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Oscillations of Massive Neutrinos

« Neutrinos have distinct masses and mix (PMNS)
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MHA with LBL experiments

® « Standard approach » :probe v e» v, governed by AmM?; 5 (Aq3)

: @
P,. = sin® 623 sin @

[Neglecting solar (> a few GeV and >1000’s km) and CP violation effects]

) + “subleading”

® |nsensitive to the sign of Am?,; at leading order.

® Matter effects (MSW) come to the rescue

Through matter, neutrinos interact

acquiring an effective mass (forward scattering)
Only electron neutrinos interact through

CC with electrons

A - Additional potential A in the Hamiltonian

A=+V2GEpN,. (—)+ for (anti-)neutrinos

Veur Ve ur

p’nﬁe p’n,e

- Modify the oscillation probability

OSC|IIat|ons




(Constant Density) Matter Effects

QFB Same signs From A. de Gouvea
P,.~P 2 g sin? 20°7 sin? (BLL)
e 2 Fey ~ sin“ fo3 sin {3 sin T ,

=
[7)
a W

A2, sin? 20,5
sin? 2055 = 1?Acff)2

A?gf _ \/(Al;; cos 20,3 — A)2 + A2, sin® 26,3

Oppoéife ‘signé ‘v" N .. :L \
Am?2,; > 0 — Normal Mass Hierarchy (an.

Am?; < 0 — Inverted Mass Hierarchy

Matter resonance: A = A;c0s26,, 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

Oscillation Probability

Phenomenological Summary
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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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Phenomenological Summary

Oscillation Probability

probability
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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!




Fluxes and cross sections

Cosmic Ray + Agir — 77 + ...
7F+ N H+ + Uy

put — et + Vp + Ve

c—5h

A beam for free !

Produce neutrinos and anti-neutrinos

Broad energy range: Steeply falling spectrum

- Requires good energy resolution

* Broad path-length range

- Requires good direction resolution

Different cross sections for v and v!

o(v)=20(V)

Three main contributions:
Quasi-elastic, Resonant, DIS

- Use external measurements
and regions without oscillations

-

Oscillation Probability
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M.S. Athar et al.
arXiv:1210.5154

Calculations now
made as a function
of the position on
Earth and the time
in year

L 3 L

Cccae

N o | i
S T
SShT 7T
sSorpukn

)

III|III|III|IIIIIIIIIII

LA R 2 |

T sinalses 3o
L= ANL S22
~ BN S

L

L 2 LN BN S e 3

THEFP-JINR oSS
ITHEFP- 1 TEF 7<=
COFRRE =23
BN =2

IlIIIlIIIIIII

o/E (1038 GeV'1lcm?)




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

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 - GLACIER

20 - 100 kton

Excellent u and e tracking
Hadronic shower

Low threshold
Magnetization?

Liquid Scintillator (LENA)
Not covered

Accelerator
Solar/ ] Lower
- Atmospheric / Super-K v
| | | [ | .
[0 MeV | GeV 10 GeV | TeV 10TeV | EeV
Z':a'.l Very high statistics IceCube/kmA3




Prospects with HyperKamiokandeg

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

= K. Okumura, Id 66 (09/12/13)

Status:

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

ation in 2023
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Prospect for the MH (atm)

- :g%mm.““‘:: Ratio of oscillated v, rate over no oscillation case
e — eemem| | i sUD-GeV and Multi-GeV channels. —_
11 o (®) Multi-GeV v like N SK SenSItIVIty (0)
SR o S —2=A,(6,,) &= Matter effect _
i’msz‘i; 3 * +A,(AM,) 4= Solar term Sin%0,3 now +10 yrs
} } —_ﬁ I } % +A,(6,3,ANT,,5) 4= Interference 0.4 0.70 0.98
3 Statistical separation of v, and anti-v
0.95
: - - 0.6 1.50 2.10
ogblenb o o) HK letter of Intent, arXiv:1109.3262v1
cos ©
30- 30 Bands
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After 10 years, determine MH at >3o for values of sin? 6,5 > O 4.
itivity is expected by addlng beam data (>10 se




Prospects for 6,5 octant and 60;
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First achievements with Neutrino Telescopelé

40 km Off Shore, French Riviera II South Pole
i %

I IceTop

1000 m

H oOm
50 m
| - Snowlayer
[
I
I
[
I
i | | IceCube
1 1450 m —— § ~// 1Gton
1 \\\ | /,//
[

I 2100 m —

" /’/—l
2450 m < ~
I N DeepCore

H 30Mton

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

1.27Am3,L
E,

P(v, — v,) = 1 —sin” 265, sinz(

o . 5[ 16200 Am3, cos ©
= 1 — sin~ 265> sin~ = -

Oscillations maximal at 24 GeV for vertical neutrinos (muon range~120m)
Larger effect on

Single lines < low energy > DeepCore
than
Multi lines < higher energy events —> |ceCube

ett. B 714 (2012) 22.
& M. Spurio, Id 58 (09/10/13)

Phys. Rev. Lett.
< S. Euler, Id 217 (09/12/13)
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da ¢
ORCA PINGU Z)
| 50 strings - PMT pos |
‘E'.so'— p- 5 L. : ‘5 . DeepCore | coimsiGnis”
60— « ' ., - 50: " T e PINGY
40— . vt e e E |l salew i, '
20: e o . a . 0: :" Lol S S :
¢ ” I L i ¢ e e, v
Lot et 313" PMTs i | R S A
E « s . . . ¢ o (nOW tak|ng data H -50;*' . : Q AR S S @-A
P« + . . +. | @ANTARES) | R
-40— e N e . ” 100:._ ,ti“’"_"o’w
-60 « & = I :
80 ii 150-:- .
1995080 60 40 20 0 20 40 60 80 10C " T Ty
, X (m) i X (m)
orca Il
“ 50 lines, 20m spaced, ii 20-40 strings, 26-20m spaced,
20 OM/line ém spaced n 60 OM/string bm spaced
Instrumented volume ~2 Mt Instrumented volume ~ 6 Mt
Could be deployed in <5 years Could be deployed 2016-2020 if funded
40 M€ available in KM3NeT phase-1 (8-12 M$ + 1,25M$/string)

= R. Coniglione, 1d 104 (09/12/13) = D. Grant, Id 146 (09/11/13)

Optimized layouts still under stud




14

Proposed Low Energy Extensions

|_Reconstructed vertex inside the instrumented volume | Upgoing events ii PINGU (20 string) Ve \
T T . all reconstructed events ! E 12 ‘
i::i_ A events selected with a quality cut ii ‘E; 10__ - PINGU u
’ 2_ 'y t i i * * 'E ii Zﬁ - |— DeepCore e
182—'.:1‘ ........ !. .................... ii ....... * ........ %*I_; ii 8:_ 59 Mt f|dVO| + 20 h|tS
16— 3 I o
AN I
2 Instrumented E ii 4
1 volume = I
e ER PRELIMINARY
_.'|>1101|52|02|53103|554:l ii “5I”10HH1|5HII2|°HH2|5HH3|0HH3I5HI
.(GeV) i Energy (GeV)
II
::
1
“ 50 lines, 20m spaced, ii 20-40 strings, 20-25m spaced,
20 DOM/line ém spaced n 60 DOM/string bm spaced
Instrumented volume ~2 Mt Instrumented volume ~ 6 Mt
Could be deployed in <5 years Could be deployed 2016-2020 if funded
40 M€ available in KM3NeT phase-1 (8-12 M$ + 1,25M$/string) g

= R. Coniglione, Id 104 (09/12/13) = D. Grant, |d 146 (09/11/13)

Optimized layouts still unde




First (optimistic) sensitivities 15

Akhmedov et al. JHEP 02 (2013) 082
Wy = NN [PINGU 1 yr)

With exceedingly large
1o PINGU effective volume

+2.46 pVeg(E,) = 14.6 x [log(E, /GeV)|"® Mt

20f
i8f

] +1.64
14f +0.82 TH NH
X Ni' _ Ni' 2
;e o o= [T | SR
ﬁ w; ij ij i
b -0.62
i 124
l 2 NH NH\2
6: ~1.86 05 = Nij + (fNij )
4t
g -248
2 3.10 /
~10 , , , ' Uncorrelated systematics
cos 6.
Perfect resolutions oE=4 GeV, o0= 22.5°

=45.5¢6 (f=0%) S=7.20 (f=0%)
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Frelllnlnary perforlnances
T |
I wane
|_Reconstructed vertex inside the instrumented volume | Upgoing events H — 2 _PINGU 40 string
M «  medianA®,_ (Intrinsic Angle) 8
:_.'_: 16" = all reconstructed events I % 18— PRELI M I NARY
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o 141+ — =) [
= F ) - ii 2 "°F —
£ u .
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= - = . I = B
s = [ =S E—
0 4 = g 12
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. ° . ] [ S
6 ‘1 — e F —
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10 13 20 2 30 355\‘(Ge3? i neutrino energy [GeV]
1
I
TR ——— I .
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o 20 tained H i T T 171 LI " — =
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E - = =
141 e - I % 41— —
i S R R T I 7 e r
12 202 mL L " R
- SR = ] I = [ Ice is a better
100 a H o 3 ;
j: I g 2 - ! & © calorimeter ——
- P FLEED SEEES o Il (] C
oL bl A N I —
o e SR S p 2 r _
4— ” F---l—”_. - H _8 :
= sl . © 1=
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PINGU sensitivities

ECISION ICECUBE NEX
ENERATION UPGRAD!

PINGU collaboration, arXiv:1306.5846 W. Winter, arXiv:1305.5539v1
- s_
3 - =1 T I 1 LA L 1 I 1 Ll
w N .
e 7 6 I 20 strings ]
e TF [ ! 8 ]
L r o X I Z
T 6 Preliminary 5 | ]
2 ; !
o r ; , NH, 623=50°, 6=0 :
o af | ]
- L | ]
it Z 3 IH, 0,;=40°, 6=n
- 20 strings, i -
3- low efficiency - -
- 2¢ -
2
- 1r .
1 03 GLOoBES 2013
L1l | L1l | L1l I L1l | L1l | L1l | L1l I L1l | L1 11 | LL1l — — e
005 T H5 2 25 3 35 4 45 5 2 4 6§ W w2
Years of data t[yr]
3 different studies performed. 2 extreme cases of true param values.
certainties include norm (30%), spectral AE/E = 25% and A8/6= 0.6

scale (10%), zenith bias (10%) _ 5% Flavor



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

nnnnnnnnnnnnnnnnnnn
GENERATION UPGRADE

Improvements

v Shower reconstruction

Should help to evaluate neutrino energy.
Study of intrinsic energy variations = Current limitation from physics (vertex, prop,...) not detector

. ¥ Inelasticity

- N
% o " sneiino “With the inelasticity, the total significance of
Try to separate track-like (;,) B | . e establishing mass hierarchy may increase by
i RS (20 - 50)%"
1© SOWEHIE CYRS (7 b Ribordy & Smirnov arXiv:1303.0758v1
y=(E,-E,)JE,
I
Deteriorations
I

v Flavor misidentification
i
Attempts to study response to v, ii Development of muon tag to then subtract bkg
H from v, NC, v, v,

v' Atmospheric muons
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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...



Neutrino beam to PINGU/ORCA?ﬂ

« 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 = ...950 events for 1 Mt mass

i Muon
normal hierarchy... Events

South-Pole | 11600 km | 11800 km | 11400 km ® ...and 1300 events for

inverted hierarchy.

+ 30% difference, as
expected: bunched in
time, directional, with

Baikal Lake | 8700 km | 6300 km | 3300 km a“hard” spectrum.

Sicily 7800 km 1200 km | 9100 km

2-4 4-6 68

Muon enersv (GeV)

- 9 o separation on purely statistical ground in one year

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

e
~

J. Brunner, arXiv:1304.6230
&0 P R i
o £ 102! pot -- 3 years
A \ i ¥ g e
ool N go / o stat. separation

- 3
Ukraine 7 0.08

e ST )
oo Maldoea f'hmox_:dmﬂr_:

3 o with 3-49% sys




INO: India-based Neutrino Observatorflz

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

urrent Status:
artec.l_' for facilities near portal and Madurai Cent r fc

a' - ) are ] - _
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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
~ . En . .
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Mass Hierarchy Discrimination

Expected performances are a bit worse for |H

[NORMAL HIERARCHY

T T. T T 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
[ ] 2 N
C ——— sin20,,-01 Am o 5 0>3 & 053 25 . and reactors
18 _— _____ sm’ZOUA).OB (no pnOrs) —_ : M sin“6, (true)=0.5 sin"20 ,(true)=0.08
16— — N
| 20— All expts g ;'
14 INO only :
«x ~ Nx = A ;E
<12 < 15: 40 ___________________ 7 Z s 5.@
e I S - B e
__________________ 1o g f“ i
""""""""""""" e
T s Zg
_____ B l Marginalized
1
L
% 8 10 12 14 16 18 O S————""—""30 — ————"3s
Years

202§/rs

INO + Other experiments

Ghosh, Thakore & Choubey, arXiv:1212.1305
Blennow & Schwetz, JHEP 1208 (2012) 058,
Erratum-ibid. 1211 (2012) 098 g

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

A Collection view

0.90 m
w
e

N

First achievements with ICARUS (760 tons at LNGS)

- Proof of technology.
Excellent particle identification with low threshold (MeV) :

°
1.15m i

4

Proposed detectors (LBNO/E): staged approach up to 100 kton

« Sensitive to muons and electrons
« Hadronic component can me measured </>%
K‘ “““ﬁl‘w‘ﬁqn-m-w P

« Atmospheric neutrino studies

« Tau neutrino appearance
Discrimination between v 2v, and v ,>v,

from upward/downward asymmetry
A. Stahl et al, LBNO, SPSC-EQI-007 (2012)
& S. Murphy, Id 33 (09/12/13)

20 m =

< M. Buizza Avanzini, |d 43 (09/12/13)




Magnetized LAr-TPC? )

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 /
[| s 650 A . A\ sin’ 26, (true) = 0.1 ----- //
5 i : ] E \ /
- "z 10 \‘- 30 sensitivity /
o~ o~ N L
= = I N\ 7
.\'\ //
] s [ \\ ; //
30 sensitivity, N 20 sensitivity s
[ Sin? 0)3=0.5, 10 Charge-id ...
0 -<-~- " 1 " " " " 1 L L L 1 L L L L 0 NP PR B S T R A ST RS TS R SRS R
0.04 0.06 008 DB o RENO oy 40 ) 4 46 48 50
true sin” 203 true 63

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

4o+ ORCA

Low energy (GeV) extensions of
Neutrino Telescopes may be faster and
cheaper than other alternatives...

NOvA+T2K

Stated MH Sensitivity
&

26 +

...but challenging, as systematics must o
be carefully controlled. Key parameters | ,
are the size of the detector as well as 2010 ' 2025 00 g

the energy and angle resolutions. _
R.N. Cahn et al, arXiv:1307.5487

Preliminary ORCA/PINGU sensitivities

are quite promising. Collaborative work ~ © Synergies/Combination with LBL/
i reactor experiments may prov

first hlgh signific




