. *t T
120 e o o ~F
- +?+ L i P T R
100 e e e e oo ...{:—
S S BT B R “ee
80— 4 e S e o
C L+ : - .
60':* ......................... .................................. "...... ....................
e : :
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S B T PP B
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Dust layers “washed out” in old ice model!

- 1
_______hResiGolden39
- Entries 16352
Integral 5.228e+05
¥2/ ndf 29.14/38
- Constant 9.411+0.031
= Slope  -0.002766 = 0.000064
1
hResiTest39
Al Entries 14720
10 - Integral 3.678e+05
L . #2 / ndf 35.51/38
i Constant 9.16 = 0.04
- , Slope -0.003471 = 0.000079
= ”'ﬁ.
3 iy
10° +1 i H
- tiyg 4 b Y
: ity
i it
- 1 I 1 1 I L L ‘ 1 L ‘ 1 L '*J
0 200 400 600 800 1000
Hit Residual (relative to Pandel, ns)
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Present: Global Fit to Flasher Data
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Absorption length (m)

SPICE™ (noreg) | 102 SPICE™ (noreg) D Ch'rkm
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Two generations of ice model later:
much better agreement with data, fine structures resolved

Simulation includes photon propagation through ice using GPU cluster
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Neutrino Spectra

(\l‘_|
E . o AMANDA-I|
> 13 ~CvB A = Frei
- ]0 ' \“‘ rejus
7)) |
- pp BB\10 kpc
& 8
@10 ~| 11987
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Solar relic
S 107 \ RSN
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New “test beam”:
cosmogenic neutrinos!
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GZK Effect

proton loss length

* Suppression (“cutoff”) of high-

. 10° .
energy cosmic rays due to
interaction with CMB photons
(Greisen-Zatsepin-Kuzmin) 10* o
........................ T £
+— A(1232 MeV) pt+m S0l - ;
L — n47nt =
& :
5 photopion |
* Threshold ~ 6 x 10'? eV 2
10 :
* Pion decay results in neutrinos
100 ! I I I
1017 1018 1019 1020 1021 1022

E [eV] Berezinsky et al. 2007
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The Neutrino Connection

* GZK process also produces UHE

neutrinos!
GZK neutrino flux models

py — nmt — nu+vy Tt —

= 5 Fe

* Nuclei will tend to | '

photodisintegrate first (reduced
flux)

* UHE “test beam” for new physics
tests

— cosmological baselines probed 10—20 e

A I A VIR A AR
17 18 19 20

— energies ~ 10'8-10'° eV log[E,(eV)]

Anchordoqui et al., PRD 76 123008 (2007)



Askaryan Emission

* Coherent radio pulse from charge
excess (60-1000 MHz) in neutrino-
induced showers

166 * Radiation characteristics confirmed in
4+ 56° Cherenkov Cone | sand. salt. and ice
K, ¢ T \ ’ 9
S T (see e.g. Gorham et al.,, PRL 99:171101,2007)
= 1-4km
V N | o .
\ | * Cold ice is exceptionally RF-

transparent

* Radio is scalable to very large arrays

Kowalski et al. 2007

| Dec 201 | J. Kelley, UH Manoa 31



ARA:Askaryan Radio Array

80 km? radio-frequency

UHE neutrino detector

Cosmogenic neutrino

rates up to 25 events /

~ 50_80 m jm P
N
; 200m_ | | // 
Calibration
antenna
Antenna cluster '
| Dec 2011

Iron UHECR: ~1 ev/yr

Trigger processor_ 14 paQ/power hub

. DAQhousing

A ~
A\ N Vpol
- — | antenna
| Hpol
\ | antenna
10-70 \ |
N\ T Lower
‘\, —_// antenna pair

Downhégbonfiguration

Askaryan Radio Array

CLEAN AIR
SECTOR

South Pole
Operation zone

DARK
SECTOR

|
i
i
!
—
|

Legend:

Runway

~~ Power/comms cable /
® Power/comms/calib. station /
¢ Testbed station ,
< Production Station I
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ARA Sensitivity

GZK Neutrino Models and Projected Detector Sensitivities

100 e — Kal04, EGRET maximal —=
A ———— """ cutoff at 10 Zev § d
—~ — - — "' "minimal GZK -
L 104 A () — — - ESS01,GZK maximal g
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- a\ { 0\ —----- P&J97, GZK minimal |
L 103 . . -
o I RN _3 &——o&- RICE 2006 Limit E
o - =
> - ]
¢ 102 ¢ E .
- = 3
X B a
. 10 —
S - 3
LJ v 3
S 1k o
o z R 3
} - 7 — — — Aramo04, GZK maximal "‘\»\‘. \\. = °
> 01E ————nru , pure E 2(W&B) flux '\ QA YW\ —
= = " " GZK minimal \ Ve, 3
~—" ~ ) . ]
° - - —-- Pure Iron UHECR \\\_. \\ .
o 0.01 & Y— ARA, 3 yrs (this proposal)\ °\ \\-\ N
o E B—H IceCube, 3 yrs \ Nty XN 3
s L ¥——32 Auger tau neutrinos, 3yrs ‘\\\_\ \\ .
10~ E E——6 ANITA, 3 flights \ \ \\
\ \\
1 IIIIIII| | ||III|I| | IIIII|,|] | IIIIIII| 1 IINIIIl L1111l \\\ \
10'5 10'® 10'7 10'® 10' 1020 102! 1022

K. Hoffman,ARENA 2010
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log,,(energy, eV)
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ARA primary scientific
goal: determine absolute
flux level

Combine with cosmic ray
experiments to pin down
astrophysical unknowns

A larger-scale experiment
necessary to:
— measure spectrum

— flavor identification

33



Physics with Cosmogenic Neutrinos

* VLl-induced neutrino splitting V — VUV

— modification of spectral shape
— see e.g. Mattingly, Liberati et al., arXiv: 0911.0521

* Neutrino / dark energy coupling leading to VLI / CPTV

— flavor ratio via angular dependence
— see e.g.Ando et al., arXiv:0910.4391

 Cross section measurement

— large extra dimensions / black hole production



Neutrino Cross Section with ARA

Connolly, Thorne, & Waters, PhysRevD.83.1 13009 (201 1)
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Summary

lceCube (+extensions): neutrino physics using the atmospheric
neutrino spectrum

— searches for Lorentz violation
— searches for sterile neutrinos
— neutrino mass hierarchy

ARA will extend the search using cosmogenic neutrinos

— neutrino splitting, dark energy coupling
— cross section measurement

Not just “exotic” physics
— neutrino energy spectra, oscillation parameters

Astrophysical neutrino sources mean even more opportunities






