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Remaining Physics Issues

Relic Neutrinos

e Neutrino Mass Hierarchy
e Absolute Mass
e Charge-Parity Phase (5cp)
* Majorana or Dirac

e Anomalies
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Majorana
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nEXO

* 5 tonne: entirely cover inverted hierarchy

« LXe TPC "as similar to EXO-200 as possible”

 Provide access ports for a possible later
upgrade to Ba tagging

= A unique combination of
conservative and aggressive
design with important
upgrade paths as desirable
for a large experiment

 ~150cm — .

*G. Gratta

nEXO SNOlab, Cryopit Workshop, 21 Aug 2013 22
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EXO Result

*arXiv:1402.6956
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Majorana Heat

e Use calorimetry to get energy
from electron capture

 Non-zero neutrino mass affects
the de-excitation energy
spectrum of the recoil atom

e Cryogenics

AMORE

Low Temp. Detector
Source = Detector

MMC Light sensor
—L

MMC  phonon
sensor

<10-50 mK>)

*L. Windslow, Neutrino 2014
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NEXT

e High pressure xenon gas time projection chamber (TPC)

e Neutrinoless double-beta decay
*C. Monteiro, TIPP 2014
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NEXT

*D. Nygren, Erice 2009
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Absolute Mass
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KATRIN
Electrostatic filter

detector

1 7.999 keV 18.00| keV

—————F o 9 9 > >
EEEEEEEEEEEEEEEEEENEEEEEEEEEEEEEEEEEEEE|

ground _18.000 kV ground

*B. Monreal, INSS 2012
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KATRIN Electron Filter

J— J— HV electrodes
S. c solenoid / \ s.C. solen0|d
qE

] detector
SOU rcef /_

>

Bs Bmax

ff////fv____, ,,, M»’f//

adiabatic transformation E; = E,

*J.F. Wilkerson, INSS 2009
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Project 8

* Measure frequency of cyclotron radiation from electron in
beta-decay

e Surround with antennae

phase delay loops [ —
amplifiers
mixers
AAA fp A f L : detectors
fransverse antenna array
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decay electron
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*arXiv:0904.2860
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Project 8

rare high-energy many overlapping
electrons ) > | low-energy electrons
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100,000 tritium decays in 30pus

*B. Monreal & R.G.H. Robertson, SNOMASS 2013
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Project 8
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L ong Baseline
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NOVA Hierarchy Sensitivity

NOvVA hierarchy resolution
sin°20,,=0.095, sin°20,,=1.00 36x10%° POT
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*http://www-nova.fnal.gov
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How?

P(v,) vs. P(v,) for sin2(2623) =0.97

e Neutrino and anti- 000
, , |0 " NOVA
neutrino operation oy C1Amy,2 =2.32 107 eV
0.08 = sin%(26,,) = 0.095
~ sin’(26,,) = 0.97
0.07 |
: A
e Because T2K has a 006 L
shorter baseline (less os .. O
matter) a combined :
. . 0.04 — "
fit will help break SN
- - 0.03 [ ‘ S
any oscillation : s 0 s
Versus mass 002 06=0
¢ 5=m/2
I _ - O0J=Tm
hierarchy-matter 001 g oZ%
effect degeneracies o b
. 0 0.02 0.04 0.06 0.08
or issues P(v,)

*http://www-nova.fnal.gov
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super-kamiokande
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Hyper-Kamiokande

*arXiv:1109.3262

.= \Water Purificatiom

e 99,000 PMTs 20 inch w/ 20% photocathode coverage
( 50% the PMT coverage of Super-Kamiokande)

e 0.99 megaton total, w/ 0.56 mton fiducial
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CP-Phase

*arXiv:1109.3262
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Proton Decay

*arXiv:1109.3262

Mode Sensitivity (90% CL) |Current limit
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p— utn’ [3.0x10%4 0.13x103*
p—etp? [1.0x1034 0.07x1034
p— utp® |0.37x1034 0.02x1034
p—etw’ [0.84x1034 0.03x 1034
p— puTw? [0.88x10%4 0.08 x1034
n— et [3.8x10%4 0.20x 1034

n — ptr™[2.9%x1034 0.10x 1034
p— UKt |2.5%x1034 0.40x 1034
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Comparison

e Size for up-going muon, i.e. from neutrino

*arXiv:1109.3262
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JUNO

* Modulation of solar oscillation parameters in reactor long-

baseline

= C .
5 06 - , . = Non oscillation
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D. Jason

Requirements

Kos

Photo-cathode coverage of ~80% w/ 50,000 PMTs

Energy

e Resolution of 3%/v/E(MeV)
e Absolute of < 1%

High quantum Efficiency PMT (>35%)

~100,000 inverse beta-decay events

e 55km baseline

e >35 GW;, from reactor(s)

20 kilotons liquid scintillator

e 30m attenuation
e Lightyield 1.5x better than KamLAND

kinen - NBIA PhD School: Neutrinos Underg



E *J.S. Park, International Workshop
ﬂ e rg y on “RENO-50” 2013

Solid line : Normal Hierarchy

3 Dashed line : Inverted Hierarchy Perfect resolution
— " ; = 2% resolution ]
 Non-linear energy - sresouton | (21 MEV
. . . 60 = 6% resolution
regime for liquid
scintillator
e Resolution,
resolution,
reso | u tl on Visible energy [MeV]
2 05 Positron Energy Response Model
z  ©
5 aF Y
g _
- -
~ 0.95 —
8 — —— Nominal Model + 68% C.L.
™~ B
0.9_1111111111111111111111111111111111111111111111111
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True Positron Energy [MeV] *arXiv:1310.6732
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Possible Volume

e Ambitious

® Examining how to
separate inner LS
volume from veto
region and PMT

glass (radioactivity

* Acrylic sphere
e Acrylic box

e Balloon

D. Jason Koskinen - NBIA PhD School: Neutrinos Underground and in the Heavens - June 2014



RENO-50

e S. Korea experiment RENO-50

to measure the 1400 10" OD PMTs Water
NMH using the ‘
Yonggwang Nuclear
Power Plant

| [ LAB (5 kton)

3113 6000 10" PMTs

! 20 m

25 m
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Future Beams
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Beta-Beam

* Instead of accelerating protons, accelerate radioactive ions

* |ons undergo beta-decay producing extremely pure Ve/Ve

EUI_USOL Existing at CERN /\
| 7 " | DECAY
l o | RING
; SPL | |
: = \: B=S5T
 Isol target | M| L =2500m
. & lon source N a
: 1 : I '

: New RFQ T E | |
' Linac : E E
| 1 (' ps i

Y /
________________________
\
___________

*L. Camilleri, Neutrino 2006
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Neutrino Factory

*L. Camilleri, Neutrino 2006

Sitmplified Neutrino Factory

1.2 10" /s =1.2 1021
lon source 10'p/s  Pion production target Ws wyr
L] —

Pion to muon decay

and beam cooling Muon

accelerator

Proton
accelerator

9x 10 u/yr

Muon-to-neutrino
decay ring

3x10®v /yr
3x IOZOVp/yr
per straight
section

—

Earth’s interior

econd detector
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Anomalies
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Anomalies

arXiv:1303.2588
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Anomalies

e Disappearance experiments have strong limits on sterile
mixing in the < 1 eV

10°E T T T T T -
= MINOS Preliminary
10 E 10.56x10%° POT MINOS
c\'> - Vv, running
D B
- 1F
o -
C\IEv N I:I MINOS data 90% C.L. :
4 10™ 3 | CDHS 90% C.L. =
- CCFR 90% C.L. 5
1072 = ] SciBooNE + MiniBooNE 90% C.L. — =
: 1 1 I ] 1 1 1 I& 1 1 1 | 1 1 I:
107 107 , 10 1
' *A. Sousa, Neutrino 2014
sSin (2624) ousa, Neutrino
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New Experiments

e Put a high-power
radioactive source next
to an anti-neutrino
detector

e Borexino, KamLAND,
JUNOQO, ...

* Source transport is a
logistics issue

e CelLAND, SOX (Cr, Ce)
are options

Borexino
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Near/Medium/Far Detector in One

arxiv:1304.7721
SOO_IIIIIIIIIIIllllllllllllllllll]lllllllllllllllllll
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South Pole
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Precision lceCube Next
Generation Uparade

e Use existing and familiar [F— —
technology to infill lceCube
DeepCore

* Improve rejection of
COSMIC ray muon DeepCore
background

* Primary physics goal is PINGU
resolving neutrino mass
hierarchy — é i) —
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PINGU Simulation
Event

e 9 28 GeV Neutrino, 4.9 GeV

e ~20 vs. ~50 Hit Modules
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Matter Effect and NMH

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

& 141
< | | == Normal Hierarchy
E [
% 12 [~ | == Invertod Hierarchy
2 [
g 10F 41 2
Qa 0.9 }
£ 8 08 =
w - H0.7
6 — —0.6
. H0.5
4 —0.4
[ —0.3
2— -I —0.2
- —0.1
o B 1 1 1 I 1 I 1 1 1 I = o
0 2000 4000 6000 8000 10000 12000
Length (km)
P(v,—>v,) with Travel Through the Earth - 6 GeV, 126
® °F
E asf
o
@
z F 3 2
= - = z
2 35F Ell
o 5 —0.8 =
s 3 £l o
T S
(] [
w 25
2
151
E == Normal Hierarchy
1 .
E = Inverted Hierarchy 0.2
0.5 -3 0.1
% " "1000 2000 3000 4000 5000 6000 7000 °
Length (km)

* Inverted/Normal hierarchy has up to a 20% difference in oscillation
probability for specific energies and zenith angles (baselines)
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Differentiation Between Hierarchies

e Use a likelihood ratio

4000 T T SEECE EEEEEEErE T SEEEEE 7
:§ 10g<£(XIH§|IH)/£(XIH“EVH)
3500 |- =3 log(L( Xy FH) / LAX jgd NH)) - SR .
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3000 ... SR SR S -

2500 e A -

2000} S B 7 I S -
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1500 | cboeeeee B S f S S -

1000 ... .................. SR 3 ................. ...... ]

500 i fo T e

~10 -5 0 5 10
Log Likelihood Ratio
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Timelines

after Blennow et al., arXiv:1311.1822
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Going Very Low

e South Pole Infrastructure

e No excavation

* Deployment is a now a precision process

 Unchanging, low-background medium

e Move from GeV to tens of MeV

e Cerenkov Ring Imaging

e Single PMT Module is no longer feasible
e Multi-megaton Ice Cherenkov Array (MICA)
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Detector Modules

e 120 strings of 125 o o o o o o
composite DOMs each

e |nstrumented volume
of 250 m height, o
~40 m radius

O]
(O] (O]
e 1 MegaTon fiducial
ol O]
volume, at deg
S ) @ (O]
@)
@)
118 om o o o o o o o o
@) @) @) O] O] @) @)
) , ,
7/ m

Courtesy P. Kooijman

L22EM  Courtesy PO. Hulth
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SuperNova

e A detector with a megaton(s) sensitive volume to bursts
of MeV neutrinos could extend neutrino observation of
SN to beyond our galaxy

1.0 I || ] 1
% 0. i
> -
88
Z )
Z. .
G .
o
>
£ 0. i
S )
L
£0. :
00 - é : 10 Kistler et. al.

Distance [MpC] arXiv:0810.1959
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Proton Decay

e For an idealized detector, the rings from p — ™ + et are
visible by eye

(run 1 event 2) perfect photon counting (all photons A € [265 nun; 675 nm))

IceCube coordinates, ref. depth (2 = 0) is 1948.07 m;Ntring = 40; doom;: = 1m; Npoum = 7040
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Beam to South Pole

* PINGU and MICA physics portfolio makes us of natural
neutrino sources. Adding a beam will strengthen the
diversity.

e 11620 baseline has a tilt angle of 65.8° from FNAL (similar
for CERN)
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Julius-Maximilians-

UNIVERSITAT
WURZBURG

= Measurement of d.p
In principle possible,
but challenging

Requires:
= Electromagnetic
shower ID
(here: 1% mis-ID)
= Energy resolution
(here: 20% x E)

= Maybe: volume
upgrade
(here: ~ factor two)

= Project X

Performance and
optimization of
PINGU, and
possible upgrades
§MICA, ...) require
urther study
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“Superbeam FNAL-PINGU?”, W. Winter

Upgrade path towards 0,57
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Astro
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Potential High Energy

DecaCube (1/2/3) IceCube DeepCore
2000 : M : \ : /
¢ B e eims o dugmn Spacing 1 (120m): lceCube (1 km?3)
1500 |- o\le o o.o : :*‘1**:**0.1.1.-.1.1 (1 . + 08 Strings (1 ,3 km3)
°° .***.***.***.I.I.l.l. Em =23k 3
1000 - ¢ ¢ oo o © P+0)o+muuuMinnn | & m
® ®© & o o *:**:**:*.I.I-l.l.l....-
¢ ’ ¢ ¢ o : QO ¢ @] : Q ‘: **: **-.* *.‘-*.‘-*... .
500 drdr A A _ Spacmg 2 (240m)
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~2099550 ~2000 ~1000 0 1000 2000 3000 |

[m]

Chosen geometry not optimum (i.e. for HESE)
... historically chosen to demonstrate that we do respect boundary

conditions
*courtesy of C. Wiebusch (RTWH Aachen)
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Deployment

*P. Coyle, Asterics 2014
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KM3NeT

* Sea water has natural potassium background (K40)

*P. Coyle, Asterics 2014
106 LN % LG O AR SR L L LR A L G LR A

10° B tuon MC
10* (A) B k<o MC

10° B Combinatorial Background
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Radio

ARIANNA

Communication
dish

4 panel
solar array

Electronic

il Sguare Kilometre Array

8 under-i¢
antennas

; i
!DED BY MONITORING STATION
nce the emissions pass through the ice,
ley are eventually picked up by a monitoring
which has eight antennas buried in the ice. The

collects and transmits the level of neutrinos based
amount of particle emissions.
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Lots of New Experiments

* \What will the landscape look like in 2, 5, 10 years?

NOv
OPERA
T INOS
MINERVA
MiniBooNE
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-K
GERDA \
EXO Borexino |lceCube/DeepCore ANITA
KamLAND-Zen KamLAND ANTARES HiRes
NEMO Double Chooz Baikal Auger
Cuoricino Daya Bay
Reno
SNO
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