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Oscillations of Massive Neutrinos

* Neutrinos have distinct masses and mix (PMNS)
Neutrino oscillations can be described with 6 parameters (3 Dirac neutrinos):

3 mixing angles
2 mass-squared differences :IL <10% 2 A ” " A

mi =-t=
2 L1

m3 < m3
MH NH IH

-1 m;

—— ml

m3 —mi < |mj3 —mi,|

/ M3 - —

CP phase < / :
iy <= YL V) — = T3

Absolute mass scale

Nature (Dirac vs Majorana)

Origin of neutrino mass and flavor
Core-Collapse Supernovae Physics

® « Standard approach » :probe v, <= v, governed by AmZ?, 4

P, (v, — V) =~ sin? Oy3 P, = sin? fy3 sin? n2 ( )

® Insensitive to the sign of Am?,3at leading order.

s (MSW) come to the rescue > Modi




(Constant Density) Matter Effects

3
ASSL A - From A. de Gouvea
P, =~ P, ~ sin® f23 sin” 2051 sin® (T) - Same signs

=
[7)
a W

. A2, sin? 20
sin? 2@ — 13(*21;f)2 13

Af§ = \/(—\13(0* 2013 — A)? + Afysin® 20,3

Opposite signs L(au.)

Am?; > 0 — Normal Mass Hierarchy

Am?; < 0 — Inverted Mass Hierarchy

Matter resonance: A = A;c0s20,; Resonance energy Earth:
- Effective mixing maximal - Mantle E,.. ~ 7 GeV
- Effective osc. frequency minimal - Core E,.. ~ 3 GeV

Requirements:
* A;3~ A matter potential must be significant but not overwhelming
« L large enough — matter effects are absent near the origin
« Distinction between neutrinos and anti-neutrinos
- different flux and cross-sections!



Oscillation Probability

Phenomenological Considerations

Oscillation Probability
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—— Inverted Hierachy

Normal Hierachy

In each case, CP-phase is varied
in steps of 30 degrees

» Hierarchy differences disappear at
around 15 GeV
* P(v,2ve) < 2% at 20 GeV
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Oscillation Probability
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Phenomenological Considerations
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z °9Jm P(v —— Inverted Hierachy

E ::: cosd Normal Hierachy

é ::: In each case, CP-phase is varied
3 in steps of 30 degrees
0.32‘
0.2 » Hierarchy differences disappear at
0.1 GLOBES® around 15 GeV
o |

* P(v,2ve) < 2% at 20 GeV
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GLoBES

2 flavor P(v,2v,) in vacuum
Is a valid approximation
Recent results from ANTARES
and lceCube
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Phenomenological Considerations

Oscillation Probability

probability
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GLOBES
1 E, (GeV)
P(v,—V,)

cosO = —0.6 i

—— Inverted Hierachy

Normal Hierachy

In each case, CP-phase is varied
in steps of 30 degrees

» Hierarchy differences disappear at
around 15 GeV

* P(v,2ve) < 2% at 20 GeV

Degeneracies due to parameter
uncertainties must be carefully
considered!
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Atmospheric neutrino spectrum

A beam for free!
Cosmic Ray + A, — 7w + ..

Honda et al. PRD 83:123001,2011
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o
>< 1 1 | | 1 | 1 -
= 10
I, (GeV) 0 0
. O, (E,.0) = O P + @ P
« Produce neutrinos and anti-neutrinos ve(Ev. 0) ;e (Ve — "2'-’) vu PV = Ve)
; : ~ @, |l+(sin“fxnr-1)P
Calculations now made as a function of 0 (E,.0) Ve I ( ,W\ ) "]
the position on Earth and the time in year — l{," vs
: @y, (Ev,0) “Screening effect”
« Broad energy range — Steeply falling r~2 & sin20,5~0.5

~ spectrum
ires good energy resolution But enhancement possi
- r increases wi




Muon versus Electron channels

PO —>W)

P(%—>W)

Agarwalla et al. arXiv:1212.2238

PO —>W)
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Muons provide more
statistics

Electron channel is more
robust against detector
resolutions...

Brings sensitivity to the
Mass hierarchy

Lately considered by
PINGU and ORCA while
main channel for SK/HK




Neutrino Interactions

Different cross sections forvandv! £ .E
ov)=20(v) § oE
Different topologies: oalf
Vy+ N = had + p
T
L had
:'\ E. (GeV)
% Z
v RO A - M.S. Athar et al.
'E arXiv:1210.5154
(@) .
> Calculations now
[} made as a function
9 of the position on
o100 Earth and the time
ot in year
>
=
R e (K)o .
R -2 SSmzz g = SRESE ¥ oZoRSwlhr |
" had e = Somie D LSRR T
- . B=>BraL =2 —
= + =
- -
Systematics = E
Use external measurements = _ Phys. 6 (2004) 194
' without oscillations | B =
[ ~ s . r” _.fl" e e aa ]

o/E (1038 GeV-l cm?)



Figure of merit

Confidence Level CL=1-a = [ PDF(T1H)ar —> Reject Hoat (1-a) CL
(T<To)

T,
Power p=1-B - [ PDF(T'1 H,)dT"
- \ B probability to give the

wrong answer

0.06

008 PDF(T|H,) PDF(T|H,)
0.04
0.03
0.02

0.01
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=] PDF(T|NH)=N(T,NH, 2V T NH)
PDF(T|IH)=N(-To",2vT,")

30 20 Ao 0 10 20 30

In the case of 2 Gaussian distributions d N

0.06

Significance of a “median experiment” 004
50% power 0.03
k= 2 TO : \/Toa

Used for comparisons between experiments -
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Atmospheric detectors

Cherenkov
- Underground

« SuperK 2> HyperK, MEMPHYS?

« 500 kton
e Low threshold
 No charge ID

Deep-sea/ice
 Antares/Icecube
->0RCA/PINGU

*  Multi-Mton !
Relatively poor E resolution
e D

Magnetized Iron Calorimeters

SOUDAN,MINOS - ICAL, MIND?

50-100 kton

Charge separation
Good tracking
Hadronic shower

Poor electron sensitivity
Relatively high threshold ~ GeV

Liquid Argon

lcarus - LBNO/E

20 - 100 kton

Excellent u and e tracking
Hadronic shower

Low threshold
Magnetization?

Liquid Scintillator (LENA)
Not covered

Accelerator
& T.Wladyslaw
Solar/ At heric/$ K Lower Y
reactor MUSINEIC / super- statistics
| | | | - - - - == .
[0 MeV | GeV 10 GeV | TeV 0TeY | EeV
Z':a'.l Very high statistics IceCube/kmA3
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The latest results from SK

Nakahata, ICRC 2013

0.0051 68%C.L. 0.005F IH 68%C.L. 560 ¢
I N H —90%C.L. - —90%C.L. s50.5 [

'Fixed reactor 6,3 ~ —seucL. ' Fixed reactor 6,3 ~ —cowcL 4
. 0.004- o 0004- 559/
% % i 558.5
NE% 0‘003:— NE% 0.003f } 658
<1 i 4 i 5575
0002F. o 0.002F ad:
[ 28245 x107 eV (l0) [ 2,66+ x10%eV*(10) 556 |
£0.39-0.64(90%C.L.) [0.41-0.64(90%C.L) :
0001 ot e ada s b a s sl aaalay 0.001 TN RN U B S A B R A L4l L 558 r
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Y ) 555.5 |

sin 923 sin 623
555 L 1 ] 1 1 1

! 1
0 50 100 150 200 250 300 350
CPo(degree)

Sensitivity ()  sin?0,3 SK Current SK + 10

years NH xzmin = 557.7 | 477 dof
IH %2, =556.2 /477 dof

Preference for
IH
second octant
(not significant though)




Prospects with HyperKamiokandeB

0.99 Megaton

Inner Volume (Fiducial Volume) 0.74 (0.56) Megaton
Outer Volume 0.2 Megaton

e ool =Y o

. \Water Purificatiom

Inner detector 99,000 20-inch ¢ PMTs
20% photo-coverage
25,000 8inch ¢ PMTs

Outer detector

Proposal for ~500 kT multi-purpose
Water Cherenkov facility 295 km from
- JPARC and 8km off from SK.

1750 mwe overburden.

Well-known technology
Sensitive to v, and v, (and v, )
Good control of systematics

Status:
« Among top priorities in Japan (with ILC) : 800 M$ estimated cost (without beam)
If funded, access tunnel work should start in 2016
avation works in 2018
tor operation in 2023

ar prospects for MEMPHYS

= A. Tonazzo
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Prospect for the MH (atm)

1.21 ——— ¢L,-04, invertsd hierarchy|
:g%mm.““:_":" Ratio of oscillated v, rate over no oscillation case
" e e in sub-GeV and Multi-GeV channels.
”_ ------- e & = A (6,;) = Matter effect
31.05# ...... ? +A,(ANT,) 4= Solar term
) } %—_ I } % +A,(0,3,AM,,S) 4= Interference
0.05] 0.5 Statistical separation of v, and anti-v,
- ST HK letter of Intent, arXiv:1109.3262v1
0 e e 097" 0806-0402 0 02040608
cos © cos©
30_ 30 Bands
" |Hyper-K 10years - |Hyper-K 10years| |H correspond to
25 ~NH,3,=0 25 H,5,=0 dcp range of
- —NH,3., =140 NH - —IH, 5., =140 values
s F s r
< - C
3 15— 5 15
= - X N
Nx | Nx :
< 10— 3c < 0l 3G
5- sin2 20,53 =0.1 °[ sin2 20,3 =0.1
o:lllllllllllllllllllllll c—'l"llllllll"'ll"'lll
0.4 0.45 0.5 0.55 0.6 0.4 045 %% 0.55 0.6 y
23

sin® 8,,

termine MH at 3o or more for values of sin? 6,5 >0.4 with 10 years
itivity is expected by adding beam data (> -




First achievements with Neutrino Telescopelé

40 km Off Shore, French Riviera II South Pole

1000 m

Snow Layer

H S - IceCube
I 1450 m — T 1Gton
:: e ma
I ,
i 2100 m — ll '
I
2450 m —< =
! h DeepCore
30

ton

12 line detector completed 2008 I |ceCube (86 strings)+ DeepCore (8 strings)

1.27Am3,L
E,

P(v, — v,) = 1 —sin” 265, sinz(

) _ 1 sin?20,, sinz( 16200 Am3, cos @)
- E,

Oscillations maximal at 24 GeV for vertical neutrinos (muon range~120m)
Larger effect on
Single lines < low energy > DeepCore
than
higher energy events

<7

Multi lines > IceCube
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Proposed Low Energy Extensions

Akhmedov et al. JHEP 02 (2013) 082

a ¢
ORCA PINGU D
| 50 strings - PMT pos |
>80:— D : . i . A Deepcore PngclsloulczCn;:zNEx'r
40— . vt " e e § | | sale el '
20" I or RURER BRSNS
¢ ” I L 0 ¢ o e o + ¢
Lot et 313" PMTs  |i /R S SR At o
. « & . . . L (nOW tak|ng data H -50;*' PO 0 v @-A
.205— . . L . " . @ ANTARES) H : ‘f;o' ¢ ¢ & o
40 o« ., " e e ” _100:9_‘”. - vt;'.‘f&:,,“
-60 - . ° I B i i
'"!?Bb';«id'ks'd'id'lz'd”é‘"zh"'.a'o"bb'"sé'(‘"i‘?c ii .1*66"'30""6""sb"'iéd"iéd";z&d)
) I m
orca Il
w 50 lines, 20m spaced, ii 40 strings, 20-25m spaced,
20 OM/line ém spaced n 60 OM/string bm spaced
Instrumented volume ~2 Mt, 1000 OM Instrumented volume ~ 6 Mt, 2400 OM
Could be deployed in <b years Could be deployed 2016-2020 if funded
40 M€ available in KM3NeT phase-1 (~60-80M$)

Optimized layouts still under study
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In situ tests of new Optical Module

KM3NeT already taking data from
an ANTARES line since April 2013

... and sees muons!

Coincidence in a DOM

N7
hits in different PMTs in a time
window of 20ns

e R R R RER AR AN SN E T AR Events with N,.>6 selected
~ 10 £
PN I vuon MC . C
T 10* B «<omc 2 700 [ muon mc
o 5 I combinatorical Backgraund E - | —— Data 5h 1min

10 —— Run 529+620 5 600 ;—

é 500;
PRELIMINARY © o FPRELIMINARY

400

300

2001

0
180 148 123 107 72 56
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Proposed Low Energy Extensions

|_Reconstructed vertex inside the instrumented volume | Upgoing events ii |__effective volume at final analysis level | g ‘

T,e T T allreconstructed events i £ °F '

% 22 E_ A events selected with a quality cut H E N u
“E - [ o
2;_ . § . * i—; ” 5 f

132_.::"!. ........ * tgii ....... i*é*._; 9 £
1'6;_ ‘ \ _; ii "% 33—
1.45—_ —5 | % -
20 Instrumented E H 2
5 volume E | -
08— - i 1=
o'sf—.|....|....|....|....|....|....|...._r H -
I 00 IéllII1I0IIII1I5IIIIZIOIIIIZISIIIIIiO
’ b b “ * ¥ 355*“;‘3’0 ii neutrino energy (GeV)
(Muonii channel)
I
“ 50 lines, 20m spaced, ii 40 strings, 20-25m spaced,
20 OM/line ém spaced n 60 OM/string bm spaced
Instrumented volume ~2 Mt, 1000 OM Instrumented volume ~ 6 Mt, 2400 OM
Could be deployed in <5 years Could be deployed 2016-2020 if funded

40 M€ available in KM3NeT phase-1 (~60-80M$)

Optimized layouts still under study
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PINGU sensitivities

PINGU collaboration, arXiv:1306.5846

Ol
8 7:_ 4pstrin9§,
g C high efficienc
2 T .
T 6 Preliminary
5 20 strings, . --""
[ 5: prelim. evéit selection
4=
C 20 strings,
3 L low efficiency
2
i
0 el b b b b b e bena Ly
0 05 1 15 2 25 3 35 4 45 5
Years of data

Different studies performed.
Sys uncertainties include norm (30%), spectral
index (£0.05), energy scale (10%), zenith bias (10%)
Realistic energy and direction resolutions

Some sensitivity recovered with
“cascade” events
(same resolutions as tracks)

NMH significance [o]

P5 Workshop Future HE Physics, Decl3

IH true, h)lult\channe; ‘ ‘
_ "1l — 1stoctant /
8 gl — 2ndOctant 1
6 §5 ] T T
S .

S : -
A B Vi s
= ‘ \ | _ - b\ﬂ

PRELIMINARY m

0 2 4 6 8 1
4 PINGU livetime [yrs]  “Frrcae e e
3k ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
2k ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1k TToTTTTTTororTTmr Tt TN Tt
1 ‘ PRELIMINARY

0 ! ! ! !
0 2 6 8 10

4
PINGU livetime [yrs]

* Analysis fully updated since Snowmass

* Factors lowering significance:
* higher MC sampling to eliminate unanticipated
systematic bias from fluctuations
* more accurate resolution parametrizations
* inclusion of NC events
* kinematic suppression of v. events
* Factors raising significance:
* improved event selection
* improved event fitting
» use of cascades, PID



ORCA sensitivity

all results are
preliminary

To optimally distinguish between IH and NH: likelihood ratio test with nuisance parameters

— deal with degeneracies by fitting!

Alog(L™a*) = Z log P(data|0NH, NH) — log P(data|0™  IH)

bins

4 maximum-likelihood estimates for the Am?'s and angles using
9 — both data and constraints from global fit.

significance (50% chance)

nb: constraints are different for H=IH and H=NH

Uncertainty on the mixing parameters
as a function of the exposure

! 4
Eres = 25}, 1-100 GeV

MtOH X yl C)'(Am2 ) (e\{?) 0(823) (0) 0(813) (0)

IIIIIllIIIIIlIIIIIII|IIII|

g
m1j

Perfect muon direction ;

: o8-

i 06

Conservative

assumed
efficiency

5 years with
3 Mton

|
10

0 =10.0%
—] O, =20.0%
— =25.0%
— GE‘, =30.0%

lllllllllllllllllllllllllllllllllllllllllll

large

0(now) 3065 1.3 0.45 3

1 4.3¢-05 061 042

5 2.3¢-05 032 044 2

10 1.8¢-05 022 0.39

20 1.4e-05 016 0.39 1h

30 1.2e-05 013 037 -
00

2 4 6 8 10 12 14 16 18 20
exposure (Mton*years)

E (GeV‘go2



KM3NeT Collaboration

Y Further on-going studies

v" Shower reconstruction

Study of intrinsic energy variations - Current limitation from physics (vertex, prop,...) not detector
Under development. i

Expect similar improvement in sensitivity as PING ﬁ Already included

v Inelasticity

> h - NCwnno
e " socres “With the inelasticity, the total significance of
Try to separate track-like (v) S | . T« establishing mass hierarchy may increase by
to shower-like events (v) B T . (20 - 50)%”
Ribordy & Smirnov arXiv:1303.0758v1

y=( Ev-%u)/Ev
Il

v Flavor misidentification

Studying response to v, | Preliminary PiD included

v Atmospheric muons

Il
Neutrinos Ev<20 GeV I
Cut on H
reconstructedi
vertex | Veto from |ceCube/Deepcore
II

- Muons (all energies)

I
No need |

R Do b b b b b . b b b b b | I
0 50 100 150 200 250 3 0 50 100 150 200 250 3 II
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Studies of systematics

D. Franco et al, JHEP 04 (2013) 008
Method: extended unbinned log-likelihood ratio

@ ——> Almost negligible impact

Moderate impact
Large impact but normalization from data

Solar sector e Negligible impact varying combinations of {6;,, Am2,;} (= 10)
Atmospheric sector Large impact varying combinations of {83, 6,5, Am?3;} ( 10)
dcp dependence e Small impact varying CP phase

Several other studies point to the same conclusions...



A Neutrino beam to ORCA? |

Muon counting experiment - Optimum 6-8 GeV 6000-8000 km but beam inclination
Lujan-Peschard et al, Eur. Phys. J. C (2013) 73:2439 ; Tang & Winter, JHEP 1202 (2012) 028

Fermilab CERN J-Parc

South-Pole| 11600 km | 11800 km | 11400 km

Sicily 7800 km 1200 km | 9100 km

Baikal Lake | 8700 km | 6300 km | 3300 km

NUMI beam rescaled to 7800 km

15000 |-

1020 pot
¢ ..950 events for o 1 Mt mass
normal hierarchy..  pyens

o ..and 1300 events for
inverted hierarchy.

© 30% difference, as
expected: bunched in
time, directional, with
a “hard” spectrum.

2-4 4-6 6-8 8-10 10-12

Muon enersv (GeV)




A Neutrino beam to ORCA? ||

25

J. Brunner, arXiv:1304.6230

Electron counting experiment - Protvino-ORCA L=2588 km, beam inclined by 11.7°

(3° off-axis from Fréjus Underground laboratory)

Oscillations with GLOBES

o S i -LN."L z %%
Unitod: Cenmark . Lithuania © Bose NH P(vy—ve)
{ingdom '_; S T &£ 016
a Y 'ow-.rg .l ~ o g - : 2
e — Belarus £ 01l — 2nd octant
Netharands = F —
ot O . romns 3 oaf P band
Geigin Germany ek 2 —— 1st octant
A S M A 2 ¢ > DK@y 0.1 —
R Ukraine ?
T raksiwvar o = \
' e "-*'l'\mévn r:fmrlnynkl_—i
: France | S  Hangacy LAl
by of 4~ . Romania | “¢=8
Ry e I r~
Bk 53 s
faona E, (Ge\?)o
,.3:10"
g .. .
E <Neutrino
> . .
8 10 Anti-neutrinas &
: Fluxes
10*
oJ
! (SKAT exp.
10* — Needs update)

E, (GaV)




26

A Neutrino beam to ORCA? |[]

« Electron counting experiment

 Vertex inside ORCA reference detector

« Flavor misidentification probability

- Protvino-ORCA L=2588 km, beam inclined by 11.7°

d
O
a

1
»
IIIII

P

n(E,) = 1/(E,/GeV); E, > 2GeV

el
N w
|||'|'|||

Flavour misidentification probability

based on C2GT project o
 Event rates for 1.5x102! pot (3 years) |
Channel Tracks NH Tracks IH | Cascades NH | Cascades IH

No oscil 26315 —

Signal 8990 8735 1134-1547 350-519
Misreco 232-329 47-79 1326 1280
Vr 324-332 351-355 978-998 1057-1068
NC 1092 1092 3640 3640
BG Total | 1655-1745 1494-1522 5944-5964 5977-5988
Total 10645-10736 | 10229-10257 7099-7491 6338-6496

/ o stat. separation
3 o with 3-49 sys

No assumption on
energy reconstruction

= Would be happy to investigate further possible synergies in case of a LAr TP
underground laboratory, as an indication on the MH m

surement of 80p by LB



INO: India-based Neutrino Observatorfi

INO PEAK
2207 Mts.

50 kton ICAL
(room for additional 50kton)

« 115 km west of Madurai (internat. airport) CERN-INO: ~7300 km
- Pottipuram Village, Theni District, Tamil Nadu State FPARC-INO: ~6500 km
« 1.9 km access tunnel RAL-INO:~7600

+ Indian collab (~20 institutes) + Hawaii Univ (USA) magic baseline ~ 7500 km
» Several other experiments when operational (0v, DM) FNAL-INO: second magic

ent Status:

arted for facilities near portal and Madurai Center for F

NV | NC) ) NV/ernmen
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The INO-ICAL detector

50Kton Fe-RPC Detectors
# of layers = 140

Fe thickness = 5.6 cm
Magnetic Field ~ 1.3T

# of RPCs ~ 27K

# of channels ~ 3.6M

[NB: Slightly different numbers exist]

14.4m

v
v
v
v
v
v

Construction of RPC

Pickup strips

Cosmic —ray
tracks are
seen...

2 mm thick spacer.

Glass plates Resistive coating on the outer surfaces of glass

Status:

Industry expected * Magnet: Prototy
| _ s



Mass Hierarchy Discrimination

9

Expected performances are a bit worse for |H

[NORMAL HIERARCHY

T T T 1 T T, .. T 7 C
24 Normal Hierarchy ] S0l ® SPTOHIuO=05  sin®20, rue)=0.12 | N O b
2 inali 7 - + Deams
20 B Ea— 22913:0‘12 Margl nalized over A sin’6, (rue)=0.5 sin’20, (true)=0.1
C ——— sin20,,-01 Am?r, 053 & 045 25 and reactors
18— R 2, 9 — [~ = sin0, (true)=0.5 sin’20, (truc)=0.08
B © sin’20,,=008 (no priors) ] - 24 o
16— — N
| 20_Allexpts g ;'
14 INO only :
«x — Nx = A ;E
<12__ < 15: 40 ___________________ 77 e ZEZ N
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INO + Other experiments

Ghosh, Thakore & Choubey, arXiv:1212.1305

Blennow & Schwetz, JHEP 1208 (2012) 058,
Erratum-ibid. 1211 (2012) 098 ’

Further improvements expected
by adding hadron events
- 3 arXiv:1306.1423v1
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The Liquid Ar TPC detectors

« First achievements with ICARUS (760 tons at LNGS) ey
- Proof of technology.
» Excellent particle identification with low threshold (MeV) SR :
o ‘ 2
g 31w “t*\i\
* Proposed detectors (LBNO/E): iy
« staged approach up to 100 kton
« Single (LBNE) double (LBNO) phase 5 L15m L
« Sensitive to muons and electrons
 Hadronic component can me measured Detectors need to be buried
deep underground

» Atmospheric neutrino studies

« Tau neutrino appearance
- Discrimination between v, >v, and v, v Mﬁ
from upward/downward asymmetry & e -_...,-wn- ot

* Mass hierachy and octant of 623
A. Stahl et al, LBNO, SPSC-E0I-007 (2012)
C. Adams et al, LBNE, arXiv:1307.7335

Cryostat septum
LAr filtration system

20 m

HVAC

& Daniele Gibin

& Marco Zito

34kt

Detector module
2 high x 3 wide x 18 long drift cells x 2 modules

216 APAs, 224 CPAs



Mass hierarchy & octant with Lar TPCs

35 kt x 10 yrs = 350 kt-yrs arXiv:1307.7335
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 - A
- Atmospheric Neutrinos . i LAAtm]gSIt) hetrlc é\l euti‘lrtl.o 5 ’
6 | LAr Detector Simulation — 8- I etector simuiation 7
o | . o Sl 350 kt-yrs 1
x Mass Hierarchy Determination X T 7
< - < - Octant Determination .
? - ﬁ 6 —  ——— Normal Hierarchy, 8 ,=n u
——— Normal Hierarchy, 9 .,=0
24T SR ety o
B —— Inverte 1erarchy, =!
'ﬁ - 1 o;\. 4 i
2 —— Normal Hierarchy >
- o y—
E —— Inverted Hierarchy 2 AN --- 3o ./
= 2 1 2
L Input Parameters: - o 2
e §in%0,,=0.4, 5in0,;=0.0242, 8=t “e!
237V 137 » Ocp™ 7
1/2(Am2,+Am? )=+2 4x10 eV -
O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 O
0 200 400 600 800 04 05 06
Fiducial Exposure (kt-yrs) sin“0,,

equires very large detectors




Magnetized LAr-TPC? 32

Sensitivity to mass hierarchy require charge identification to compensate low mass
-> Magnetization?

V. Barger et al, Phys.Rev.Lett.109:091801,2012

100% CID for muons and 20% for electrons in the energy range 1-5 GeV

Op., =OR, = 0.01; og, ., = \/(0-15)2/Ehad + (0.03)2 og,. = 2.8°; e, = 3.2°
MH 0,5 octant
S AR e I I P ST 20 —————————————————————————————r
| Liquid argon (250 kT yr), marginalized hietarchy senbitivity "~ | + Liquid argon (500 kT yr), marginalized octant sensitivity with priors]
40 n 2 2 "/,-' ' /r‘ L 4
[ 1Am’3l, = 0.0024eV", true NH, test IH |~ /,./ ] - 1Am’;,l, = 0.0024 eV2, NH
[ i 8,=04 —— A : 15 [ A
0l " '5 // - sin” 20,5 (true) = 0.07 ——— /]
- ———— v - 7 L /
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5 i : ] E \ /
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on.year exposure

(Results shown for assumed NH)



Summary

Atmospheric Neutrinos have still a major role to play for precision measurements
and determination of unknown parameters such as the mass hierarchy.

Proposed detectors include Iron \
Calorimeter, Liquid Argon and 6o |
Cherenkov detectors. None of these
projects being firmly funded.

Long Baseline

PINGU
Low energy (GeV) extensions of -
Neutrino Telescopes may be faster and

cheaper than other alternatives...

Stated MH Sensitivity
&

NOvA+T2K

...but challenging, as systematics must o 7
be carefully controlled. Key parameters | ,
are the size of the detector as well as 2010 2025 —_
the energy and angle resolutions.

[ R.N. Cahn et al, arXiv:1307.5487

A recent timeline...
Synergies/Combination with LBL/ ... but already outdated...
reactor experiments may provide the
igh significance MH




