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=2} Established Neutrino Physics

= 3 types, spin 2, neutral, left handed, o(1 MeV)=10-45-43 cm?
= Neutrinos have tiny masses and mix: 0.04 eV <m_ <=1 eV
= Two views on W decay:

I* I*

W

[

0 v,

Neutrino of mass m,
=1, 2,3, ...

* PMNS matrix U relates mass & flavor: |[v>=2 U, |v >

= A compelling evidence of physics Beyond the Standard Model
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SCIREk:
0 Atmospheric neutrino detection (> GeV)
ARRIVAL ANGLE AND DISTANCE TRAVELED BY NEUTRINO
N\
12,800 km 6,400 km 500 km 30 km
50 kt of pure water, 12 000 PMTs _
Good E-resolution Neutrino do have mass
el 1 discrimination at low energy and they mix (oscillation)
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Homestake, SAGE,GALLEX KamLAND, CHOOZ
SuperK, SNO, Borexino

v, 2V, or anti-v 2anti-v_
veévu, .
anti-v,2>anti-v ..,

(anti-)v, > (anti-)v e,

vuéve

-3 Neutrino Oscillation: Established

atmosphere accelerators

Zenith [T

\ 0 & air nucleus

A

SuperKamiokande K2K, MINOS, T2K

atmospheric & beam experiments
solar experiments

reactor experiments

atmospheric & beam experiments
beam experiments
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3 v Oscillation Formalism

PMNS mixing matrix

Atmospheric Cross-Mixing Solar Majorana C/P’phases
| -i ] [ i
1 O 0 c; 0 spe ¢, S, 0 e 0 0
U=| 0 ¢y 8,5 |X 0 1 0 x| =s, ¢, 0 |x| 0 %% 0
id
0 -s,, ¢y -s e 0 ¢ 0 0 1 0 0 1
0,5 : “atm.” mixing angle 043 0,4, : “solar’ mixing angle

. . : 2 Majorana phases
d Dirac CP violating phase (L violating processes)

. 2 2 2 2 2 2

= 3-flavour effects are suppressed since: Am. <<Am._ (1/30) & 6,, <<1
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Open questions

= What are the masses of the mass eigenstates v,?

4

V3 I
ATzatm } v flavor change
(Mass)?2 | v
Vf T =z Arr'2sol
?
O L_______ Vi }  decay, pp0 v decay, cosmology
= |s the spectral pattern or? v’ behavior in matter, RO v

= Is there any conserved Lepton Number (Dirac or Majorana neutrino) ? 350 v

* Precise measurements of the leptonic mixing matrix? flavor
* Do the behavior of v violate CP? zhan e
= |s leptonic GP responsible for the matter-antimatter asymmetry? 9

= Are there additional (sterile) neutrino states v flavor change, Cosmology



Question 1)

What are the leptonic
mixing parameters?
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------------------------------------------
o* .,

Atmospheric:

: . Am2 ~L/E
: -L~104km & E ~ 1-30 GeV

Am, 2=2510%ev? :
: Reactors:

-L~1km & E ~3 MeV

(Mass)?

Accelerators:
-L~1000 km & E ~ 3 GeV

* o*
a, .t
---------------------------------------

V o Il |Ugi? Vu.|Upi|2 v OV ,il?
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52 Addressing Atmospheric Sector

My
iy

Experiment Béééﬁne Size i | Channel
SuperK . 10410°km 225000m3 -
Chooz 1km 5md .
K2K . 250km  22.5000 m?
MINOS " 730km 5.4 ktons
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Am?,, & 0,

v 5

(Mass)?

-------------------------------------------------
3

V 2_: L~100 km & E~MeV
EV “:I :  Or MSW ‘flavor transition’
V1

* »
.................................................

Vo Il Uil Vu.|Upi|2 v IV .il?

Th. Lasserre — SILAFAE 2012



Basellne Slze | Channel
Gallex/GNO/Sage
SuperK S
SNO/SNO+
KamLAND
Borexino

Experiment “

150 km

o ‘,J( SuperK
e -KamLAND
o g

30- 60 tons

22. 500 tons F . '
1000 tons

1200 tons
300 tons

v, >V,
Ve %Ve
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gz Leading Order Oscillation Picture

Atmospheric Oscillation Solar Oscillation
" v, 2>V, . v, Vi
= Am2=103eV?2 = Am2=10%eV2
= sin?(0) = 0.5 (but non max) = sin?(0)=0.3
4 | L I I I L | | L I | | | | | | I | | | | | | | i
— L global 15 ~ solar neutrlnoé exps. N
= : 1 & L é i
() - > i combined i
? - LOG) B : =
o | o 10 —
o~ s " KamLAND -
= _ 1 2 °C | -
< . atmospheric - -
10"'(')'25"'0i5""0'7é"'1 Py N I N
' 2 ' 0.2 0.4 0.6 0.8
sin 923 sinze12
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| = Need to connect the v_flavour

with the isolated neutrmo (Am,, . 2)

= L~1 km, E~MeV
» disappearance expt. @reactor
= 0,5 only - ‘clean’

= L~1000 km, E~GeV
= accelerator experiments

= appearance expt. @Beam
(0,5, NH/IH, dp)

14 2_: - correlations & degeneracies

Am_ 2=8.10%eVv2

v 1_:| - Complementary projects

ye.lueilz Vll.lupilz v TDIUriIZ
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Experiment eline: Size . Power
Minos 732Km- 5400 tons 0.3 MW
Nova 812 km 15000 m3 0.7 MW

%4 22.5000 m* 0.75 MW
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(V)

Target/Horn

= Complex oscillation formula

= depends on sin?(20,;) , Am,,2,sign(Am,,?), &

= >> MeV muon antineutrinos = appearance experiments
= sin?(20,;) measurement depends on 6-CP

= >> MeV neutrinos + >>100 km baseline &> matter effects

=> sin?(20,;) measurement independent of sign(Am?2,;)

J
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Very sensitive
to apparition

Correlation &
degeneracies



T2K (Tokai to Kamioka) @JPARK

Super-Kamiokande J-PARC

Near Detector 280 m
| 1000 m

Neutrino Beam i ~~—
295 km '

= Channel: v,— v, (15t goal: search for non-zero 0 ,;, beam contamination, NC-1mo)
= Channel: v,— v, (sin?20 ,; @ 1% & Am?,; @ 2%, single pion production)

= Detection, CCQE: v +n> p+I(l=e, )

= Beam Setup:
» Off-axis beam (2.5°), ramping to 750 kW...
= Quasi-monochromatic v , beam (400 MeV)
= Small intrinsic v , contamination
» Reduced high-E non-CCQE backgrounds

» Far Detector at 295 km:
» Super Kamiokande (50 kt)
= Near Detector at 280 m:
» On & Off-Axis detectors (Ingrid & ND280)
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* New resultson v , — v . based on
3 x 1020 pot (4% exposure’s goal)

Latest T2K results on 6 ,,

= Expected Background: 3.22+0.43 i
= intrinsic v , contamination 61
* 1% from NC interactions i

* 11 candidate events
Indication of v _ appearance

Number of events

* Under 6 ,;=0 hypothesis,
P(obs>11 events) = 0.08% (3.20)

= Next Goals: .

1000

- Still.limited b.y stat! Eeconstiucted v energy (MeV)
= Achieve 50 in 2012 (8 x 1020 pot)

» Upgrade JPARC (7.5x 102" pot in 2021)

- RUNI-3 dam
(301010 POT)

m O=x v, CC

v 9, CC

. vav, CC

N NC

(MC wi sin’ 26 =0 1)

2000 3000
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<=1 Reactor Neutrino Experiments

Experiment Ba'éell_ivne‘. Target (far)  Power Channel |
Double Chooz ~ 400m/4.fkm 10m3  @6GW(2) v, disappearance .
Reno 350/14km 20 m3 “16.4 GW C)EAA disapﬁ)éaraﬁCe"”
Daya Bay 400/1‘1 7 km 100 m3 17.4 GW (6) v, disappearancé
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Reactor: Oscillation Physics

**U+n, = X+Y — B —decays

Reactor core

)

— _ A 2 . 2 L . A )
P(ve —=ve) =1—sin2(2813) sin(l 7 2Mam V)L )) +0( mg,

(MeV) atm
» Simple oscillation formula N
= depends sin?(20,;) & Am_, 2, weakly on Am_?
‘clean’
» MeV electron antineutrinos = disappearance experiment > . .
=> sin?(20,;) measurement independent of 5-CP information
= MeV neutrinos + 1 km baseline = no matter effects O[10-4] on 6 13

=> sin?(20,;) measurement independent of sign(Am?2,,) /
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P(v — Ve) 1-sm2(2613)sm2(Am231LI4E)
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Chooz Nuclear PoWer Statlon
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»

Far detector
1050 m

Near detector
400 m
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Reactor: Experimental Concept

: : € spectrum Far
. oz Detetector
o . Stat. Errors
x
2000 x
1000 } ) -
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Am?2_, =3.0 103 eV?

$in%(20,,)=0.12

=)
©
&

1

Far/Near ratio

1 2 3 4 5 6 7 8 9 10
Eyis MeV)

4

%

2
T

0.80



Double Chooz: Site

= .
e i e g™

CLOSE DETECTOR
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Double Chooz

New 4-region large
detector concept
from Double
Chooz Coll. (2003)

CEA-DSM-DAPN,
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ez} Reactor Results on sin?(20,,)

Double Chooz (Oct. 2011) Daya Bay (March 2012) RENO (April 2012)
< 1400 —— — T —T — — T —
E E | —o—‘ Double Choo I zo1z1':|n|| é E I % - %40_ | EFast neutron
§12°°f = B m:" n’(ZBBi) ‘;“159 kground ] |n2000-_ L b _+_ Far hall E - E ' . ‘Q?JCCldema]
g L ;:oﬁn:ﬁ;:.az A L 25 —— Near halls (weighted) | & | 530 , K 4T
a | s | B1so0f g F 'ézo*
soo:— g ok *: L{:‘l - é = [510_
600/ — 3 2E — 1000F = i
B : ] i - Prompt energy [MeV]
400 © Energymevi _| L 500
- . 500 i —4— Far Detector
20078 — C I —+— Near Detector
= : of , — i
g 1.4;— - '? I 0
8 B 8 L e No oscillation 3 ‘
£ B 12 | —BestFit 2 |, ?
8 E [ s At l =
g,\ g 1""" LA JURA SUh 33 B E 1F {' ¥ 3051 O
32 z B CURACE LY 1 - Hﬁ%ﬂ'*f {'#HH Tf
3; ;, E 0'8— L .I ! Il 080_ : + 1‘0
N 0 5 10 Prompt energy [MeV]
Prompt energy (MeV,

0.10910.039(0.030stat+0.025sys)  0.089+0.011(0.010stat+0.005sys)  0.113+0.023(0.013stat+0.019sys)

Rate+shape analysis Leading precision Rate only measurement
BG constraints with now 15% error Concerns on the analysis
reactor off-off data But still rate only analysis [6-12] MeV region used

for osc. analysis...
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Double Chooz Jun. 2012

Double Chooz Nov. 2011

Daya Bay Mar. 2012

RENO April 2012

T2K (2011) Normal hierarchy

T2K (2011) Inverted hierarchy

MINOS (2011) Normal hierarchy

MINOS (2011) Inverted hierarchy

Summary of the 0,; Results

\

> Reactor Experiments

_/
™~

>~ Beam Experiments

-
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Question 2)

What is the spectral
mass pattern ?



(Mass)?

Sign of Am?,.

v 5 I | v ]
A
1
1
1
|
1
1
1
|
1

: Am,,2=8.105 eV2
v+ I ]

A
1
1
1
[
1

Am

Am._, 2=25103ev2 2 -25103eV?
atm

atm

|
|
|
|
|
|
|
\4
v o ]
; Am, 2=8.105ev2
v , [T ] v, ]

Ve.IUei|2 VH.IUIJiIZ 14 2:D|Uri|2
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MH: middle term projects

2012: Large 0,; open the door to new initiatives:

= Atmospheric neutrino L/E measurement
- Pingu (Ice-Cube) & Orca (KM3net)

= 50 kt scale reactor experiment at 55 km
- Daya-Bay I

= Atmospheric neutrino in magnetized detector
-INO

= Beam of Neutrinos in Matter

* Prospects: results before 2020 ?

Th. Lasserre — SILAFAE 2012



MH & Matter Effect

» Coherent neutrino forward scattering
from ambient matter NOVA' Far Detector (Ash River, MN)

g i

"‘I ‘ MINOS Far DetectoHSoudan MN)

= CC interaction of v _with the
electrons creates a potential forv

A a tG.N_E,
(+ for v, - for anti-v)

» ‘A’ modifies the mass eigenstates
values and thus the oscillation prob.

2 Milwaukee

T .

— (A ong-baseline neutrino\ | .
o oscillation experiment, lerml g !

= ‘A’ lead to P(v,— v;) # P(v,— V) situated 14 mrad off Chicago’

> Mimicking CP- 6 effect EACINUIVI Do |

Nova: 40% chance tagging MH @2 o
Th. Lasserre — SILAFAE 2012



IlceCube Neutrino Telescope

Existing: 1 km3 antarctic ice instrumented with 5160 PMTs
+ Deep Core 20 strings to reduce threshold

Next: PinGU - Add 20 strings within DeepCore

lceCube Lab
— PINGU Geometry V6 (Dozier)

__‘-___-;_;j_;:_-___'-_— / I C eTo p ’g 100 B ""l""l""l""l"" ‘.' I;:elclut;el =

s0m — T e N | e

A DeepCore

50 _ ..................... ..................... .................... ................ & PINGU (HQE)

E . . A .
lceCube Array L T
Ob i A BB — -
P I -
l / / RN ﬁ}‘é e

(bt (|
1450m|______ Hin |
ll

DeepCore

i i B : : : ; ;
HEHE ‘ Eiffel Tower E
324m e

o o PP NN NN WS NN N N I
zmz0m A T DU NV SUTE DU I
100 50 0 50 100 150 200

X (m)
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Lower Threshold to few GeV
* Fine mesh string array

Keep Megaton volume

Matter Effects:
IH/NH has up to a 20%
difference in oscillation 5 P(v,—v,) with Travel Through the Earth - 6 GeV, 126
probability for specific 2 sk
energies and zenith angles 2 IH =
2 as5F o T,
Promising but sensitivity S o ooz
under study... i 251 06
2 0.5
Deployment by 2018 ‘-:: —
= —— Inverted Hierarchy 0.2
Similar project in the e 2 R S
Mediterranean see (Orca) % 1000 2000 3000 4000 5000 'éootier";t;'o(?((;)n)o
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Question 3)

Do the behavior of
YV violate CP?



Cea

MH & CPV: long term projects

L=1300 km

L=2300 km

LBNO (Europe, underground)
20-100 kt LAr +

Magnetic Spectrometer

LBNE (US)
10 kt LAr

(surface)

Outer Detector

L=295km

Plat form

>, [nner Detector | { Opaque_Sheet
C Access Drift Liner Vater Purification System

-
|

Hleight 54m

Hyper-K (Japan)-~

A

~ SECTION

Plat form

ss Drift

Liner

__Outer Detector

‘ L _ Dia. ¢43m |

Width 48m |

1 Mt H,O + upgrade JParc




<z} LBNO: Mass Hierarchy (‘\'/’Mé

Excellent prospect — Earliest schedule for 55 : 2026 (start + 3 years)

entries / 200 MeV / 3.75e+20 pots

entries/ 200 MeV / 3.75e+20 pots

18
16
14
12
10

20
18
16
14
12
10

Detector response and resolution included

20F

o N M O ®

o N A O @
T

5 6 7 8 9 10
Reco v energy (GeV)

Running m
v/anti-v:25

T T T
=4 all electron-like events E
I v. CC beam =
I V. CC misid

v, NC 7° misid
v.CC+1->e

7 8 9 10
Reco v energy (GeV)

T T T T T T T B ‘(L) ZO C T T T T T
=4 all electron-like events ] 8_ [
o B V. CC beam 7 ~ 18r 5
v, NH e 1§ °F v,NH
E v, NC 7 misid 3 & 16F
E_ v.CC+1->e _E : 14 :_
E 3 > 12F
e = = [
r ] o
o 3 =]
r ] N
. 3 ;
3 R
o ] c
e ] o
'_+ ihl....,_,, E
1 2 4 5 6 7 8 9 10 0 1 2 3 4 5
Reco v energy (GeV)
r T T T T T T T ] ©® 20 N T T T T T
L =4 all electron-like events ] [} r
- M V. CC beam = S 1wty IH
U, IH v, CC misid Q )
3 v, NC r° misid E 3 16 3
:_ v.CC+t->e _: : 14 :_
: 1 3 ef
r h = r
n -] o 10
r ] < s
= - 8r
3 6f
S af
2 —M’
0
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=+ all electron-like events E
I v. CC beam .
I V. CC misid

v, NC 7° misid
v.CC+t->e

..L-kk
7 8 9 10
Reco v energy (GeV)
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Towards CP-violation Search

P(ve—>v,) = IAI2#|8|2+ 2 A S sin 0 o
| P(ve—v,)-P(ve = v,)
> Agpa

P(ve—v,) +P(vg —>7M)

P(ve—v,) = IA2+|S[2-2AS sind

2 AS sin & sin (Am2L/4E) sin 6,,Sin0,3sin 0

cp IAI2 4 1Q12 :
A +IS sin? 20,5 + solar term...




HK: CPV signal (v, V)

= |dentity CC v, events

= Comparison between P(v - v,) & P(anti-v,~> anti-v,)
= Up to 25% difference expected

= Need statistics > 1 Mt H,0 for HK (x25 SK)

Neutrino case Anti-neutrino case
0.1 0.1 —
- NH §in?2613=0.1 i NH sin220,5=0.1
Ao.oa_ —5=0 0.08f — §=0
) O — d=12n | 3 C — d=1/2n
e
1.10.06: — b=m |? 0.06: — seu
L{--0.04: 8=-1/2n 15 0.04f — d=-1/2n
- o C
0.021 0.02
0 O:
0 1 2 0 1 2
Ey (GeV) Ey (GeV)
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entries/ 200 MeV /3.75e+20 pots

CPV Signal in LBNO (1.5e21 pot)

= Search for a P(v > v,) / P(anti-v,~> anti-v,) asymmetry
= LBNO: 20 kt, 12 years of data - limited by statistics!
= Maximize #events at 1st max osc. peak
= While enhancing 15t/ 2"d oscillation peak ratio

Neutrino Running (25%)

N ——
[ Normal qst —+08,,=0 ]
[ Hierarchy +80P=900 1
20 \1' ~+8.,=180° -
[ —~+ 8.p=270°
15 .
- 9nd 1
1of l ]
sf ]
O o T T T T TR TR T T -

Reco v energy (GeV)

entries/ 200 MeV /1.12e+21 pots

20
18

Anti-neutrino Running (75%)

-------------------------------------------------

" Normal —+8,=0
- Hierarchy e 8CP=90°

Reco v energy (GeV)
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(A 2)0.5

o=

Rejection of the null hypothesis for differ

<28 LBNO(E), HK: CPV Sensitivity

ent CP values

L R R R B R R =T I R R R

- - -HK 3.75 MW.y

——LBNO 20 kt 12y
LBNE 10 kt

- = =30 sensitivity

——50 sensitivity

0
6cp (degrees)
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Question 4)

What are the masses of
the mass eigenstates ?
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Neutrino Mass Scale

What is the v Mass Hierarchy?

2 A A 2
T c T What set the v
Mass Scale?
0 e I / O Au
dese be
f ue oy te
Vi V2 © V3 ceo H® TO
1 L1 1 1 1 1 1 1 1 1 1 1 1] L1
ueV meV eV keV MeV GeV TeV
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<z} Finding the Neutrino Mass Scale

= Astrophysics
= Supernovae, from 1987A m < 23eV

= Cosmology (look forward for Planck results in 2013)

= CMB+ Large Scale Structures +... - >m;<0.6 -2 eV

* Fermion Decays
= 1, T decays - relatively poor sensitivity
= 5 decay
= B B decay

= Neutrino Oscillations

= No absolute scale but only square of mass differences
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Beta Decay

- . A A - o
= B-Decay: ;X — , X +€ + v,

*Energy spectrum shape depends on v mass

= Based on kinematics and energy conservation

= Weak dependence on theory 100
= Sensitive to incoherent sum: — 50 f
2 2 P ' ‘} ?
— Q 50
<m/3 > -_— E ‘Uel ml \S/ I [ ] ] Y Livermore
1,2,3,” e j ) | Main
150 L m Tokio
. R 200 F ] ® Troitsk (step)
= Best constraint by Mainz & . A Zirich
Troitsk Experiments —> (e
-300 = i
= <mg> < 2.2 eV B!
_350 o210 P BPETETE EPEETE EPEETE BT PR Y
1986 1988 1990 1992 1994 1996 1998 200(

year
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) Absolute Mass From Beta decay

Tritium betadecay H — JHe+e + v,

entire spectrum

—
(-

region close to endpoint

rel. rate [a.u.]
00

rel. decay -amplitude
o
(00

e m(ve) = 0 eV
0.6 [
04 [ /
0.4 only 2 x 1013 of
02 B decays in last 1 eV
i interval
' 0
/ E 1 1 1 L | L L 1 1 | L N 1 L |
o L ' | | - -3 -2 -1 0

5 6 10 14 18
Electron-energy E [keV]
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Beta Decay: KATRIN

* Measure both shape and energy of e in the last few eV
below the Tritium beta decay endpoint energy

= Detector:

= Gaseous Tritium Source (3H decay, t,,=12.3 y, Q=18.57 keV)
* 10 m diameter Magnetic Spectrometer (MAC-E Filter)

» Status: commissioning detector components. Data in 2015

* 90% C.L sensitivity : 0.2 eV

detector /

| Report o i ectrometer |
TR\N Des“tggzmmgm main S

onti epo ]
Sc‘en““c . o spgctro \

ntion
indowless gaseous res;estem s 8
\:lrlg\ecu\ar {ritium source ‘ a\—
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mg [eV]

Prospects of Beta Decay (B)

Direct Measurement of the mass scale but no
experimental prospect to disentangle NH & IH

10 ¢ N
F S
. —_ . .
Current Bound <m/5> \/; ‘Uel m;
--------------------------- 12.3..
T F E
- KATRIN Sensitvity /- " Degenerate: <m/3>=mv
107" | ? -
| :Q
2 “ IH: (m,)=Am;
'S ‘ 5 atm
107 ‘8 E
N NS :& 3
5 — 2| = NH: {m.,) can be << Am>
= 30| 1 y p atm
1073 | d
1073 1072 10~ 1 10
Mmin [eV]

Th.
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Question 4)

Is there a conserved
Lepton Number? Eq.
Dirac or Majorana v ?

Th. Lasserre — SILAFAE 2012



EA
= Second-order process only

detectable if first-order B decay
is energetically forbidden

= 2v:oX — AX +2¢ +2v, (detected) B
= AL=0

. (Tﬁ; )_1 = G2v |M2v 2 = 1018_21y

Double Beta Decay ()

/N.Z=0,0
/

= Ov: o)X — _2X+2e (notyetseen)
= AL=2 — Majorana Neutrino
MOV i

ov)! 2
. (T1/2 ) =G, m/}ﬁ‘

D Uim,

1,2,3,.

:

* BB mass: (m,)=
(A2)

Th. Lasserre — SILAFAE 2012

Nuclear Process

¢
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) 2v0f: experimental signature

“PeakatQ=E_, + E_, - 2m_ > Calo (Gerda, KamLAND-Zen)
= Two electrons from same vertex - Tracking (Super Nemo)
* Production of grand-daughter isotope > EXO

[Candidates with Q>2 MeV]
Candidate || Q[MeV]| |%Abund
48Ca — T 4.271 0.187
76Ge — 7Se 2.040 78

ZVBB 9Se —» 8Kr | 2995 | 92
0.003 %Zr — %Mo | 3350 | 2.8
i2 0Mo — %Ry | 3.034 | 96
C opd — 110cd | 2013 | 118
- 0.002 l6Cd — lésn | 2.802 | 7.5
> 45y > 24Te | 2228 | 5.64
© 130Te — 130Xe | 2530 | 34.5
5 0.001 136Xe — 136Ba | 2479 | 89
E 150Nd — 1505m | 3367 | 5.6
D
o - : Isotopic T\:zzzor
Detector Fraction Running
0 500 1000 1500 2000 Fdeny 1\ e
o La [Mt
X €— —
Energy (keV) /27" AV bAE
Atomic \ Detector
Mass Background Resolution

Rate
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= Part of the Heidelberg-Moscow Coll.
= 72 kg.year — Bkg 0.1/(kg.y.keV)

= A Majorana v at large mass scale?
= Claim of evidence at4.2¢

= T,,=[0.7-4.2]x 1025 y (30)

= |mgg| = [0.17-0.45] eV (90% CL) \

= Analysis controversial

= Benchmark for current projects ™

—
Ll

Counts/keV

"= Need O(102 kg'y)

-
(=)
T

= Need background reduction x10

o

===

3 v = A
2%00 2010 2020 2030 2030 2050
Energy, keV
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Overview of experiments

Isotope Experiment Technique Mass Enriched [325] Start/Stage
130Te Cuoricino TeO2 bolometers 40.7kg No 2.6 Done
825e, 1Mo NEMO-3 tracko-calo 0.9kg/6.9kg Yes 3.37 Done
°Ge GERDA Ge diodes in LN 34.3kg 86% 2.04 2009
136Xe EXO-200 LXe [tracking] | 50kg 80% 2.47 2010
136Xe KamLAND Isotope in LS 400kg 90% 2.47 2012
130Te CUORE TeO, bolometers 204kg No 2.53 2014
150Nd SNO+ Isotope in LS 56kg No/50% | 3.37 2014
6Ge Majorana Ge diodes 30-60kg 86% 2.04 2015
82Se, 15°Nd SuperNEMO tracko-calo | 00kg Yes 3.37 2014
100Mo MOON tracking It No 3.03 | Prototype
16Cd COBRA CdZnTe semicond ? No 2.80 | Prototype
48Ca CANDLES CaF; cryst in LS few t No 427 | Prototype

Th. Lasserre — CIPANP 2012




= Target: °Ge
= Low 2vf3f rate (T,,=1.4x10%1 y)
" High Q,; value (2039 keV)

= Detector: high purity °Ge-diodes |
(source & detector) immerged in Lar |
as shielding and coolant

GERDA at LNGS

» Status (Phase 1):
= Data taking since end 2011
= Bkg: 0.017+0.009-0.005/(keV-kg-y)
- Factor 10 bkg reduction wrt HDM

-

o
>
|

counts/(50 keV) in 1388.3 kg x day
o

-
o
Y

* Future (Phase 2):
» Factor 10 bkg reduction by LAr

a 6Ge 2vBPB spectrum

= S/N =10/1

scintillation and novel HP-Ge detectors *-

Th. Lasserre — SILAFAE 2012
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o=l KamLAND-Zen at Kamioka

P ey /Chimney
= KamLAND LS detector of Corrugated Tube
/;ﬂ Ly % Film Pipe

= Liquid 136Xe (92%) in balloon ' Suspending Film Strap

|~ Photomultiplier Tube

= 77.6 day X 129 kg of 136xe X | ThO:W Calibration Point
" 2V2[3 Xe-LS 13 ton

N\

A

(300 kg *5Xe) , — Buffer Oil
LI NS ~ Outer Balloon
. T1/2 = (2‘3810'14) X1 021 yr Oilgolﬁs (13 m diameter)
. . N "\ Inner Balloon
= Consistent with EXO B | (3.08 m diameter)
[ | OVZB 104: — e
[ | T1/2 > 5.7 X 1 024 yr (90% CL) 103 :;_ — Total __ z;(;?'I:;Senes
= But Fukushima Contamination E 20 e nugp .
2 1 110, m
210 F ,\. : Ex?e%nal BG
. < ~ 1T N —_ ation
= Upgrade plan: s LU spl
= 1 ton 136Xe 1 .
= KamLAND upgrade 10 : .

3
Visible Energy (MeV)
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EXO-200 at WIPP

= 200 kg liquid enriched 136Xe
= TPC (energy and position)

HFE Fluld

= Data taking since may 2011
= 32.5 kg-yr

= Bkg: 1.5 x 1073 kg 'yr-1keV"
= 2v2[3 (2011)

“ T, =(2.1120.21) x 102" yr
In contradiction with KK claim (90% CL)
= 0v2B (2012)

10° Expected SS
*=T,2>1.6x10%° yr (90% CL) - S
" |mgg| < 140-380 meV 3 EE e
BB P SN R et EE O S T
212N T e
. . , ‘ .“ ‘ L |
PrOSpGCt‘ Bar"'lm tagg|ng 10% = "100\0' 1500 2000 I|25(|1(|)I 3000 3500
energy (keV)
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Prospect of B0V

* 1- Test the °Ge Claim — mg; = 100 meV - ongoing
2- Test the IH scheme - mg; =~ 10 meV
3- Need new ideas / technology - mg; =1 meV ?

T F

1074

T IIII'

‘Current Bound or Positive Indicationf

107

1073

T I|II' T T ||lll|l 1

= BBOv implications

= v = Majorana

= L number violation

= Credit to See-Saw
— mass generation
30| mechanisms

" ywin [eoibojowso) |

1 Ll 11} l :
1072 107" 1
mmin [eV]
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Question 5)

Are there additional
(sterile) v states?



Anomalies & 4t Neutrino

Anomaly Source Type Sgrs'i:::;’:zrt‘o Channel Significance
LSND  Peevat oy sy, Toé?]'e'fg‘;e’ cc 380
MiniBoone baSsheolir:me V, 2 Ve Toéilelfs;e’ CC 3.80
Gallium I(E:Iaeg;tlrjc;;\ v, dis. Total Rate CcC 30
Reactor  Beta-decay v, dis. Toéilelj;;e’ CC 30
Cosmology  Big-Bang All Number of v, N CC =2 O

- could be interpreted by an existing eV?2 4t" neutrino state...
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)

The Reactor Anomaly

Vemission: IMpProved reactor neutrino

- %
spectra > +3.5%
0.15 — 1
Huber, Phys.Rev.C84,024617 (2011) ]
Meuller et al., Phys.Rev.C83,054615 (2011) iy
0.10+ Schreckenbach et al., Phys.Lett.B160,325 (1985) —_ e
simple p-shape ]
jv:' T |
S 0.0s] 1 ]
= —
BN i e == 4
. T
0.00E
0.05% 5 i : G 5 i
E, [MeV]

1) Vyetection: Reevaluation of ogp 2 +1%
Evolution of the neutron life time

™~

i) Vyetection: Accounting for long-lived
isotopes accumulating in reactors

2> +1%

Th. Lasserre — SILAFAE 2012

Neutron lifetime (s)

PRC83, 054615 (2011)

PRC84, 024617 (2011)

1100,

1050}

1000}

950 }{ -
Ui
il
850: ......... [ [ [ Lovvsienny ]
1960 1970 1980 1990 2000 2010




The reactor anomaly

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
II|IIII|IIII|IIII|:IIII|IIII|IIII|IIII|IIII|II
I

| = 19 experiments reanalyzed

0.92 +0.01 +0.07

ROVNO88_3S ——
18.2m

ROVNOS88_2S
25.2m

0.94 +0.01 +0.07
0.95 +0.01 +0.07 = 7% deficit wrt the new prediction

I
I
I
i
I 0.93 :0.01 =0.06
I
I

ROVNO88_1S
182m
ROVNO88_2|
18.0m

""!L"" smsmfmnn

ROVNO88_1l 0.90 =0.01 =0.06
18.0m

; = =3%: reevaluation of emitted flux
283%%—” l—'p:'—i 1.00 =0.01 =0.04
AP i

(9]

0.94 =0.01 +0.03

o

= =3%: reevaluation of

= |DB cross section parameters

ILL H——H
8.76 m

0.79 =0.06 =0.05

I
I
I
I
[
I
I
I
I
I

Goesgen-llI — 0.91 +0.04 =0.05
65.0m H . o
Goesgen-I N 0.97 +0.02 +0.06 = Neutron lifetime

Goesgen-| | . : 0.95 =0.02 =0.06
. N | N N .

Soeys T 0.86 =011 ~0.08 = Accounting for off eq. effect

Bugey3 [ , 1] 0.94 =0.01 =0.04

%gggfy-SM [ ;. { : 0.93 =0.00 +0.04
i | » 99.7 % C.L. deviation from unity
. [

7,=881.55 Y oy | 0.927 +0.023 . .

e = Artifact or new physics?

sl beo borec B D B o b b

0.6 0.7 0.8 0.9 1 11 1.2 1.3 1.4
VMeasured / VExpected, NEW
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¢=z¥ The Reactor Antineutrino Anomaly

= Observed/predicted averaged event ratio: R=0.927+0.023 (3.0 0)

1'1|Ill‘ I lllllll’ [T 11 l lllllll‘ l lllllll‘ 0TI [

t Il Solar Neutrino
no oscillation

L . L L ) Anomaly -

(1968-2001)
- v-oscillation

09

0.8

Ratio of Observed To Predicted Reactor-v’s

0.7— 7\ Y, Atmospheric T
- Neutrino Anomaly

0.6 Terra Incognita Reactor (1986-1998)

' to be explored Antineutrino - v-oscillation

—  >20projects....  Anomaly (2011-)

0.5— —> v-oscillation ?

0.4LLLLI | |||||I|’ | |I|I|||| | |I|I|||| | |l|||||| R ||

0 10 100 1000 10000 100000

Reactor — Detector Distance (m)
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<=} The Gallium Neutrino Anomaly

Raghavan's idea

= Test of solar neutrino detectors S1Cr (277 days)
GALLEX and SAGE (v.’s)
427 keV v (9.0%)
= E=MeV, Baseline range = few m 432 keV v (0.9%)

747 keV v (81.6%)
752 keV v (8.5%)

= 4 calibration runs 320 keV y
=1 MCi EC v, emitters

= Gallex
= S1Cr source (750 keV) 115
. Sage s ] | 7

- 51Cr & 7Ar (810 keV) s £ 1

0.95 q ©

51y

1.1 —

0.9 . ]

= Deficit observed
- Robs/pred=0'8610°05 (O-Bahcall) 075 ]

"R =0.76£0.085 (O} 10n) | | :

! L 11 vy l L1l Pl
GALLEX1 GALLEX2 SAGE-Cr SAGE-Ar

0.85— —

0.8

Measured / predicted

obs/pred

0.65
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<=} Gallium & Reactor: v, disappearance

10 | | T 17 II| | | l\l Ill | I 1T T II_
- - | —90.00 %
"% 5 \ / — |—95.00 %
[ \ I _]
n u 99.00 %
2 I | ol | L1 III\/I I EEEE
1085 I | T T T TT1 | | lllilll | | ][]I]]EEIIIIIIIIIIIIIIIIIE
*E PRD83, 073006, 2011 T g
10", 4 o E
of- i -+ . -
o ‘T ‘ * T — 18
> 4 Am? ~eV2e-----= = — | 2,
N i s 13
E v ‘é’ T i
oI sin2(20,.)~0.1 |& a .
107, & = E
|l No-oscillation hypothesis disfavored at 3.60 | -
10 e 8 ¢ serE et 4 s ere e
10° N 10" 10° 5 10

. 2
Th. Lasserre — SILAFAE 2012 sin™(26 ) Ax



101_

100 L

Am?Z [eV]

atm + CDHS
+ MINOS + MB

10—1_

>

CDHS

atm

1072
|U;14I2
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107!

v, disappearance data

No anomaly for Am?=1 eV?2
but limited sensitivity

No contradiction with v,
disappearance data butv,
dis must be observed if
~eV? sterile neutrino exists

But strong constraint for
v, 2 Ve Channel :

e

sin?20 . = 0.25 sin?20  sin?20,

Impact on global fits:
no satisfactory solution
(tension with Miniboone)



==] Number of v’s From Cosmology

Universe Expansion Rate H? = (p,+p,) - p, given by CMB data

-4 -2 ] 2 4 b 8 10 12
R R R I I B R
o [
WTOUBH RGN s a0 % 2 Cosmic Microwave Background
mega V+W . .
+1.10 +2.00
W7+C meg +BAO+SN+HO f——a———— 420 F 0 d L S | St t
W7 OB RGO | PR an arge ocaie ostructuures
ff+fv+
W7+CMB+BAO+HO —————— 3.68 50
W-7+ACT+SPT+BAO+HO A 4.00 +0.43
eff+fv+Omegak . .
WiT3AGT+SPTBAOHO |+ Big Bang Nucleosynthesis
W-74B Q+Ho —a— 4.61 =0.96
eff+Omegal L
M\éﬁ7+ACT+SPT+BAO+HO a 3.890 j?;:10 23 T T T T 3 T T T T 3-|5 T T T T T T T T T 4i5 T T T T ? T T T T Sis T T T T e
W-7+ACT+SPT+LRG+HO i 4.080 j¢s
\A\elf-f7+SPT+BAO+HO A 3.850 +0.420
WW-7+SPT —— 3.850 +0.620
WW-7+ACT+BAO+HO —A— 4.560 =0.750
W7+ACT ——&—— 5300 =1.300 P
—H—A— 13 =0.21
W-7+LRG+HO —t— 4.250 *0350 st e
v .
—— .82 0.
W=7+BAP-+HO —— 4.340 1050 HEEin 3.82 +0.35
W-5+LRG+maxBCG+H03  —j—a——— 3.770 =0.670 *}°0 T —— 3.85 +0.26
W-5+CMB+BAO+XLF +fgas+HO#-4— 3.400 50
© beware: correlated measurements
+1.370
x\éFfS-'-LRG-'-HO H 4.160 0 670 -1.240 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
25 3 3.5 4 45 5 5.5 6
beware: correlated measurements Number of Neutrino T
umber of Neutrino Types
coc b e bt Lo b b

4 2 0o 2 4 A B 0 1 - a 4th v favored at 20
Number of Neutrino Types
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<) Neutrino Mass From Cosmology

= Standard candles (distance vs redshift)
= Type I-a SN, BAO

= Cosmic microwave background anisotropies
= COBE, WMAP, later Planck

= Large-scale structure (LSS) distribution

= Galaxy clustering, Cluster
abundance, Grav. lensing, Lyman

- flat ACDM model

= Constraint on Neutrino mass
and Number

CMB+SDSS7+HST |
ACDM+N_+m_

o
5N

(]
N

o
o
O

1 2 3 4 S

" My avier < @bout 1 eV

Mass of each sterile neutrino [eV]

Number of sterile neutrinos
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cea Testing(V)e disappearance anomalies

= GA & RAA arise from comparisons between data and
event prediction 2> Need a conclusive technique

* Input from Sterile Neutrino Fits

E(MeV)
n 2 _ 2 L (m)=2.5 ~2-10m
Am ev 9 OSC( ) AmZ(ev2)

= sin?(20,,,,) = 0.1
= Experimental Specifications

= Search for L, E, L/E pattern (shape only)

= Complement with a rate analysis (direct test of RAA+GA)

= Am? = eV? : compact source <<1m & good vertex resolution (<<1m)

sin?(20,,.,,) : experiment with few % stat. syst. uncertainties
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ez) Many Other Projects: Overview

Experiment Type

Appearance /
Disappearance

Oscillation Channel

Projects

Nucifer, Stéréo, Scraam,

Reactor Disappearance Vo 2 V, Neutrino-4, DANSS,
Poséidon, MARS, ...
. . . vV, > Vv, CeLAND, SOX (Cr & Ce),
Radioactive Source Disappearance V., Sage2, SNO+, LENS-s
Cyclotron Disappearance v, >V, IsoDAR
Pion / Kaon Decay- Apparition & v, >V, OscSNS, CLEAR,
at-Rest Disappearance Ve 2 Ve DAESALUS, KDAR
vV, 2>V
. L = MINOS+, MicroBooNE
Pion Decay- Appearance & vV, >V ’ ’
] . ) H € LArlkton+MicroBooNE,
in-Flight (Beam) Disappearance ViV Icarus/Nessie @CERN
V, 2V,
Ve 2V,
Low-E Appearance & vV, >V,
" :
Neutrino Factory Disappearance v, >V, VSTORM@Fermilab
V., V

0]
(0]

Th. Lasserre — SILAFAE 2012

Light Sterile Neutrino White Paper arXiv:1204.5379




<=} Oscillometry inside a v-detector

= Place the v-emitter inside or CelLAND .
close to existing detectors \\

= Very short Baseline (few m)

= Low Background

.........

i) v-source at center R %
- ‘gv | 1-sin*(26) sin’ (1.27 AZIE>R

ii) v-source Outside LS

= Specific oscillation pattern
analytically computable

v
-
DY SO L b bt o S OO
o
r OO -
a. 1e %

-
-

J “‘I‘Y 15 “r,—;—,
)"M i
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v-source proposals Overview

Type | channel Backgroun Source | Production | Activity (Mci) | Proposal
. >3 Sage
V.e>v e | radioactivity S1Cr Ny n LENS
(managable) | 0.75 mev | irradiation SOX:
Compton t;=26d | inReactor |out 5-10
Solarv SNO+
edge . :
1% (irreducible) n
€ 37Ar | fast in >1 -
5% E, ¢ v -Source 0.8 MaV irradiation
15cm R (out ok T in Reactor .
res butin ?) t,,=35d (breeder) | out 5 Ricochet
(NC)
—_ + *
Vep>etn 144Ce in | 0.005-0.05 | “eLANP
SOX
E,=1.8 MeV | reactorv & E<3MeV spent nuclear
th "= v -Source | t..=285d fuel out 0.5 Daya-Bay
Ve .(ef,n) 5 208y reprocessing
Coincidence 106Rh - - -
Background
5% E, free!
15cm R, 2\ ? - - -
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=) Source proposal sensitivities
Testing Gallium & Reactor Ano.

; Contours comparison (95 % CL, 2 dof)
10 I T T T T I
|:| Reactor+Gallium Anomaly
= Ce—-LAND rate & shape
= = = Ce-LAND shape only

Borexino Ce
Borexino Cr
- LENS-Sterile
SNO+ Cr
Daya Bay Ce (500 kCi)

= [T

(eV?)

Am?
new

X4
I S Id

10' | [ 1 IIII| | | I III| | i

10 107 10~
sin“(20__ )
new
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Conclusion (1/2)

= Neutrinos mix and oscillate. A lot’s of momentum to understand
the neutrino mixing properties ! Neutrino # Quark mixing

[ 02 0001 | 08 05 0.16 |
Uny=| 02 1 001 Upo~| 04 06 07
0001 001 I 04 06 07

» Large undergoing program towards the measurement of
neutrino masses (Katrin, Gerda, EXO/KamLAND-Zen...)

* Two mixing angles and mass splitting measured

= NEW: 0,; measured (DC/DB/RENO/T2K)

- Lot’s of prospects for Mass Hierarchy determination

- Open the way for CP violation measurements (LBNE, LBNO, HK)



Conclusion (2/2)

= A bunch of anomalies calling for clarification:
* LSND (v g, Am?=eV??) & Miniboone ?
= Gallium Anomaly (v 5, Am?=eV??)
* Reactor Anomaly (v 5, Am?=eV?2?)

» Hint in favor of sterile neutrinos is compatible with cosmological
data (CMB, LSS, BBN), though =1 eV-scale mass is a too heavy

* Bunch of 2 to 3 o effects but cannot be ignored...

* Need for new conclusive short baseline experiments, more than
20 projects under study or review



Additional Slides
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<2} LBNO & LBNE CPV Sensitivity

Fraction of & in % for which expected CPV (sin § #0) significance is >3 0

12 prerrrre |

- NH true
F 5% systemati

e Assume same 10
systematic ’
errors for both 8} g
setups '

e LBNE 10 kion ¢
@ 1300 km %

e | BNO 20kton
@ 2300 km

0
—-180 -90

dcp (true) in degree
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Hyper-K CPV Sensitivity

Fraction of 0 in % for which expected CPV (sin § #0) significance is >3 0

0 sin®6,, =0.1
~ E 7.5 MWyears
é °E 3.75 MWyears
v 8
— [
a F
I 6
b -
°E
£
.
IE
ol
-1 -0.5 0

true O (TT)
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Puzzling 1981 ILL v-experiment

= Reactor at ILL with almost pure 235U, with compact core
= Detector 8.8 m from a COMPACT core

= Reanalysis in 1995 to account for overestimation of flux at
ILL reactor by 10%... Affects the rate only but 20% deficit!

Y ex Systematic
COUNTS |—=F
MeV h noosc .y JLimt ___-- P
|OF — -~ = ! 4 JOR S
_____ t Ave
T—A%:=0
-~
NP=1eV? sinf26=0.3
0.5¢ \a2_ 2 . 2+~p. 4
. N =2.4eV°, sin"20=0,3
H. Kwon et al. Phys Rev D 24. N° 5,1097 (1981)
% I > 3 g 5 6
Ee+(l\/leV)

= Large errors, but a striking pattern is seen by eye ?

76



<=8 Two mass hierarchies allowed

- -

_ 2 2 2 2
m,=\/m; +m, m, ~\m; +m},
NH<m—\/m2+m2 IH <m =\/m2+m2
27 1 solar 2 3 atm
m, m;
1 F > o e o 2 = 0 LE N R | T T T T T T™TTTT 7 1 B > s i e e T T T T LN R | T T
jNormal Sp‘:c"“’“ Quasi-Degenérate / jInverted Spfc"“m Quasi-Degenérate
! - (8] ' x — o '
— 20 : 1 H — 20 :
3o ! 3o y
107" F ! E 107 F m, : E
3 M O 3 : my O
| & [ &
o} ] N |
€ 10° k — '3 E10? 3 3
E : & e 8
3 '8 £ 8
L L
= : 3 = St : 3 E
Normal Hierarch 1 Inverted Hierarchy :
10-4 AT ST R B 107 NPT S ST B
107 10° 102 107" 1 107 107 1072 107 1
Lightest mass: m; [eV] Lightest mass: m; [eV]
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Other proposal sensitivities

Contours comparison (95 % CL, 2 dof)
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