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Neutrino Massesnd Mixing

3 massivaneutrinos: A, A,, A, with masses: mm,,m;
FlavorEigenstates,,v.,v I a {Eigeastates
Example: ‘Ve> = Uel\vl> +U62‘V2> +U63\v3>
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Parametrisatiorof Neutrino Mixing

PontecorveMaki-NakagawaSakata (PMNS) Matrix
w3 mixing angles: ., " .3, 13 SINCR012: all measured
w1 Diraephase (CP violating):
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What do we know aboubeutrino masse®
F  yeWwmme, . F HEMW N

2
pm solar

2eV

0.05eV

0

normal hierarchy inverted hierarchy guasi- degenerate

Caren Hagner , Kolloquium Wien, 16.5.2013



Neutrino Oscillations

SimplifiedPicture: 2FlavorOscillations

_ D2, (in ev2) A (in km) &
P(n, - n)=sin?(2g,)Ging g 267 £(in Gev) ;
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Prazisionsiessung der Neutrin@szillationen

A The MINOS Experiment

A large detector at Soudan

> The “far detector” or FD

A smaller detector at Fermilab

> The “near detector” or ND

Measure the beam and
neutrino energy spectrum
near the source

> See how it differs far away

Fermilab ! 10 km Soudan
735 km
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MINOS: Disappearance of v

for 7.25-16%ot
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MINOS Coll., Phys.Rev.Lett.106:181801,2011 (arXiv:1103.0340)
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MINQOS: AntNeutrinos

| | | | | | |
90% C.L.
Yy Antineutrino Beam 2011

6 v, Antineutrino Beam 2010 ]
v, Neutrino Beam 2010 ]
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Old Analysi§2010)a ¢ S v détwkegnileutrinoand Antineutrinoresult
New Analysi$2011) for 2.95x14) pot: goodagreementof Neutrinosand Antineutrinos!
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nMg@ OPERA:
OPERA OscillationProject with Emulsion RackingApparatus

Neutrino beam (V) from CERNo GranSassaJnderground Labltaly)
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Physics runs: 2008, 2009, 2010, 2011, 2012 completed.
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OPERA: _\Detection Method

Vy V Y-deca‘y: L - m +\7m+vr 17.7%
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LeadEmulsionBricks

ouzult F Mp]'l__CDI].I'III.‘L')

Target Mass:
F  wmKon p

105000 i of lead surface
111000 i of film surface
(9 million films)
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OPERA Target: Le&mnulsionBricks
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OPERADetector
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OPERATtatisticsand Scanning Status

CNGSeutrino beamoperationterminated (12/2012).

Year |Beam days| P.O.T. [FINm

B— = = 120
2010 187 4.09 o sow/
P Ry 1 o S
2012 257 .0 Ry
TOtal 965 17'97 0 DISJ""IiEJ'(IHI I IU‘:?ﬁi:EJ’SI- — I1IGIJ'1i2."i?Ir‘II I I1I1|'1i..?.|"3: - I1.I.?.|"1i2|"EI.1I —

2008
(Proposal 22.5-1@°p.o.t) date

ca. 1800@:ventscollectedin electronicdetectors

brick extractionstill ongoing

Scanningf datastill ongoing(next 1-2 years, presentstatus 5844locatedinteractions
(20082009completed 201620120ongoingwith optimizedstrategy)
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Firstv;,, Candidate Event (22/08/2009)
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2nd v, ,Candidate Event (23/04/2011)

OPERA
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2nd v, Candidate Event (23/04/2011)

- v.,+h+h+h
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NEW:3rd v;,,Candidate Event (02/05/2012)be 3

(presentedat LNGS 26/03/2013)

| Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection |
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3rd vy, Candidate Event (02/05/2012)he 3

Zoominto the brick

| | |

376

1ry track
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plate 38 plate 39 &late 40 plate 41 plate 42

Decay 1n the plastic base
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OPERA Background and Estimate of Significance

Extended sample (includingthe 3 taucandidates

Signal Backeround Charm 1L scattering had int
1= h 0.66 0.045 0.029 0.016
1= 3h 0.61 0.090 0.087 0.003
T2 U 0.56 0.026 0.0084 0.018
T2 ¢ 0.49 0.065 0.065
total 2.32 0.226 0.19 0.018 0.019

A 3observedevents(in _ My _M3Bh, _Muchannel3
A Pvalue= R =1.125-16
A Probabilityto be explainedby background= 7.29-16¢

A Significanceof non-null observation 3.2
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Exampleof a A, candidateevent(emulsiontracks:
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19 eventsfoundin sampleof 505 neutrino interactionswithout muon
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Search for ', OscillationgData 2008009)

arXiv1303.3953: Opef@olkb SearcHor A A, oscillations with theOPERA experimeiithe CNGS S Yé X & dzo YA U U S|

> 8¢
K =
= 7 :_ - oscillated v by 3 flavor oscillation .
£ E v, beam contamination i >
S 6 1 O
2 - BG from1— e L
5 - , @
g 5 BG from NC with x° | O
1S C - !
3 ~ —4— Data !
‘- i
3 — i
2 ; f i [ ]
1 | |
e — | |
D - | | | | | | | | | | | | | | | | | | | | | | ‘ | | | ‘ | | | | |
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Reconstructed energy (GeV)
Energy cut ‘ 20 GeV | 30 GeV | No cut
BG common to BG (a) from 7° 0.2 0.2 0.2
both analyses BG (b) from 7 — € 0.2 0.3 0.3
V. beam contamination 4.2 7.7 19.4
Total expected BG in 3-flavour oscillation analysis 4.6 8.2 19.8
' v, via 3-flavour oscillation 1.0 1.3 1.4
| Data | 4 | 6 19
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Py . = sin®(20,,0,) - sin®(1.27Am3,,, L(km) /E(GeV))

new

0 E [ ] LSND 90% C.L.
> = [ ] LSND99%C.L.
SO KARMEN 90% C.L.
[ \ ———— NOMAD 90% C.L.
< | S = BUGEY 90% C.L.
e =" 1 | - CHOOZ 90% C.L.
~ ) ———— MiniBooNE 90% C.L.
- — MiniBooNE 99% C.L.
B T — ICARUS90%CL.
1= OPERA 90% C L. (Bayesian)
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OPERA Summary

A CNGS bearstopped12/2012.
A Data Analysisngoing(2015).

A Sofar: 3 tau-neutrino candidateeventsfound (2.3expected
correspondingo £ 0.

A Firstresultsof electron-neutrino search.

Caren Hagner , Kolloquium Wien, 16.5.2013



Most Important Resultof Neutrino Physicsn 2012:d,,

an.g &l 0 0 0 o 07, §
%eg % % Cs S £ E%ClZ Si2 %{718
anQ:aQ Cos Sp0%E 0 | 1 0 Ges, G O(HQZO
(.?71‘9 (;):% " S Czsg(? Siseld 0 ¢C %O 0 1$32

Status 2011: CHOGanh@d PaloVerde)reactorneutrino experiments

sin?(2613) < 0.15 for |Am3,| = 2.5 x 1073eV?
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Measurementof " ;; (methodA)

A)Disappearanc®f A, from nuclearreactors

. R VA
P - 7,)=1- sinZ(Z%B)CiinZ%.%?Dmatm(m eV )O_(m m)§
9 —_—

E(in MeV)

Compareratesof
neardetector (few 100m)
andfar detector (1km)

RunningExperiments:

A DoubleChoozFrance)
A DayaBay (China)

A RENOSouth Korea)

Caren Hagner , Kolloquium Wien, 16.5.2013



Antineutrino Detectionin ReactorExperiments

Inverse Betdecay
n.+p- n+e

Prompt Event: €
# givesneutrinoenergyE,

g E =E, +1.8MeV-2m,
 *

o

'-‘/’ — DelayedEvent: n
= captureon Gd
iSw (BMeV! -emmission)

@~ Delay: ca. 30us
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Double Chooz experiment

| Near Detector — jui ~s | Far Detector
| |

e "' | ,--'3{;:- ' L=400m i o ‘...*{;‘ } LL=1050m
Chooz Reactors | E & | | 10m® target | ; = || 10m’ target
| ) | ' | 120 1\ § | 300
4.27GW,, X 2 cores | o A e " AU Ry LS
. i a 1} g e, ’
| 2014 - w =~ | since2011



DoubleChooz Result

S' 1000 1 L T T T T 1 | T LI | LI | L T T H
3 ik i
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New: Analysisusingneutron capture
on Hydrogen

sin? 2g;,, = 0.097° 0.034(stat) ° 0.034(sysf)

& C AViddsirement of ,, from
DelayedNeutron Capture on Hydrogen

in the DoubleChoo® E LIS NA YSy (i ¢ =
arXiv:1301.2948

(Data/Predicted)

(Data - Predicted)
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10 12
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DoubleChooz Background

7.53days(2011 und 2012),
duringwhichboth reactorshad beenswitched off lhbackgroundmeasurement

= 30 T 1
Dominantbackgroundcontributions: = [ Background model
A Spallationproductsinducedby § 25 E’,?mn —
cosmick WdLiandl 8He) cause - —— Accidentals
i -n events Z 20- " Reactoroff dat
_ N = 2 e Reactor-off data
Estimate: 1.20.54 per day
ﬁ Stopplngmuonsand 154 Expected events: 14.8+4.0 _|
Fast neutrons Observed events: 8
Estimate: 0.44N0.20 per day _J
A Accidental coincidences T T | 7
Estimate: 0.28N0.02 per day e T
Estimated BG : 2.80.6 per day OST A T | :I‘::‘— 7
Measured BG: 1.0M0.4 per day _j =
oobdeil 1 s ] | L | . | . | : |

2 4 3 8 10 12
prompt Energy (MeV)

DoubleChooz 2 f f ® MeasEembidbdd Backgrounds using Reac@df Data in Doubl€hooZ = | NEA @Y m
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Statusof NearDetectorin DoubleChooz

Underconstruction start datatakingin 2014

Caren Hagner , Kolloquium Wien, 16.5.2013



Adjacent mountains with horizontal access
provide 860 (250) m.w.e cosmic shielding.
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DayaBay:Result

sin’ 2g,, = 0.089° 0.010(staf)® 0.005sysf(obtainedby it to rate, spectralshapenot used
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submitted andaccepted by Chinese Physitsarxiv:1210.6327
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Measurementof " .;(andt g (MethodB)

B) Appearanceof A, In a beanof A,

Oscillationprobability P(wI'bV,) Is approximatelygivenby:

sin? 26, .

PSP Gn2((A — 1A)
(A—-1)

N SIN O p COS B3 sin 2615 sin 2615 sin 2055

A(1— A) sin(A) sin(4AA)sin((1 — A)A)

08 6. 08 By3 sin 2015 sin 261 sin 20 ,\ A
o R TR s P T P s P T cos(A) sin(AA) sin((1 — A)A)
A(1— A)
¢ -2 2 S] 2 . ~
Fa2 I I G2 4
. e
with: . Ppotential to measur

. . All other parameters
a=Dm /Dmi < <1 with high precision
D=Dm?,L/4E

matterdependenguantities

~

K= 2vE/ D,
V =+/2G_n,, with electronerdensityn,

Py, —v.) = Sin? fog

043 and Ocp " ]
have to be known
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MINOS: Electron Neutrino Appearance

Firstresult: Updatesummer2012:
PhysRevLett 107, 181802 (2011)

: : . . . , , 2.0 S —
]I:'IIN(I)SI Far Deltector I|3est Fi’tI (0.7 < LEM < l|).8) ] AM2 > 0 i
lé 20:— —=— FD Data —: 1.5 _:
o 5 — Background ] - — MINOS Best Fit 6,,<n/4 ]
© 151 - = [ -++- MINOS Best Fit 0,,>7/4
i i ~ 1.0 68% C.L.0,,<w/4 —
é i aEaaE sin(28,,)=0.041, Am%,>0, §.,=0 . Ze) 0: =gg% C.L. gzijzm ]
- 10 | Merged for Fit | [ X
2 = ! ) 17 0.51 ]
s | ] [ -
o 0 - i §
E E 2.0r ',ZIIZ,ZZIZ_
| | | L E
% 3 4 5 6 7 : Am* <0 -
Reconstructed Energy (GeV) 1.5F ]
Expected background (6._=0): = 10.6x10® POT v-mode |
13 ~ 3.3x10% POT v-mode |
49.6 +- 2.7 (syst) +- 7.0 (stat) “o ]
_ 0.5} .
Observed data: 62 i MINOS .
PRELIMINARY -
| P R T T T T
0.1 0.2 0.3 0.4
2sin’(20,,)sin’0,,
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T2K: Electron Neutrino Appearance

FifStRGSUltiﬂZOlﬂ(43 1020)IT2KC0I | ., fAlndication of Electron Neutri
Accelerator-produced Off-axis Muon Ne ut r i n o arRie HO6®822v1

Updatefor 3.01 10?°p.o.t. (Summer2012)

NormalHierarchy InvertedHierarchy

3 ' TN —— = 5 3F T A W
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- 2 -
Bl +2+ 3 data 7 K Bl +2+3 data ]

[0 eI PO (A 0T 020 PO
normal lerarchy — ] — iwverted neranchy —
A= 4 107 &V C |24 1 eV
- 0 =
68 C E = | E
B vl . 't L L .
— Bt il . - — st i .
T (200 1907 C.L.— 2 T2EC (200 1y90% C L. —
T (2011) Best it ] T2 (20011} Best fit ]
| I I § —3 I i I I 1 I ] I 1 I g

0.2 0.4 ) 0.6 0 0.2 0.4 1 (.6

sin“20, sin”20,

with 4 .p= 0,0 ¥,,=2.4 103e\’ .=~ Kk n ®
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Comparisorof * ;;results

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

c v v e Bl Ly g |
-0.6 -0.4 -0.2 0 0.2 0.4

Caren Hagner , Kolloquium Wien, 16.5.2013

Thetal3measured

OpenQuestions
A Masshierarchy?
A CPphase&




Global Fito Dataof all Neutrino Experiments

Example Fogliet al., arxiv:1205.5254

TABLE I: Results of the global 31 oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3o ranges for the 3v
mass-mixing parameters. We remind that Am? is defined herein as m3 — (m{ + m3)/2, with +Am? for NH and —Am? for IH.

Parameter Best fit lo range 20 range 3o range
dm* /1077 eV? (NH or IH) 7.54 7.32 — 7.80 7.15 — 8.00 6.99 — 8.18
sin? f12/10~" (NH or IH) 3.07 2.91 - 3.25 2.75 — 3.42 2.59 — 3.59
Am? /107 eV? (NH) 2.43 2.33 — 2.49 2.27 — 2.55 2.19 - 2.62
Am? /1072 eV? (IH) 2.42 2.31 — 2.49 2.26 — 2.53 2.17 - 2.61
sin® f13/107% (NH) 2.41 2.16 — 2.66 1.93 — 2.90 1.69 - 3.13
sin? f13/107* (IH) 2.44 2.19 — 2.67 1.94 - 2.91 1.71 - 3.15
sin? f23/107" (NH) 3.86 3.65 — 4.10 3.48 — 4.48 3.31 - 6.37
sin® fa3/10 " (TH) 3.92 3.70 — 4.31 3.53 ~ 4.84 @ 5.43 — 6.41 3.35 — 6.63
§/m (NH) 1.08 0.77 — 1.36 — —
§/m (IH) 1.09 0.83 — 1.47 — —

relative precisionof globallydeterminedneutrino parameters

1 m? (2.6%), nm? (3.0%),
Sir? 1, (5.4%) sir?,; (10%),and sir?,; (14%)

Caren Hagner , Kolloquium Wien, 16.5.2013



Howto determinethe masshierarchy

Long Baselin®scillation(>1000km)
Detectors Liquid ArgonWater Cerenkov, Liquicintillator
Europa: LAGUNA, USA: LBNE, JabgrerKamiokande

[/

ReactorExperiment ?
@60kmwith 20kt LiquidScintillator

\ Supernova Neutrinos ?

Atmospherid\eutrinos ?
(Pingy Orc3g

Caren Hagner , Kolloquium Wien, 16.5.2013



| AGUNA BNO Design Study FP7 (22014)

CN2PY (Pyhasalmi)
= |nitial : beam from SPS (500kW - 750kW)

Long term: LP-SPL + HP-PS - >2MW

GLACIER
DEPTH 900 m / 1

~
Sl

20kt Liquid Argo
(up to 100kt)

¥

. CN2FR (Fréjus)
=  HP-SPL + accumulator
(5 GeV — 4 MW)

Grand Sasso Lab

CNGS - Umbria
Beam from SPS (500kW)
No near detector

possibility
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CN2PY (2300kmylassHierarchy

Verylongbaseline-> large matteieffect
v, =V, (2300 km)

1L
0.2 .
NH [
H
NH,5. =0 —
> 0.15 |H,az;=0 _
E
e 0.1
o
(a
0.05
0 )/JP-_—_ ! |
0 2 4 6 8 10

Energy (GeV)

Masshierarchycouldbe measuredwith > 5
(ByLiquid ArgorandLiquidScintillatorDetectorg
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Potentialto determineCRPhasevith CN2PY

colors=uncertaintiesof Earthdensityprofile (2%10%)

sin“2015(true) = 0.06 sin%204(true) = 0.14
1 - 1 .
'  30CPV | [
-2 ] 2% —— .
- ? ] 5% —— 2
0.8 L 10% —— C N2 PY’ LAr | 0.8 _ 102 C N P
: o / g 0% —
2 | | _ 9 | _
< 06t = 06} /
8 . ’//,,/””/’i 5 _ _
5 : | £ | |
S 04 : S 04} _
= : | i - |
0.2 ¢ . 0.2 -
_[PRELI RY | | // _PRELIMINARY |

102 10° 102 103
Total exposure [1021 pot k] Total exposure [1021 pot.ki]

S.PascoNOW?2012
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Determination of Mass Hierarchy &aReactor

Neutrino Experiment

P (L/EF) =1—PF,, — P P.
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DayaBayall A 20kt LiquidScintillator

A 3%/AEenergyresolution
A overburden > 1000mwe
A Thermal poweB5GW

L B L S
B M

'1*.‘
Muon tracking  ———————————————————————————
’ - ) '1F F '- ] ‘.‘ l l.d.-

Stainless steel tank

Water Seal
Water Buffer 10kt

MO bufferbkt

~15000 20” PMTs
optical coverage: 70-80%

20” VETO PMTs

" FromNOW2012
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EnergySectrumof SolaNeutrinos

1013
1 | pp [£0.6%] A. Serenelli at al., Astrophys. J 7432, 2011 :
: 7Bel;i7%]
T/—\ 107 3 [T Bp—— 1= pep [£1.2%]
& . N[ilﬂ%)]_-—::_l_ ————— A T
g 107,0---" 7 | |
o S0[+14%] P 1 Tl 8B [+£14%]
e - | o1 |
= 5L-"" I [
= 107 17Ra179) |
' |
1000; :
i |
0.1 0.2 0.5 1.0 20 50 100 200

Neutrino Energy in MeV

Caren Hagner , Kolloquium Wien, 16.5.2013



Solar Neutrindexperiments

Measurenm? , and (at presen) mostprecisevalueof ‘ |,

Detector Target mass Threshold Data taking
[MeV]

Homestake 615 tons 0.814
C,Cl,
Kamiokande 3ktons H,O 7.5
SAGE 50tons 0.233
molted metal Ga
GALLEX 30.3tons GaCl,-HCI 0.233
GNO 30.3tons GaCl,-HCI 0.233
Super-Kamiokande 22.5ktons 4.5
6.5
4.5
4
SNO 1kton D,0O 9[3.5]
Borexino 300ton CgH,, 0.2 MeV

1970-1994

1983-1990
1989-present

1991-1997
1998-2003

1996-2001
2003-2005
2006-2008
2008-present

1999-2006

2007-present

Compilationshownby Aldo lanniat NOW2012

Caren Hagner , Kolloquium Wien, 16.5.2013



BOREXINO @ LNGS

Main Measurement; Flux of ‘Be Neutrinos

Borexino Detector

tainless Steel Sphere (14m)
Nylon Outer Vessel

ylon Inner Vessel
Fiducial volume

External water tank —,

Ropes

2200 Internal
PMTs

Steel plates
for extra
shielding

Caren Hagner , Kolloquium Wien, 16.5.2013
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BorexinoHighlight 2012:

First Observation of pepleutrinos (+ best limit on CNO)
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Solar Neutrind-lux Theoryvs Experiment

Flux Flux Flux (Borexino)
[cm—2s1] [cm—2s1] [cm2s1]
SSM-GS98 SSM-AGSS09 Data
pp 5.98(1ND.006)I 1010 6.03(1ND.006)I 1010  6.06(1+0-003 , , ) 100
pep 1.44(1ND.012)I 108 1.47(1ND.012)I 108  1.60(1ND.19)I 108
Be 5.00(1ND.07)I 10° 4.56(1N0.07)I 10° 4.84(1N0.05)I 10°
8B 5.58(1ND.13)I 1068 4.59(1N0.13)I 108 5.40(1N0.031)I 108
13N 2.96(1N0.15)I 108 3.76(1ND.15)I 108 <6.71 108
150 2.23(1N0.16)I 108 1.56(1N0.16)I 108 <3.2] 108
17F 5.52(1N0.18)I 1068 3.40(1ND.16)I 1068 <59[ 106
CNO 5.241 108 3.761 108 <7.71 108 (2s)

ment of CNO flux (2004 prediction was 10.81 108)

Next Goal: First measure

Caren Hagner , Kolloquium Wien, 16.5.2013



Transition from Oscillations in Vacuum to Oscillations in Matte

Bx=Borexino
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Main features of oscillation in matter model confirmed
More data points in transition region needed! (BSM and/or solar physics)

Caren Hagner , Kolloquium Wien, 16.5.2013



