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 Praelocutio
— Ubi es
— Quo vadis
e FUturum
— With reactors
— With air & ice
— With accelerators
e SUMMArium
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o Assume that neutrinos do have mass:

Pontecorvo-Maki-
Nakagawa-Sakata

— Mass eigenstates = weak interaction eigenstates
— Analogue to CKM-Matrix in quark sector!
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Am?, =8%107eV? |Am3,| =2.4%107 eV’

0,, ~34°

0,, =45 (or a little smaller)

Open questions:

Normal Hierarchy or
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Inverted Hierarchy?
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= 1— Py — P3; — Py

= cos?(#13) sin®(26,2) sin®
cos®(#12) sin® (26,4
sin’(612) sin”(2613) %

S.T. Petcov et al., PLB533(2002)94
S.Choubey et al., PRD68(2003)113006
J. Learned et al., hep-ex/0612022 L.

= AmZ, + Am2, Zhan, Y. Wang, J. Cao, L. Wen,
— [AmZ,| + |[Am2,| PRD78:111103, 2008
= [AmZ,| - |Am2)| PRD79:073007, 2009

------- Non oscillation

—— 0, oscillation
Normal hierarchy
Inverted hierarchy

Analytical spectrum

Simulated spectrum
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Possible Sites s

Yangjiang
Status Operational Planned Planned Under construction Under construction

Power 17.4 GW 17.4GW 174GW 17.4GW 18.4 GW

e, A Taishan
s

Yérﬁ"éjiang
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Fourier-Analysis

Optimal Baseline around 50 km
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I KamLAND Daya Bay |

Detector ~1 kt Liquid Scintillator 20 kt Liquid Scintillator
Energy Resolution 6%/NE 3%/\E
Light yield 250 p.e./MeV 1200 p.e./MeV

- o

* Daya Bayll preliminary simulation

Need ~50% i ' . Use Daya Bay’s PMT and LS.
eed ™ Improvemen
PP ) Use Daya Bay’s result 161 P.E./MeV
as normalization.

Modify geometry

Technical Challenges

£
o
=

[
=

* Possible improvements > 50%

High PMT QE (SBA ) or new PMT
(MCP-PMT), 20% = 30%

Coverage = 64%

L L Other options
150 » Coverage: 64%—>75%

* More transparent LS

* Low temperature scintillator
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Large Apparatus for Grand Unification and
Neutrino Astrophysics
Long Baseline Neutrino Oscnlc’nons
« LAGUNA DS (FP7)

.....

— 2008 =201 o
— ~100 members; 10 countries -

— 3 detector technologies ® 7 sites,
different baselines (130 — 2300km) =]

e LAGUNA-LBNO |
~ 2011-2014 = !

— ~300 members; 14 countries, +Danemark+USA
>40 Institutions

— Down selection of sites & detectors




% Detector Options S

e Prioritisation for neutrino oscillations in light of large 8 4
— 2300 km baseline: Liquid Scintillator/Argon
— 130 km baseline: Water-Cerenkov

540kton

”—_~

B S £ vy &

NN
B e B 0

MEMPHYS
(Water Cherenkov)

50kton S 29 Priority
- GLACIER ~ ~
LE.NA. . T (Liquid Argon) S
(Liquid Scintillator) 100kt0n 1St Priority

14/11/20°. ¢ A. Weber, g & | 13



LAr-GLACIER xlord

hysics

anode & charge readout

Time (us)
AN
3

field cage i
300
A
200 5
100
g o 0 20 40 60
S liquid argon TPC Channel

volume height

Double phase LAr LEM TPC
(GLACIER,2003) (hep-ph/0402110,
J.Phys.Conf.Ser. 171 (2009) 012020,
NIM A 641 (2011) 48-57,

JINST 7 (2012) P08026)

cathode bottom of tank & light
readout
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Several Sites

xford
hysics

 Primary site
Pyhasalmi
Traditional high
energy
broadband
neutrino (super-)
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e Secondary site
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e Electron neutrino disappearance
P(v, — ve) ~o sin? 2013 % sin® A
P(vy = ve) ~ sin®203  xsin® O™ =98 (= 1)
—asin 2013 X sin 0 sin 26049 sin 26093 sin ASnEA) qi"[(l_l))A] (= Py)
+asin 2013 X cos d sin 260419 sin 2093 cos A\m(;‘\ \m[( ll_.:))_\‘} (= Ps)
+a? X COS2 fa3 sin” _)HUM (= Ps)
Am Amg, 1 B A”’gl[‘ o 2v2GrN.E
M. Freund, Phys Rev. D64 (2001) 053003 = ‘A2 ™ 30 A= 1E T=TTAmE,
e MuoONn neultrino appearance
Py, —v,)~1-— sin? 2053 X sin® A
Py, —-v,)~1- (co:54 015 sin? 20,3 + sin® 2015 sin? 623) sin? A
A. Weber, g & | 16
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*Normal mass hierarchy L=2300 km
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Appearance Signal IH S

*|nverted mass hierarchy L=2300 km
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Signal

Running mode:

Detector response and resolutlon mcluded v/anti-v:25%/75%

——— w20 _—— L
‘g 205 -allelec|ron—hkeeven|s .8-_ 18: -allgl;:ron-hkeevems
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2.25€20 pot

= 120F
<

" MH determination
. 50% nu+50% anu

2.25e+20 pots ]

100

80 | i

40 __ ~ .......... ,.—" __

e 5C i

20 N 7]

........................................................................................................................ 300:

N R — R S — S — ]90/oCL]:§~
0 1 2 3 4 5 6

True 8

Provide a >50 direct determination of MH for all values of 6cp
within 2.5 years of running

14/11/2013 A. Weber, g & | 20
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Sensitivity combining T2K(295km), NOvA(810km) and LBNO(2300km)
20 ErrrrreT [rrrrrrrrprr T T e T T T T e T E 20 prerrr [rrrrrrrrprr T e T T T T T e T 3
= NH true T2K (5+0)+NOVA (3+3) — 3 IH true T2K (5+O)+NOVA (3+3) — 3
18 £ LBNO — 3 18 ?\\( LBNO |~ 3
= N LBNO+T2K E \\\p LBNO+T2K -
16 E \\?‘ LBNO+NOvVA E 16 N\\ LBNO+NOvVA -
- \N\\ﬁ Al E ?\g\,\ A ]
14 ?v‘*"‘” T
12 1 2 12t E
E NS
10 £ A i S0k E
8 F 3 8 8¢ .
6 F 3 6 F ia
4 4 05
2 2) fé
0 E E 0 F 3
—180 —90 0 90 180 —180 -90 O 90 180
dcp (true) in degree dcp (true) in degree

The power of combining several different baselines L:
LBNO 20kton(5+5) + T2K(5+0) + NOvA(3+3) = 40-45% CPV at >30 C.L.

14/11/2013 A. Weber, g & | 21
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Sanford

Underground

Research
Facility e

. ,V\uscons”\ L\'q f\-‘llchlgdn

E ,’,«; l

) ; Mllwaukee \
H__* o

:4/4/08 < w.-Fermllab ,,;
o,%),7 ”0»4 \ - :C’hlcago

So’e < $ . | 4 :" \ 3 ’\_> ;

= - —— ;. Canlon INee oA
A new neutrino beamline over 1300 km Yoy pus\"%f“
Proton beam power assumption Sl i, TGS S "“““i\\

« 700 kKW > 1.2 MW — 2.3 MW - RGN
A highly-capable near detector system

A 210 kt fiducial mass LAr TPC far detector

underground at SURF

A cavern for a full 34 kt detector system
14/11/2013



LBNE Detector xlord

hysics

»a Yates
"] Complex

/
B

AT SANFORD UNDERGROUND LABORATORY

g LONG-BASELINE NEUTRINO EXPERIMENT

A LAr detector (in principle)
reconstructs everything

14/11/2013 A. Weber, g & |
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K Probability 700 kW beam
N\ 0.20 6CP=+90°’ 0, -90° 10000 c 2 e 35 kton LAr @ 1300 km
= ] H \ dashed=inverted MH [ oS Qo H V ,, e,
> ‘I l' | Unoscillated | Q e? g H “ 2 signa
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5 [ Ve ir 20,92 000
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giw: —— Signal, §_, =0°
G gof oo
= Produce a pure wide band v, muon-neutrino : -l
beam with energy spectrum matched to the 1st  °} | 5 e, cc
and 2" oscillation maximum “
= Measure spectrum of v, and v, at a distant = . 330, 1H)

detector R R

Reconetructad Neutrino Energy (GeV)

C. Adams et al. arXiv:1307.7335
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LBNE 35kt

. Spectrum

Events/0.25 GeV

Appearance

Vi~ Ve

35 kton LAr @ 1300 km
5 yrs v mode

sin®(20,,) = 0.09
Normal’hlerarchy

2 4 5 6 7 8
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v (S yrs)

v, spectrum
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£250F } EANC
. : [ v- cc
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- 1505— ‘h\ osc
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3 4 5 6 7 8
Reconstructed Neutrino Energy (GeV)
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Eventsf.125 GeV

Events/0.25 GeV

45V. spectrum
:;5 ktonmL(;Aée@ 1300 km °
yISv — Signal, 8., =

40F sin?(20 9=0 Signal, 8, = 90°

a5 Normal lerarchy — Signal, 5., =-90°
NC

20 B (7,.+v,) CC
[ .+v.) CC
Beam (v#v, CC

2

6 7 8
Heconstructed Neutrino Energy (GeV)

VvV (5 yrs)

v, spectrum
20~ 35 kton LAr @ 1300 km
_ 5 yrs v mode
- 80 GeV p beam
o —vu Signal
C | EANC
80— [ (v.+v,) CC
X [ v, CC Bkgd
1 r" Nﬂuﬂ
dy b gy

2 3 4 5 8
Reconstructed Neutrino Energy (GeV)
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w/o0 osc:
6,700
w/ osc: 2,200
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v, Spectrum : v, Spectrum
3 35 kton LAr @ 1300 km 3 35 kton LAr @ 1300 km
120 5 yrs v mode 40 5 yrs v mode — Signal, §., = 0°
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Difference due to mass ordering
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Exposure 245 ki. MW.yr
(700 kW x (Sv+5v) yr
or 1.2 MW x (3v+3v)

4 Mass Hierarchy Sensitivity
Variable 6,p Coverage

Mass Hierarchy Sensitivity
Normal Hierarchy 3 0

T T T T

LBNE 35 kt LAr . o
20 sin22913 - 0.094 Beam, Signal/BG Uncertainty:

1~‘.in2923 =0.39 wummm CDR, 5%/10%
ormal Hierarchy ===s==s 80 GeV, 5%/10%
— 80 GeV, 1%/5%

|N><22
<

Band is range of beam and
systematics assumptions

10

100% 0O 200 400 600 800 1000

Exposure (kt.MW.years)

8
6
4
2
0

1 -0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8 1
14/11/2013 Sp/T 27
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Exposure 245 ki. MW.yr

CP Violation Sensitivity

o~ 9p
= [ LBNE 35 kt LAr ; Intv.
| < sin22913 - 0.094 Beam, Signal/BG Uncertainty:
8 sin2623 =0.39 wwmwm CDR, 5%/10%

Normal Hierarchy ssessss: 80 GeV, 5%/10%
— 80 GeV, 1%/5%

.0.8-06-04-02 0 0.2 0.4 0.6 0.8 1
SCp/n

14/11/2013

O= P NWHLHLOUOTONO®OO©O

CP Violation Sensitivity
Variable 6,p Coverage

80 GeV Beam i
Signal/background _
uncertainty: 1%/5%

0O 200 400 600 800 1000

Exposure (kt.MW.years)

28
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e J-PARC Neutrino beam (T2K)
e Improve SK technology
1 Mt water-Cherenkov detector

Yokohama - SWIeE o Saitama
Tokyd

CCCCCC

..Google
C

aaaaaaaaaaa

14/11/2013 A. Weber, g & 29
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e For HyperKamiokande

— Large differences between neutrinos and anti-
neutrinos

— Mostly depending on CP-phase

0.1

anti-neutrinO sin®26,:=0.1
— 5=0

—— 8=1/2n
— b=n

neutrino $iN220,5=0.1

. o
—
[ ]
T 11
—

E. (GeV) E, (GeV)

— Little Matter effects
e Short distance & low neutrino energy

14/11/2013 A. Weber, g & | 30
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Effect of & =
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V ru 0?5MW><3yrs sin220,3=0.1 .l Ty 075MWX?yrs

600 — (I S5MWx|.5yrs) — 4uuU (I SMWx3.5yrs) —j
> 6=0 | > F 6=0
% 4005 o=1/2T1T % 300 & o=1/2T1T
“'I% _ BE;,E'IT g 2005 ngfgﬂ
2 Total BG = - Total BG
® 200 F v/, BG ® 3 /7, BG
& o @ 100 .
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150F 100

1005_ o=1/21T i o=1/2Tr
Fa: O=TT D 50 O=TT
= 50F i | 5=3/2m = 5=3/2m
SRR 3 M
2 o4l -—[Hﬂﬂﬂmﬂuﬂmm 3 0 It -"'"Hfﬂiﬂﬂﬂiﬂm
£ iy, 1) l|{ £ I Tl
O -50 o
g geof |

-100F | IStat. error :

150{;.. | PRI I R ......2 1000... | | 1| | | | >

E,"¢ (GeV) E, ¢ (GeV)

Number + shape: sensitive to all values of d
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CPV Discovery Potential g sics
i . 7.5MWyear'
10—5% all syst /2 o all syst sin229|3);%a.|i
— normal MH

74% region §f d covered at 30 W/ 5% sys. error

14/11/2013

05 true 6 (TT)
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0.75MWX [ Oyrs 5% systematics on signal, V, BG, Ve BG, V/V
1

Daya Bay /

_! ’ J—
f—_

10
20
3G

‘-.____-_-__
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0.05 0.1 0.15

sin%20,,
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GO hysics
‘ NH, unknown | 6_, is fixed : sin?26,, = 0.10 IH, Unknown
351 35
X 10 years - 10 years
0L 30
2 250 2 25
- g F
EE“ g 20
- o
- M
s S 15[
P = ~ B
130 -::‘f“]:_ 3c
5F2c st 20
u_ I0|4I : I I | : - Iulﬁl I I Iuls'sl — Iulﬁl n: | | 1 | 1 | I 1 11 | : 1 | 1 | I 1 1| 1 | |
' inZpme ' 0.4 0.45 0.5 0.55 0.6
sin” O, sin® ple
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x:.- o IceTop

e =T~ :E:: - 81 Stations, each with

50m [— e s i o o o / 2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings
1450m|

DeepCore
/8 strings-spacing optimized for lower energies
480 optical sensors
Eiffel Tower
2 [324m

-

2450 m
2820 m
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% The Signature s

e Atmospheric Neutrinos oscillate

— Mass ES are not weak interaction ES
— What is the mass hierarchy?

. Statistics only . Statistics+correlations

20

15

l. 10
; ;|

GLoBES 2013 GLoBES 2013
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. 4 ySIiCS
e Hunt for the MH and CPV is on
e Several contestants
— Reactors
— Atmospheric neutrinos
— Intense beams
 Next generation of experiments
— Complementary
— Constrain standard oscillation picture
— Determine unknown parameters
— Precision experiments
e Large effort in theory and experiments is needed
— Systematics can become the limit
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RESEARCH REACTOR
*+ SCK-CEN BR2 Mol, Belgium

e 45-80 MW, 4-5 cycles (20-25 days) per
year

. Small effective core ~ 50cm diameter
DETECTOR
. 2.88t fiducial volume

*  Novel type of composite solid
scintillator detector (PVT + 6LiF:ZnS)

. 2x 20 planes 1.2m x 1.2m x 1m with
576 5cm x 5cm x 5cm cubes

* read out by WLS fibres and Geiger-
mode APDs (MPPC), 1920 channels
total

*+  65MS/S dead timeless electronics
REACTOR-DETECTOR

* Minimal distance @ 5.5m

« ~1200 events/day reconstructed

BACKGROUND

* High signal to background ratio : S/B ~
6

+  Soft Gamma-rays (< 3 MeV)

. No reactor neutrons

. Overburden ~10 m.w.e

B

Back-end

X-Y cube read
FI.DC.SA based out by BCF-91A
Digital pulse fibres
processing
boards

MPPC read out
3mm X 3mm
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Anti-Neutrino Detection ot

G 22000
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a . <
°Li oL A 5 MC
antineutrino . f T 14000 N
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600 — At~ 1-200 us
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200 —
ot L L L
0 5 10 15 20 25 e i)

67 : 2 1
«  Different response for neutron in 6LiF:ZnS and sl +n —] He (2.05 MeV) +5 T (275 MeV)

other particles
Data AmBe run

« High neutron-gamma rejection factor » 2000
S 180
« 3D reconstruction close to interaction point : 2 1e0F- neutron o= " o
topological information of IBD B 1405 -
£ 120 = o
*  High light yield and good energy resolution Z 100E- v
80
* dE/E~17% at 1 MeV eo;— - 10
: 0 - Gamma
. Vertex resolution <5 cm 20 gl | | |
% 100 0 800 400 800 600
*  High background rejection capability using hit Integrated Signal [#PE]

multiplicity and flexible fiducial cuts



xford
hysics

Sensitivity & Status

8kg Fiducial mass

% ate + shap
=
< 10
/. //
/
!
1 )
{
\\
NN
e + RAAbDest fit By \ $) )
RAA 99% CL gl TN
o Emee 95% OB~
E SoLfd 99% CL ¢ 90/ CL T
102 E— 10 1 . Development of small prototype
sin?(260)
*  Average distance at 6.8m with 2.88t ’ under commissioning at Oxford
fiducial mass . Deployment at BR2 for August 2013 reactor
« 300 days (~ two years running) cycle (~25-30 days)
" 45%IBD efficiency . study of background conditions
* L binning of 20 cm . _ _
. antineutrinos measurement trial at
. Systematics : normalisation 4.1%, total 5m from reactor core

~5%
«  Physics run scheduled for start of 2016 ’ expect 6 evts/day, S:B ~ 1:5



