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IXINng: quick reminder

Flavour eigenstates ¢Mass eigenstates
(interaction) (propagation)

(v, v,v)l =U (v,,vy,v3)!

U: mixing matrix
e 3angles:6,,6,;0,;

e 1 complex phase : 8p
(CP violation in the leptonic sec:N
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vV oscillations

SOURCE > DETECTOR

\

a Vg

~ Propagation distance

e NN \\\/

NEAR DETECTOR

Max. amplitude =>
Measure v,

mixing parameters

o Asppfinqeqord
—

 Probability ItIs v,

e - ‘2 : 2 - Modulation =>
Losc_[m] = E [MeV]/Am '[_e\./_ ]> - mass difference

In this talk : regime dominated by Am?2,, = Am?_,_~ 2.5 x 103 eV2~ E/L

SOURCE : Reactors : E ~ MeV => L~1km “| ong Baseline”
Beams : E ~ GeV => L~ 100-1000 km
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utline of this talk

* Neutrino sources : reactors and beams

 LBL oscillations and measurements

* Detectors

* Present : Reactor exp., MINQOS, T2K, CNGS

* Future : LAGUNA-LBNO (Europe), LBNE (US), T2HK
(Japan)... and beyond...
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Neutrino sources
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* “Wide band spectrum” 0 02040608 1 12 1.4
. . E, (GeV)
* Mainly v, +few percent of v,and anti-v
Reactors : | |
Reactor v, spectrum (a.u.) ‘
.. _ . Observed spectrum (a.u.)\
decay of fission products => « Purely anti-v,
1.9x10%° v/s per GWth -
o N, ° . 8%
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o -~ on N e Detection by “inverse beta” }é
s ® =~
e g wieten I
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>-paseline oscillations

v, ->V, (“disappearance”)
=>measure 0,

Reactors

Leading : v, -> v, (“disappearan
=> cross-check of atmospheric v “anom

=> measure Am?,;, 6, \
: Present
Sub-leading: v, -> v_ (“appearance”
c Near future
= measure 613 /

Accelerators

Then, since is 0, is “large” Far future

=> access to Mass Hierarchy
via Earth matter effects

=> access to CP-violation
via v/anti-v comparison
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Detectors

V|

e CCinteractions o

=> identify and measure final-state lepton

* Backgrounds : NC interactions (no leading lepton), other v flavours

 Examples:
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gactor experiments

1t measurement
@2.30in 2011

Double Chooz
(France)

2012: sin?26,; [Gd]= 0.086
+0.041 (stat)
+ 0.030 (sys)

sin220,5 [H] = 0.086
+0.041 (stat)
+ 0.030 (syst)

leading role of
French institutes

Near detector being installed

Daya Bay (China) sin226,,= 0.089 + 0.010 (stat) + 0.005 (syst)
RENO (North Korea) sin220,,= 0.113 + 0.013 (stat) + 0.019 (syst)
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CNGS

CERN Neutrino beam to Gran Sasso

Emilia-Romagna
Monte-Maggiorasca
Monte-Prato
Monte-Giovo

Piemonte
ratory of Gran Sasso

732km_
T peutrino beam ———»

8 daughter

OPERA:

(mainly) v, .
3 v detected

First direct evidence of “appearance”
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MINQOS

The MINOS Experiment

Fermilab Soudan
10 km )
735 km
12 km
Detector 1 Detector 2
Near Detector: Far Detector:
980 tons 5400 tons
VH disappearance Ve appearance
600 — e — —
-V Neutrino beam : 300 "MINOS Far Detector 7]
500 u = [ v-mode i
% - MINOS PRELIMINARY ® [MINOS PRELIMINARY i
i . ) L sin%(20,,)=0.053, Am3,>0 |
(H 400 —— MINOS Data ] ‘ézoo B — pachground | 5es=0, 26iM(0,)=10 _|
& 3001k —— No Oscillations 3 § — — gy ]
. I — Best Fit Oscillations ] s = Data .
© 200¢ ] - i
> » i -gmo — Region |
L e x o I 1
100 3 E I-I>J : *%
% 2 4 6 8 10 15 20 30 50 0% "0z o4 06 08 1

Reconstructed Energy (GeV) LEM Selection Variable

Amz = 2'39+0'09—0.10 x10-3 eVz
sin220,,=0.96 + 0.04
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, Super-Kamiokande J-PARC
' Near Detector 280 m

Ilooon{

Neutrino Beam

295 km

2.5° off-axis ?”

Experimental setup of T2K

J;(JI;A\IIRC DecayVolume I_Igg:;m ——
. e 2.5 —> Isupel'i-x
Medm By T Proton.E -
go | tonaxis . 7 Target

| 7 mrad off-axis oote . _-—

I : ;lt mrag og—axis . .. Distance &le’ns Muon moniRQr INGRID “

| mrad offaxis —» . from target f i 4 } &’ i >
o ] “L=0m 118m 280m  295km

. : .1 “off-axis” =>
0 . “'nearly monochromatic
’ tuned to osc. maximum

v, CCevents/ kt/ 1E21 POT /0.2 GeV

4 6 10
E, (GeV)
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v, disappearance V, appearance

e 2011 : 15t indication(6 ev.)
18 ;_ ---------- No-disappearance hypothesis —; 2 O 1 3 .
16 = i |
2] = Best-fit oscillation hypothesis q v - )
= 14 — = | ? —+— RUNI1-3 data
% 120 —e— T2K Run 142 data = ] 6 11 events (3.010x10°POT)
R - ] o L B Osc.v, CC
o 10 = S o [ Vp.Wp. CcC
3 8F 3 ° | 3 v +v. CC
§ ] o 4 [ NC
z S E 2t (MC w/ sin*20,,=0.1)
4 T ey = S5
X L E = p-value 0.08%
=, AN P T B L
0 1 2 3 4 5 6 i 3.20
Reconstructed energy (GeV) o _ —
0 1000 2000 ~ 3000

. Reconstructed Ev [MeV]
2 m2 —

(1.00 ogg, 2-45+0.30%1073 €V2) 90%CL 5in“26,3=0.094 9953 446 (0.116799% 15
for N.H. (I.H)

3.20 : evidence !
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[of 6., will be measured at ~10% by T2K (in 5 years) and reactor
experiments

[of Am,, B,5 precision

Since 05 is “large”, LBL neutrino experiments can also
investigate the two open questions in neutrino oscillations:

?| ¢ Mass Hierarchy (via matter effects)
?| ¢ CPviolation (via v-antiv comparison)

T2K and NOvVA (US) will access at most (@90%cCL) in 3-5 years
* MH for <50% of 6., values
¢ ~20% of 6.p values.

Need for future experiments to go further:
- new detectors and possibly new beams
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re of neutrino LBL in EU

Consensus on a realistic “incremental approach”
The LBNO experiment (LAGUNA-LBNO FP7 Design Study)

@ phase 1. : establish Mass Hierarchy, extend &, coverage
=>» detector of 10-20kt, beam based on existing accelerators

€ phase 2. :if CP not discovered, extend coverage as much as possible
=>» larger detector and new beam

Expression of Interest to CERN/SPSC + input to EU roadmap
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LBNO: phase 1

e 10-20 kton Liquid-Argon TPC

(+ magnetised iron det.)
* |ocated in Pyhasalmi mine, Finland
 wide-band-beam from CERN,

based on existing accelerators
* baseline =2290 km, close to “magic” where
matter effects for MH disentangle from CPv

Electron appearance

2300 km, sin*(26,,)=0.11

Red: v NH, 0<3<180
Dark-Red:v NH, 180<5<360

Blue: v IH, 0<56<180
Dark-Blue:v IH, 180<3<360

Ev(gelv)
Physics reach : e | ' M2 10
1) measure Mass Hierarchy N R s 20 et
- 'l - SO Cres 5001 Image
2) cover 20-30% of 6, values @30 we A% ® % Data 90, NGAR, U Kavy NCA, OB

SCIUSIAE'N IYSYALIE ey 10
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LBNO: phase 2

Lagvna
'

EU FP7 Design Studies

aaaaaa

LAGUNA (2008-11)
studied 7 underground sites in Europe

LAGUNA-LBNO (2011-14)
e New conventional v, beams to be
considered, based on CNGS

experience
* Focus on the 2 baselines specific to

Europe:
P Possible synergies with

/ “new conception” beams
4 CERN-Fréjus short baseline.

- No Matter effects, pure CP-violation

.-(

) ) _ ' T CNGS - Umbria
4 CERN-Pyhasalmi longest baseline. CN2FR (Fréjus) N« Beam from 5PS (S00KW)
- Close to “magic baseline” * HP-SPL + accumulator * No near detector
(5 GeV~-4 MW) : possibility

[+CERN-Umbria, with lower priority] + Bbeam (y=100) vmage € 200) Terrahdetekcs

. \ X < 7. Inage ICAD

: P - SOM] Uty 5001 Image
Congres SFP, Marseille, juillet 13 A.Tonazzo - L \\ L Data 50, WOAK U Koy NCA. CEICD

SUISIAT'N  IV'SYI741°E oy 190w



S reach — v oscillations

Exclude 6cp=0and 8cp =Tt

i - 10 ————"——"—¥—"—"7——r————— 7
1) CO”CIUS'|Ve assessment N? - LBNO L=2300km Running mode: 75% nu - 25% anu ]
of Mass Hierarchy = 9FNH 20 kton LAr + SPS(700kW)]
. »  8F10years 20 kton LAr + HPPS(2MW) ]
in 2 years U ;
: 70 kton LAr + HPPS(2MW) ]
6 =

2) Cover ~70% of 5

i 4r

Ocp values in 10 years L

2f

1F
Control of systematic AT /A

uncertainties is crucial 0 1 2 X 4 > °
All sources of systematics (oscillation parameters + rates) included True SCP
More studies ongoing in LAGUNA-LBNO
Start data taking : 2025 ?
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UNA-LBNO detector(s)

GLACIER

View 0: MC Event display (€) View 1: MC Event display ()

= 1040 200 5 g 10 200
8 €8 €
5 1030F 3 £ 1030F 3
5 1020F 1508 & 1020F 1508
= <= el <
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y 100 2 3 100 2
E “ - ” i3 =, g L - k-1
1000 ey W: M‘IO“ e E 1000 | 7‘-&:{“:""““:‘.» 2 g
E liidl - E R B AR ST e d
990 e 1 40 990 L I 50
980 F X 980F
970f i lo 970 o
1640 1660 1680 1700 1720 1740 1640 1660 1680 1700 1720 1740
view 0: length (cm) view 1: length (cm)
View 0: MC Event display (x°) View 1: MC Event display (x°)
gl T T T 2oo§ g1 < v + %
%1030— 3 gmeo— 3
§ 1020 1508 5 1020 8
£ ) ) < £ g <
_ S 1010F i 8 S 1010F -’ 8
T MG [ R e H
1000 —“"W‘J Qe i g 1000F —‘4‘7‘”*‘ ’ .ﬁr,_;. d g
990 F 990F
/0m L
< ) 980F 980F
970F ¢ ; o 970F

|
1640 1660 1680 1700 1720 1740 1640 1660 1680 1700 1720
view 0: length (cm) view 1: length (cm)

Liquid Argon TPC Complete 3D reconstruction of events
Excellent background rejection
Good efficiency at high energy
Excellent energy resolution

Proposal for full small-scale
prototype @CERN (2015)
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A-LBNO detector(s)

GLACIER o VEVIPHYS R LENA

£
o
o
i
/0m
<€ >
. v —
Liquid Argon TPC 70 kt ¢ 5
Excellent background rejection 30m
Good efficiency at high energy .. s
Excellent energy resolution Water—Che.renkov 2 x 330 kt | | Liquid scintillator 50 kt
: Excellent particle-ID and Very low energy threshold
+ Magnetised Iron Detector momentum measurement Potential for use with beam
MIND under development

Underground >4000 m.w.e => Excellent physics reach also for proton decay
and for v's as messengers (SuperNovae, Sun, Earth, atmosphere):
UNDERGROUND NEUTRINO OBSERVATORY
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tivities in France : R&D

Grouped readout and
electronics for PMTs

All LAGUNA detectors have a very
large number of PMTs
(45000-220000):

need to reduce costs and complexity
> ParisROC card
2>MEMPHYNO test bench

{ 3 | i 'j[

MicroMegas + readout electronics
for double-phase LAr TPC

(expertise from T2K ND280)
—> Operation in cryogenic environment

DG

- — e em—
- s

X —~ =

S _ -
:—-':—-_

i L e
- - == ——1
ER - — ——

]
i

T T T T T T

|

PARTICIPATION TO CERN PROTOTYPE + TEST
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EUROnu (2008-2012)

S in France : FP7 D.S.

LAGUNA-LBNO (2011-2014)
* Physics coordination

* Design and optimisation *== . —
Of ta rget and horn for }:‘ * Detector COI’\StFUFl‘IOI’\ and }:'
super-beam long-term operation PNL

studies 4PN

 Water Cherenkov o
and simulation o ¢ Common simulation and "'P@

e Detailed physics potential
\
< 10 F LBNO ‘L=2;)(()C(;l|1‘:: = =£u?\:::1: :r::d:: 75% nu - 25% anu |
g °NH 20 kton LAr + SPS(700kW)
@ 8 5—10 years 20 kton LAr + HPPS(2MW)
Z ;: An kton LAr + HPPS(ZMW);
) /A\
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The world context

US :LBNE Japan : Hyper-K
Liquid Argon TPC 10 kton on surface Water Cherenkov 560 kton
Beam from Fermilab 0.7 mw) near Kamioka, 1750 mwe

baseline=1300 km <E>~3 GeV Bea m from J PARC (1.66MW)

34 kt Lar + Project—)i

2"d phase: —

Collaboration/synergies with EU under development
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Ing even further...

“New-conception” beams:

v flavour composition and spectrum precisely defined by the
decay of primary particles

PLi="Fe+e" +v,

beaL" Beta-beams : ‘He—‘Li+ e +v.

P decay in-flight of accelerated B-decaying isotopes

fm},(’( Neutrino Factory : woevey,
v decay in-flight of accelerated p’s u"—=ev,vy,
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mary and outlook

* Long baseline oscillations of beam and reactor neutrinos
have provided precise measurement of oscillation
parameters 0,; 6,, Am?,;, and precision will further
improve

e The next generation of projects will explore the
remaining open questions :

Mass Hierarchy and CP violation

* French research groups have a leading role both in

ongoing experiments and in paving the way for the
future ones
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