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® Recent T2K result that | will use to describe the Long
Base Line experimental techniques and needs.

® What to expect from Nova ? Or better, what to

expect from T2K, Nova and reactor neutrinos.
\ ® What is the community planning for the next stage ?
[\ ) .4
to ® pro’s and con’s
lext I
INEXT ® |s this enough!? T2HK, LBNE and/or LBNO
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Flux prediction

‘K. Abe et al. (T2K Collaboration), Phys. Rev. D 87, 012001 (2013).
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NAG6I: Shine

NAG61/Shine measures for T2K the
production of pions and kaons as
function of the momentum and angle
for protons interacting with carbon.
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NA61/Shine measures a thin target for
absolute production and thick target that
is a copy of T2K target and provides also
the reinteractions.
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| 00MeV the V-Nucleus cross-section dominates.
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Off-axis concept

T2K runs 2.5° off-axis

® off-axis optimises the flux at the
maximum of the oscillation.
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_Off-axis concept
T2K runs 2.5° off-axis

30 GeV protons

—

® off-axis reduces the high energy contamination (NCTT%and non-
CCQE backgrounds.)
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e ND280 is the near detector facility
with two main detectors located
280m from the proton interaction
point:

® On-axis INGRID.

o Off-axis ND280m.
® Three main purposes:

® V beam stability.

® V cross-sections.

® V beam flux constraint.
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® |NGRID counts V CC events in a cross of |3
identical detectors:

proton-module
for cross-sections

proton-module
for cross-sections

® total rate monitors beam intensity stability
with respect to proton on target counting.

® The relative event counts between modules
monitor the beam direction stability.

3 3
Spill# 222861, Time 1271289317 'E x2/ndf 7.1/4 'E x/ndf 4.0/4
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® Off-axis ND280 is a detector complex

with tracking calorimeters, time A
projection chambers and Electromagnetic
calorimeters in the UAI/Nomad 0.2T 4
magnet.
Downstream
ECAL

® V interaction target polystyrene (CH)
and water.

Barrel ECAL

® Particle ID by dE/dx and calorimetry.

® Charge sign by curvature.

® Specific TT? detector (POD) made of water,
CH and brass optimised for NC T11°

measurement. =
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Off-axis ND280 analysis
real events
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i Off-axis: Vi analysis
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Off-axis ND280 analysis
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Off-axis ND280 analysis

® Select highest momentum negative track starting in FGD to be compatible with
electron according to TPC and ECAL PID.

® Subdivide the sample according to the presence of pions in the event.
® Use the Ve flux prediction after the v, flux and cross-section fit.

® Use Y—e'*e to constrain main background from T19—yy

Nmeas Nmeas
— 1.06 £ 0.06(stat) £ 0.08(syst) N”pm — = 0.77 £ 0.02(stat)
e Y
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The T2K signal is the CCQE events.The 2 body
kinematics allow to estimate the neutrino
energy. vyn — p p

Other channels can be seen as backgrounds to
the CCQE signal.

® We need to identify the channel by using the
hadronic component of the interactions.

At T2K energies there are many channel

thresholds (CCI11*, CCITT% CC Deep Inelatic
Scattering, ...)

Cross-section models are not precise.

Final state interactions inside the nucleus alter
the hadronic component.
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i1 Cross-sections: unknowns = £5
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Multi-nucleon interactions
Energy Misreconstruction 1040< E?“ecl 1060
F : : : ) G20
60 3 — NEUT CCQE E
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C — NuWro MECx5.0 | 3 % G
40F - o
| 3
F E uT g Spectral function models
20F E define probability to remove a
10g E o nucleon with a given
T ; (i)
07 05 1 \V+ momentum and energy state
E-E™™ (GeV) N’ 4
840

() 50 100 150 200 250 300
. |pn| (MeV/c)
Charged pion momentum

T2K approach E - N
e add effective parameters (MA, .
cross section normalisation, ...) L
with uncertainties that span the 4 d— et
base model and data. ]
e effective parameters are - R

constrained by ND280 fits.
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/Neutrino Flux Model: \ /Neutrino Cross Section Model (NEUT): \
« Data-driven: NA61/SHINE, beam . .Data-drive_n: External neutrino, electron,
monitor measurements pion scattering data
» Uncertainties: modeled by variation of * Uncertainties: modeled by variations of
normalisation parameters (b) in bins of model parameters (M,, p;, E,) and ad-hoc

Qeutrino energy and flavour / kparameters /

Constraint from ND280 Data

* Data Samples enhanced in CC interactions with 0, 1 or others (mainly
multiple pions)

« Fit to data constrains flux, b, and cross section, x=(M,, p., E,, ad-hoc, ...),
parameters

* Constrained SK flux parameters and subset of cross section parameters are
Kused to predict SK event rates /
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| After ND280 Constraint
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E, (GeV)

Cross-section parameters

Parameter

M, 9E (GeV)

M, RES (GeV)

CCQE Norm.

CC11 Norm.

NC11° Norm.

T2K v, and v_ flux predictions are constrained by the fit.

* The cross-section parameters are also constrained.

Plots show central values and error bands for normalisation

parameters.

FSanchez (IFAE) PACT-2013

Fitted Normalization

Prior to ND280 After ND280
Constraint Constraint
1.21 £ 0.45 1.223 £ 0.072
141 +£0.22 0.963 + 0.063
1.00 £ 0.11 0.961 + 0.076
1.15+0.32 1.22 £ 0.16
0.96 + 0.33 1.10 £ 0.25

T2K SK Ve Flux
1.5

After ND280 Constraint

1 4f— - Prior to ND280 Constraint

I|IIII|IIII|IIII

E, (GeV)
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_Covariance matrix

T2K SK flux parameters are constrained through their prior correlations with the
ND280 v, flux parameters

- ) OCHOA

1
% 3 V. and vV, fluxes are correlated
A = through parent hadrons
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» ol S
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E,=0-5 GeV| E,=0-5 GeV| E,=0-5 GeV

Subset of cross section parameters are correlated at near and far detectors: M AQE,
M, RE, low energy CCQE normalisation, low energy CCITT normalisation.
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per-Kamiokande

SUPERKAMIOKANDE DETECTOR ——— Electronics catching Neutrinos

trailers
About once avery 80 minukes, a neutrino in‘eracts ir the detector

N
.

- — I chamber, generatng Chersnkoy radlation. This optical aguivalent of
2 sonic boom crestes a cone of light that is registerad on the
/\ photomultipliers that line the tank. Characteastic ring patterns tell
Z \ physicists what kind of neutrinos inkeracted and in which direction
> ey were headed
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® 50 kTon water Cherenkov detector. (22.5 KTon fiducial).
e ~|] 000 20” PMT inner detector.

e ~2000 8” PMT outer detector to veto external background.
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SK: particle ID

o Expected Angular charge distribution
- for 725 MeV muon "

3 wb- ° °
a r
Pt Likelihood PID
o
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o . 100 |-DATA
el }\
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g | | 1 1 | 1
5oo_ > 0
450/~ Expected Angular charge distribution § 100
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4°°_— £ 75
=350 2
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63001
e | 25
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gzoo— e 0
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1001~ : 1
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® The expected angular distribution of Cherenkov photons along the
primary particle direction is different in electrons and muons:

® The electron is not sharp due to Multiple Scattering & showering.
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=1 Super-Kamiokande & TT

® The misidentification of TT? and electrons happens when one photon is not
identified:

® The two electron-like rings overlap.

® One of the two e-like rings is faint and it is lost in the Cherenkov light of
the other photon.

® Or with 2Y, the invariant mass of the photons has poor resolution.
Y Y
@....* HEN )

Y Y
€ ) >

Boost
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vy Selection Cuts )

- Number veto hits < |6

Fiducial Volume=200cm

Fully contained ring.

number of rings = |
Ring is muon-like

Evisible > 100 MeV

< 2 Michel electrons

C Pu > 200 MeV

58 events for
3.01x10%° proton on target

FSanchez (IFAE) PACT-2013
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- Ve Selection

\

Ve Selection Cuts

Number veto hits < |6
Fiducial Volume=200cm
number of rings = |
Ring is electron-like
Evisibile > 100 MeV

no Michel electrons

new analysis TT? cut

0 < Ey < 1250 MeV

~

28 events for
6.4x10%° proton on
target
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Vy disappearance

® Expected number of events in absence of oscillations: 205 * |7 (syst). -

® Observed number of events: 58

o))

0 1 2 3 4 5
I !

oY)
N
I

. 12K data
No oscillation hypothesis

T2K best fit

o]
O

3.0Ix10%°PoT

L 2 '
wnh O W

Events / (0.1 GeV)
.5

IIlIIIllIlllIlIlIlIlIlIIlIIIIIIIII

[S—
nh O W

Energy
reconstruction

assuming CCQE

[

oscillations

Ratio to no
_O
N

||||||||||

"5 60304 05 06 07 08 09 1
Reconstructed v energy (GeV)

-
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® In the limit: Am?j; << Am?;3 the disappearance probability is given by:

P(v, — v,) = 1 —4cos® f13sin® O23[1 — cos® 013 sin® O3] sin®(1.27Am3,L/E,)

e [fO3=0
Py, —»v,)~ 1 — 45sin? @o3[1 — sin? o3] sin®(1.27Am3,L/E,)
1 — 2sin? 20,3 sin®(1.27Am3,L/E,)
® |f0i3!=0and 023~45° the v,disappearance is sensitive to the octant
(i.e. Puuovu(023>45°) # Pyyu-ovy(023<45°) )
® The right parameter is sin?023 and not the traditionally used sin2(20,3)

® Uncertainty in 03 needs to be propagated.
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~ Vy disappearance

P(v, — v,) =~ 1 —4cos” f13sin® fa3[1 — cos® 013 sin® O3] sin®(1.27TAm3,L/E,)

S E R AR AR S P AR Old representation for comparisons!
2<2 f_ """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" _f s o rrr Tt Tt r Tt r Tt Tt T T
0 P e T = 4 =*=T2K3v90% C.L. _
;b T2K68% CL. Fi % Do T2K 20112v 90% C.L, -
< [ —T2K90%CL. i = Si_—@— MINOS 2013 2v 90% C.L. B
g 280 T =, - = SK zenith 2012 3v 90% C L. -
S T E - -—=SKLE?20122v90%cL. ~ ]
' ' : T fflom
< - ] T3 .
:(/\l 24:_ _: : ................. -
E L Th, C =
gl 22— - 0
: v T2K best flt : : ........................................ B
2 N SR SN S S U B 5 L _
0.35 04 0.45 05 0.55 0.6 0.65 0.7 - =
2 0 2 4 6 —i Lo ], I | S — I L1 l, l ,l L1 I(l L1 ! L1 I, l L1 l( L1 1 | I i_
Sin (923) sz 0.8 084 08 088 09 092 094 ;096 0)28 ]
sin”(20,,)

Physical Review Letters in Press. Arxiv:|1308.0465
® T2K already dominates the measurement of mixing angle for Long
Baseline experiments (x2 more statistics soon!!
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H gkl SR f)"fx" f
. ey

FSanchez (IFAE) PACT-2013



EXCELENCIA |
SEVERO , b
, OCHOA :

FSanchez (IFAE) PACT-2013




Ve appearance

Electron momentum vs. angle distribution (MC . —_
& : ,(, ) Fixed oscillation parameters

- 180 - 3
£, 160} 0.035 2 —5 /2
3 ol | T P e e TOXID eV
g 120 N, .. Ami, 2.4 x 1072 eV
100/ : SR T N o sin? 2093 1.0
80 ' . 9
60f 0.015 sin” 26012 0.8495
40; ---------------------------------- S - 0.01 6CP O degree
20; ................................... 0.005
0 LI _
0 200 400 600 8?,(,’0,1,%23“1,,2,0(?\,,13‘,’3) ) 200 400 600 800 1000 1200 1400 °

momentum (MeV/c)

Analysis method

» We scan over sin220; space to find the best fit value of

sin220 3, where the likelihood (£) becomes maximum.

* Likelihood is calculated by comparing the number of
observed events (N_..) and the electron momentum &

angle (p-0) distribution with MC.
» We fix the oscillation parameters other than sin220,;.
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L= Lporm X Lshape X Lsyst —

Systematic parameter
constraint term

/ \ Nops
Poisson(N,ps) meanz ‘ | ¢ (pi, 6:)
’\bred \
i=1
Zorm 1s the probability to have N, when the Z ape 18 the product of the probabilities that each
predicted number of events is the Poisson event has (p, 0.). : Predicted p-6 distribution
distribution with mean = N,_. (PDF) .
Poisson distribution (8,;=0.1) 7 i ED
Ny 13~ V. g 1600 | PDF(913=O.1) |¥=0.035
o.oai— % 140/ oy ’ ik 0.03
0.07F- g 1201 el 40,025
0.06 z_ 100 : S WU N S 0.02
0.055— 30: ............
u - 0.015
0.04:— 60: ............
0'032_ 40: ............ . 0.01
0021 20k o 0.005
0.01— n A
S % 200 400 600 800 1000 1200 1400 °

momentum (MeV/c)
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6.4% 1020 PoT

f " 4
A .
NS
I 333
(% 3
| 4
z. N
» .
e

| T T T T T T
i ‘ w/o ND280 constraint
. . 3000 *w/ ND280 constraint
c  Event cath. sin?2013=0  sin?20,3=0.| - :
O = - -
o — . = i i
S Ve signal 0.38 16.42 > ol §in20,, = 0 N
e = i §in*20,,= 1.0 i
B Ve back. 3.17 2.93 £ [ Aty =2.4x10° ¢V? :
C > - %No%al hierarchy) N
1000 — cr —
8 vy, back 0.89 0.89 : M :
) " ). p.o.t. _
S Vu+ Ve back. 0.20 0.19 i ]
> % 10 Is 20
L Total 4.64 20.44 Expected number of signal+background events
L T T T T T T
in2 — in2 = - 7] wlo ND280 constraint
. Error source  sin?20/3=0 sin220,3=0. | 2o00fin220, = 0.1 = wlo ND280 consura
ul B e i
eam flux and " Gin20, = 1.0 .
GL) . 4.9% 3.0% E 1500 Am3, =2.4x107 eV? -
V INnt = " (Normal hierarchy) ]
—~ & O =0 .
= Far detector 6.7% 7.5% E 10 64x 107 po. E
] ™ —
£ +FSIH+SI+PN 7.3% 3.5% SF :
) i :
3 Total 11.1% 8.8% ; ;
wm %
Total(2012) 13.0% 9.9%
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P 180: E 85_ Runl-4 data
S 160F De—0e 1 S |9, (6.33(?1,(320 POT)
;‘5‘0 140 — Kunl-4 data q>_) 7 = ata
O 170E (6.393e20 POT) 0.8 L~ 6 [ signal prediction
E s best—fi.t sin’28,, =0.150 O 5 E_ .background prediction
O 1 OO — assumlln}% Scpzf?’ O . 6 + §
| | = normal hierarcny, 4 =
éﬂ 80 = Am3,|=2.4x107 eV? =
s 60F 0.4 3E
3 0.2 2
20E 1E
0% 0 0

200 400 600 800 100012001400
momentum (MeV/c)

_Veappe€arance

momentum (MeV/c)
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% 125_ pe Run1-4 data
q>) 10 (6.393e20 POT)
B~ [ ® o -+- data
:i 8 E .signal prediction
6 :_ .background prediction
4L
2
OO 200 400 600 300 100012001400

0 20 40 60 80 100120140160180
angle (degrees)

Assuming 0-p=0, normal hierarchy,
|Am23,|=2.4x10-3 eV?2, sin220,5=1

Best fit w/ 68% C.L. error:
sin?26,5 = 0.150%9-932
90% allowed region:
0.097 < sin?26,3 < 0.218




Ve appe€arance

S 3
Allowed region of sin220 5 S Normal hierarchy 3
for each value of Ocp . .
1~ _
OF —sotoL "
B — Best fit ]
BeSt ﬁt W/ 68<y C L error @ 6 =O -1:_ Run1-4 data (6.393¢20 POT) —:
9 y CP B normal hierarchy i
IF IAm2,1=2.4x107 eV? _
: ; o 9 / _|_ O . 039 E Sin22923=1 .0 E
Normal hierarchy: sin® 013 = 0.1507 ;o34 ab N
‘ . & | ]
Inverted hierarchy: sin® f13 = 0.1821'8'833 o F ]
' 22_ Inverted hierarchy -
1 -
O —Soxcr
o . B — Best fit 7]
p-value is 9.9 10-'* (equivalent to 7.40) E E
-1 Runl1-4 data (6.393e20 POT) ]
N inverted hierarchy ]
) IAm3,1=2.4x107 eV? .
u sin’20,,=1.0 ]
_3__ . . . | ' . —
NOTE:These are |D contours for values of dcp, not 2D contours in Ocp-013 space 0 04 0.6
13
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Global 0,3

Best Fit +
68% C.L.

Accelerator
Experiments®

Normal
Hierarchy

Inverted
Hierarchy

*All results assuming:
Ocp =0,
0,; = 45°

Reactor
Experiments

® Rateonly
0 Rate+Spectral

— n-Gd
—- n-H

Compilation from Soeren Jetter (HEP), NuFact 2013

o rieevaluated;ﬂux

2011

2012

T

New Daya Bay Result
sin® 2613 = 0.090 3-8

sin?2613
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2013

ireactor or1: t-of

Solar+KamLand
MINOS

T2K 6 Events

DC 101 Days
Daya Bay 55 Days
RENO 229 Days
T2K 11 Events
DC 228 Days
Daya Bay 139 Days
DC n-H Analysis
RENO 416 Days
T2K 11 Events
DC RRM Analysis

T2K 28 Events

Daya Bay 217 Days

0.3

[1106.6028]

[1108.0015]
[1106.2822]
[1112.6353]
[1203.1660]
[1204.0626]
[ICHEP2012]
[1207.6632]
[1210.6327]

[1301.2048]

[NuTel2013]

[1304.0841]
[1305.2734]
[EPS2013]

[NuFact2013)]
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S 3
Allowed region of sin220 ; e Normal hierarchy 3
for each value of Ocp 15 ]
oOF 0% cr
N — Best fit ]
B t f~t / 68<y C L @ 6 =O -1 Run1-4 data (6.393¢20 POT) —
€S It W o .L. €rror CP N normal hierarchy ]
I IAm2,1=2.4x107 eV? _
Normal hierarchy: sin? 013 = 0.150719-039 : e E
y' ]-3 e $ _0.034 _3_— | ! ) | 1 L 1 .
. _ (=% 3_ I ]
Inverted hierarchy: sin? 013 = 0.1821'8'833 w .
: 22_ Inverted hierarchy -
1+ -
o  SoncrL
B —— Best fit N
P'Value is 9.9 IO-|4 (eqL"Va.Ient to 7.4 O-) -1 Run1-4 data (6.393¢20 POT) ]
N inverted hierarch _
) IAm3,I=2.4x107 ey\/2 .
NOTE:These are |D contours for values of dcp, not 2D contours in Ocp-013 space - 2010 :
_3— ! 1 | ! 1 1 1
0 . 04 0.6
N(_ew Daya-BgY resglt. (I\!EJFACTI 3) - $in220  ,
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o 3 N T T
e - ]
21 68% C.L. -
n | —sin%0,,=0.4 ]
1+ “5in%9,,=0.5 -]
C “~5in%0,,=0.6 ]
0 -
- Runl-4 data (6.393¢20 POT) -
-1 Normal hierarchy -
g . i 27, N |Am3,1=2.4x107 e V? ]
The uncertainty in the atmospheric mixing angle. 2 -
- \ Normal hierarchy -
4 o . 3 : LNy
® Ocp vs.sin?203 contour depends significantly 0 02 04 06
i) sin22(913
on the value of sin%03.
& I
® The 033 octant is relevant for the future Ocp ol 6% CL. -
. e e . B — sin’0,,=0.4 ]
vs. sin?20 3 sensitivity. E Lo, 05
B ~5in’0,,=0.6 N
O -
E Run1-4 data (6.393¢20 POT) E
-1 Inverted hierarchy ]
C IAm3,1=2.4x107 e V? N
2 :
3 Inverted hierarchy -
N 1 E—
NOTE:These are |D contours for values of dcp, not 2D contours in Ocp-013 space sin22613
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14 mrad off-axi:
Goals:
Observe v, — v. and measure
the mixing angle 613 .

Resolution of the neutrino
mass hierarchy

Search for CP violation in the
neutrino sector

Improved measurements of
sin?(2023) to within a few
percent.

Detrmine the octant f 023

-~

.-‘.,"

’ A —
*’&H‘-f"‘c-‘ .

Existmg NuMl
3 ..moss.,rBream frem FNALOM..O

._(;—;Upgrade from 3( kW io
' \700 kW |n‘p,rogress

- Nearly identical ~300
~ ton detector located at

FNAL, 14 mrad off-axis
& 1 km from source will
measure v spectrum
before oscillations
occur.
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_Flux

NOvA Prelimina
> 10 ; 1 1 1 1 1 1 1 I 1 1 1 1 ;
§ = — Total S

i Vv i

2 AN FD
> E A
O F / \\ 7 A A
= i i
; 107 = xﬂa%
g / ]
o L i
g‘oe / S =
o [ 4
('; B | FLUKAOS

107y ——— — — 15

E (GeV)
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[1,3]GeV [0,120]Gev
Total 63.5 103.8
Numu 62.1 976
Anti-Numu 1.0 3.9
Nue+Anti-Nue 04 23

[1,3]GeV: ¥/ v, = 1.6%

[1,3]GeV: (Ve + Ve)/vu = 0.6%




Beam status

NuMI turn-on timeline

800 ;
— - “.g --------------- é-"'"'", --------
= 600 ettt NUMLcaprbility
< - e : §
= 400 = _________L_i_n_l_i_t__p_g_r_!_d_i_ng._1399_5_%91:_91?5_1:_@919_8__.
© 2001

i R R

v/ J . J

< < 974 ) U &y )
<0, 3 Qa,q 9, <0, s Oy

» Commissioning of the NuMI beam has begun and will continue through end of the year
» beam to target hall achieved Aug. 5
» horn and target scans with beam should happen any day now

» 330 KW (pre-shutdown capability) — 500 kW achieved by use of recycler and reduction of
cycle time in Ml.

> Limited in short-term to ~500 kW until Booster RF system upgrades are complete.

T2K might get up to 400 kWV in 2014
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NoVa detector

The NOvA Detectors

a1

a9
~—

5.6 m

-
\\

Far Detector

15.6 m

| | Near Detector
Tracking calorimeter:

- ~63% active

- muon energy resolution (range): few %
- Moliere radius is ~2.5 cell widths

- EM shower max at ~5 Xo

FSanchez (IFAE) PACT-2013

TN Wavelength-shifting
e = -~ fibersroutedto a
/ — ¢ N single cell on an
[/ rEema 2=\ Avalanche
I Aterna ' ‘.‘ Photodiode (APD)
! ermnating |made of materials
| planes of .
\ orthogonal /' with greatest
\ 1 views. sensitivity to green
/2
—,I)\ | // light.

7’6 cm

0.18 Xp
per plane.

_« Scintillation light (mostly blue
- wavelengths) emitted isotropically and
captured in wavelength shifting fibers

1 that convert blue light to green.

~344000 channels in the NOVA Far
Detector

Jonathan Paley, ANL HEP Division




NoVva detector

- The NOvA Detectors

~ ”—“\\ Wavelength-shifting
e .
i S ~. fibersroutedto a
/ ' "'-’-‘ =Z=7 N single cell on an

\ Avalanche

\ Photodiode (APD)
|made of materials
Iwnth greatest

/ Z‘M 4, 471
HL\J:‘H 14
Alternatinn :

» 19/28 blocks of PVC modules F

A TTT - assembled and installed (Aug. 6) "/ sensitivity to green
) » 13.6 blocks filled with liquid /gt
o scintillator (Aug. 19)

» 4.2 blocks outfitted with electronics &4
» Completion expected by ~May '

v
= [|||| 2014
75_6m ——t = S
¢ eerr .
L#LJ/Q _» Scintillation light (mostly blue
Far Detector - 15.6 m - wavelengths) emitted isotropically and
Near Detector captured in wavelength shifting fibers
Tracking calorimeter: that convert blue light to green.
- ~63% active ' _
- muon energy resolution (range): few % ~344000 channels in the NOVA Far
- Moliere radius is ~2.5 cell widths Detector
= EM Shower max at ~5 XO F i Jonathan Paley, ANL HEP Division
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NoVa oscillations

» Long-baseline v, — v. experiments have
the potential to simultaneously measure
013, Ocp, SIgN(Amsz;?), Sign(623-45°):

sm 2(Agy — aL)
(A31 —al : 31
sin(al)
(aL)
in(alL)gn(Asz; — alL
(aL)

Plvy —ve) =

a sin 2613lcos

a sin 26;3(sin 0

1.27AmZ;[eV?]| L[km]|
E [GeV]

a = GpN.v/2 ~ (4000 km)~!

eg, in NOvA: aL ~0.23

» Separate measurement of v, — v, gives
access to sin2(2623) and Am2sz:

Pv, =-v,)~1- sinin2 (1.2)
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mass-

n A32

Vv

Am,,

e —
| Am:
V. I Vs

Normal Hierarchy

Inverted Hierarchy

cos Ago —

- 14
o .
5 1.2t spectrum ratio
b A 2
31— 1
e | et
g 0.6} sin- 26 _+_+
© i
c02 |+

- . Mpnte CIIarIo

2 4 6 8 10
Visible energy (GeV)
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1 and 2 ¢ Contours for Starred Point

—~ 0.09

| >

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

- Nova oscillations

lllllllllllllllllllllllllllllllllllIllllllll

meoO

Contours 3yrvand 3yrv NOVA
|Am. 7| = 2.32 10~ eV?

sin’(26,,) = 0.095

sin’(26,,) = 0.97

LN n
WA A0

o
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The strategy in NOvA is to
compare the oscillation
probability of v, — ve and
Vu — Ve to extract mass
hierarchy and first
information on dcp

Precision measurement of
sin?(2623) from v, — v, and
Vu — Vyu

If 823 IS non-maximal, then
we also have the capability
of determining the octant;
this tells us whether or not
vy couples more strongly to
V2 O vs.
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7.8x10%2' PoT + 2012 systematics

100% POT v 50% POT v + 50% POT »
---- 8In%0,,=0.40 - 8In%),,,=0.40
S »;=0.45 o 10— SIn0. ,;=0.45
> -—-- 8In%,,=0.50 3 - $In?0,,=0.50
8 T »3=0.55 8 ---- 8In°0,,=0.55
;I,_ 8N »3=0.60 T z SN0 ,5=0.60
; rue £ 3 T2K + reactor
4 4 .
3 3 S 90%
2 2
IE— TN 1 ) R TEE TR
T T 150 051302100 50 0 50 100 150
o O
----sl::g ,=0.40 ----slnze =0.40
-~ 10 -'-'SI 045 | BLJNLLIL N LI B B B B B ~ 10 “"8'““6”-045 frvvrrrrrprrorrpoee
=9 - 8iIn?0,=0.50 X9 - sin%,,=0.50 .
SE - sin..=0.55 BF - sin‘0, =055 Assumptions
Zs -~ 8In0,,=0.60 T z - 8In%0,,=0.60
rue .
i i s sin? 26,5 = 0.1
> 3 — Am2, = 2.4 x 10 3eV?
R T T = 0 §(sin” 013) = 0.005
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T2K + Nova + reactor

Region where dcp can be discovered with 90% C.L.

True Normal MH True Inverted MH 50%v + 50%
0.65 \ . 0.65 T .
e S 1 | T2K alone
Joss Foss ) :
c 5 = . -
a 05 z O NoVa alone
Z 045 E 045 - .
0.35 - - 035 Lo 1
-150-100 -50 0 50 100 150 -150-100 -50 0 50 100 150
Tmacp True8cp

SiIl2 2(913 = 0.1
Assumptions  |n,;2, — 2.4 x 10-%v? | © simple normalisation errors.

6(sin® 0;3) = 0.005
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sin“20,,=0.095, sm‘26 ,3=1.00

3.5IIII!Illl!lllllllllllllllllIIIIIII:

oY)

'¢'§ ~s~§ _Am2>0

2:9 PN S R A

significance of hierarchy resolution (o)
O
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4
+
I
'
\
’
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A word on steriles
Vyu = Vs = Ve

All you (might) want to know about
steriles:

arX1v:1204.5379v1 [hep-ph]
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Steriles

KARMEN2 (90% CL)

Bugey (90% CL)

LSND (99% CL)
LSND (90% CL)

V#_) 1—/8

LSND
rmen

10—

T I|I||l|| LA

T I\IIIIII

102 10

10°°
. 2
sin“24

MiniBooNE v, 90% CL sensitivity
—_ MiniBooNE v, 90% CL limit e
i%best fit: (17.50, 0.16) with %2 of 12.72, x2(null) of 17.78
[]90%CL excluded, CDHS
B 90%CL excluded, CCFR

I IIIIIIII LA

10}

MiniBooNE v, 90% CL sensitivity
— MiniBooNE v, 90% CL limit

best fit: (31.30, 0.96) with %2 of 5.43, x2(null) of 10.29
B 90%CL excluded, CCFR

1072

Isinl2(2&-))‘ —

—407

vV —V
3 o e
= 08 _— ] data - expected background
~
m — -
§ | ¢ best-fitv,—v,
o - ————— sin?26=0.004, A m’=1.0eV?
» ¢ |
o 04 ————— sin?20=0.2, A m°=0.1eV?
Q - | =
wl -
02— 1 ¢
A Rt
o= 1
B 1 1 1 I 1 1 1 j 1 1 1 l 1 1 1 I 1 1 l 1 1 1 I 1 1 1 I 1
093 0.4 0.6 0.8 1 1.2 14 15 3.
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> : ] | » 1 | b 1 ] 1 :
o : - - :
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§0-25 ‘ ------- Best Fit ‘
w ; .
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8 : —— :
x<0.15 | §in“20=0.2, Am*=0.1eV* 1
w 0= —— :
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Next to Next Long Base
Line experiments

LBNE
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® |t is not obvious T2K+Nova will resolve the mass hierarchy
+ CP violation.

® Mass hierarchy might be addressed with LBL + v Large uncertainties
atmospheric experiments (INO, Pingu,SK,etc...) 'In their capabilities

® (P violation seems to be reachable “only” by long base
line experiments (initial conditions are relevant).

® TJwo approaches:

® Short base line, no matter effects, large statistics for CP ToHK
but no hierarchy.

® |ong base line, matter effects + 2 oscillation peaks for CP

and matter effects. L BNE-LBNO

59

fi
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s Natural extension of the technique being proven

by the success of T2K
¢ Off-axis narrow band beam, Ev~0.6GeV, 750kW~1MW
Moderate acc power of IMWV. » Hyper-Kamiokande: HUGE water Cherenkov detector
Rely on huger mass s Mainly focus on measurement of CP asymmetry

¢+ 295km baseline (=less matter effect)

s Complementary to >1,000km baseline
experiments (LBNE/LAGUNA-LBNO)

¢ Sensitivity (CP/MH), technology (WaterC./Lig.Ar)

s Rich programs with both near and far detectors
¢ Proton decay/atm.v /solar « SNv/ vinteraction---

E140; 30

This is basically a gigantic T2K

+ statistics my view

+ known technology
- no matter effects, no hierachy

=Lol: The Hyper-Kamiokande Experiment
http://arxiv.org/abs/1109.3262
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€0
~1.5MWyear -
D"’:_Z% sy'f;t(”\ 74% region of & ,//;7i\n§2613=0.1 [ Normal hierarchy —
=/ Selenat R norpalMA | g E 5% syst. error — 00
/ X 2 "~ 7 -
g or 8in226,3=0.1
‘ g — <20° (6=m/2)
6 | <10° (6=0)
‘ . -
g 201 :
2 : \\
2 - .
10:— ;
ll_ ...-a' .o....&l'. M ' °~ | ! .
c 1 2 3 4 5 6 7 8 9 10
true O (T MW-yr(107s)

High sensitivity to CPV w/ <~5% sys. Error |

s [0 gotoCPVdiscovery, intensity upgrade of J-PARC is the key together
with the efforts to reduce systematic errors

s Required run-time in LOI: Z.5MW x years
¢ /50kW (J-PARC MR design power): 10 years =3yrx v + 7yr x v bar

57 syst is what T2K expects!!!

FSanchez (IFAE) PACT-2013



— ErNy :
. @ EXCELENCIA |

) @ SEVERO

Three far sites considered in details

LAGUNA-LBNO: sites overview

arXiv:1003.1921 [hep-ph]

Option 1: Pyhasalmi mine (privately B o a1
AT i

owned), 4000 m.w.e overburden, s e v A H

excellent infrastructure for deep CN2PY (Pyhisalmi) | : , !

underground access = |nitial : beam from SPS (S00kW - 750kW) L\g\ nAN i

Option 2: Fréjus, nearby road tunnel,
4800 m.w.e. overburden, horizontal
access

Option 3: Umbria (LNGS extension),

green site with horizontal access,
2000 m.w.e., CNGS off-axis beam

Protons and beams:

Design of new CERN conventional 2

neutrino beam to Finland (CN2PY) b e

Baseline = 2300 km CN2FR (Fréjus)

Upgrades of CERN SPS to 700kW | e

New CERN HP-PS 2MW@50 GeV) e

Recently: assessment of a new JAf ,,g,.,“' %,

conventional beam coupled to

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

LNG& CNGS - Umbria

IHEP complex Protvmo
. 70 GeV (450kW)

. >
p ,"‘4 &\l Nic i s ¥, >
YRR ~\4 P "

{IM’- Mbee %db—‘ ™

"\ = Beam from SPS (500kW) }.h—

2 = No near detector N i

 possibility *

accelerator upgrade at Protvino, Russia

(OMEGA project) — Baseline = 1160 km  ° Detector optlons 20, 50, 100 kton LAr; 50 kton LSc

and 540 kton WCD

FSanchez (IFAE) PACT-2013




LBNO 20kton LAr: e-like CC sample
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v, CC CC (5levts Reco v energy (GeV)
I PS2013 (29thS) /J‘ (20thS) I/eA.Rubbhf (GU IA-LBENO )

LAGUNA-LEN - |

Id cage
cathode bottom of tank & light
readout
LBNO .
my view

: - low mass — low statistics
U, e - risky technology (maybe a +)

|5t phase with 20 kt LigAr - possible tau contamination

2" phase with 50 kt or 100 kT LigAr ~*+ matter effects, hierarchy

Power from 700kW to 2MW + 2 oscillation peaks.
2300 km base line + high energy = oun well known
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Hierarchy

L rrrrrrrrrrrrr T N L L L
< 140 PMH determination (NH assumed) C2P 923cemra|‘ < 140 'MH determination (IH assumed) _C2P 92Scentral'
:gozqge%*gg::m i 93:16 ] :goge%% anu [Tt C 931G ]
120 . 120 _—. - .
: e, : 2.25e20 pot 1
1001 ] 100 ]

C 5o ]
20 B
. i
P gg%C L. 5

0 1 2 3 4 5 6
True 8.,

Provide a >50 direct determination of MH independent
of the values of 8,3 & d¢Cp in =2 years of running

Other methods proposed (atmospheric neutrinos, reactors) do not provide such a
level of sensitivity and could be prone to irreducible systematic errors

2300 km is unique for hierarchy
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S.p = 0,m exclusion

no systematics
prior only on 6,,
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Sensitivity to CPV: importance of 2"dmax

2 e p e ettt UL AL BN L LB
18 'LBNO L=2300km Mo = E
[ Running mode: 75% nu - 25% anu (NH) -_' SCP=900 .
| < 1.6 F70kton, SPS(400 GeV), 1.5e21 pots - 8. =180° -
| |l N - SCP—27O° :
S| 14 Jd Ocp=
-1, +10 statistical
Eﬂ/ :ﬁ 1.2 error band
Z S—r 1
.
| 08 : ;
Eﬂ-\ 0.6 L : ond : 1st :
T 04F : : |
0.2F : |
O :' IR ! T T *, Dl bt e i

—
o

0 1 2 3 4 5 6 7 8 9

The 1°t maximum, although statistically
significant, is rather featureless !

Reco v energy (GeV)

Very reach phenomenology, reduced systematics?
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—

~ = 3EFermilabsss

(NN

! LBNE
1300 km base line
|5t phase with 10 kt LigAr - very low mass — very low statistics
- risky technology (maybe a + )
2" phase with 34 kt LiqAr ? - Matter effects might be not too large.

+ matter effects, hierarchy

+ 2 oscillation peaks.
750 kW to 2.3 MW + lower energy — Oyn poorly known

Accelerator power from
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1300 km base line
|5t phase with 10 kt LigAr - very low mass — very low statistics
- risky technology (maybe a + )
2" phase with 34 kt LiqAr ? - Matter effects might be not too large.

+ matter effects, hierarchy

+ 2 oscillation peaks.
750 kW to 2.3 MW + lower energy — Oyn poorly known

Accelerator power from
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LBNE10 does much better than full program for existing experiments

Mass Hierarchy Sensitivity CP Violation Sensitivity

. ' et T2K+NOvA:*LBNE10  _

1 - T2K+NOvVvA+LBNE10 - Hierarchy not -
T2 K+N?\'ﬁ known B&m\ 6.[:
2 NOvVA
NOVA LBNE10 i}

LBNE10

o=

pA
o NN Ao OO 0 O

-1 -0.5 0 0.5 1

Ocp/T
LBNE10 (80 GeV*) 700 kW x (5 yrv + 5 yrv) NOvVA 700 kW x 3 yrv +3 yrv) (3.8 x10*'pot)
*Improved over CDR 2012 120 GeV Ml proton beam Bands: 10 variations of 0,3, 6,5, Am,,? (Fogli et al. arXiv:1205.5254v3)

SCP/n

T2K 750 kW x 5 yr (7.8x10°' pot)v

FSanchez (IFAE) PACT-2013




T
() EXCELENCIA |
. SEVERO
- ", OCHOA

- Mass hierarchy

Case I: Normal

w T
E | = Gaussian Expectation
0.8
0.6/
. . o o o (\(“ I
Old of.the previous sensitivity plc?ts for > odf
mass hierarchy were done assuming a T~ :
gaussian distribution of probability. o %%
® Since the value of |[Am?| is very well —
known.The distribution is more a N eso i Bomou
Bernouille probability with only one try. Z - 1
® This fact was ignored, all the >§
collaborations are reconsidering their -~
sensitivities. ol
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® T2HK has the highest sensitivity to CP violation but this
implies: 74% coverage Ocp @ 30.

® | BNE/LBNO can make hierarchy at 50 after 5 years of
running.

e | BNE/LBNO CP violation will depend on the total mass
achieved by the far detector.

® We can be lucky and get hints of CP in the next 5 years or be
unlucky and get no hint in the next |5 years.

Very confusing panorama, many unknowns from physics,
finance and politics.
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Conclusions

® T2K has finally stablished the transition vy = Ve with a 7.50 C.L.

® this opens the possibility to measure the CP phase in the future:

® comparing neutrinos and anti-neutrinos.

® with the very precise constrain from the reactor experiments.

® Current generation of experiments has limited sensitivity to CP phase and mass
hierachy:
® But not null!!!!.
°

Next generation increases the sensitivity but to values that are not definitive:

® T2HK cover 75% of the possible values with 90% CL but does not measure
hierarchy.

® |BNE/LBNO can do hierarchy and possibly CP depending on the final

achieved mass of detector. : . .
Mass hierarchy sensitivity needs to be revisited!
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All in all, there is an exciting
time in fron of us.

The era of vV precision physics
has started.
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-~ 400 -
= -
® 350
= -
. SSURT = 300F
® New algorithm can also use the best-fit likelihood :
: . . : 250 =
ratio to distinguish e- from TT° S
150 0.006
® Even if 2" photon is identified, it may be on the 100F- 0.004
tail of the TT° mass resolution. 508 0.002
00 50 10 150 ) 20 20 0
- ] 1 i 2 - 7 Mass (MeV/c?)
® |n this case, the 2-ring likelihood will still be
preferred and the event is identified as TT° 3
::g 350 0.16
E 300 0.14
® 2D cut removes 70% more TT° background than 250 o1
. . . 0.1
previous method for the same signal efficiency. 200 o
150 0.06
100

0.04
0.02

0 50 100 150 200 250 0

7 Mass (MeV/c?)

75
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H P(iunhit; x) HP (¢hit;

hit f

X)

L unhit y

® A ssingle track in the detector can be specified by a / Time PDF

particle type,and 7 kinematic variables (X):

Ch PDF
® A vertex position (X,Y, Z, 1) arge
® A track momentum (p) PMT Charge
: : Response:

® A track direction (0, i) '

: . R Property of the
® For a given X, a charge and time probability electronics and PMT
distribution function (PDF) is produced for every Propertes

PMT .
Predicted Charge (J):
® All 7 track parameters fit simultaneously
- Number of photons that reach the
4 q : PMT
® [For particle ID: compare final likelihoods for

different particle hypotheses

FSanchez (IFAE) PACT-2013

- Depends on detector properties
(scat, abs, etc.)
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IFAE"
ND280 input data

CCOr - Data CClr - Data CC Other Data

ﬂﬂ

(R

P—

= ~~ = : = —~
% s 9 o 14 S
(o) o Q (e} o (o
Q * Q ¥ Q »
0.9 o 0.9 o 0.9 12 ©
> C >
b= p= A 10 =
0.8 § 0.8 § 0.8 §
E g 2 E
0.7 o 0.7 o 0.7 S
0 6 | i
: , 4
0.6 0.6 ) 0.6 CCother
0.5 0 0.5 0 0.5
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
P, (MeV/c) P, (MeV/c) P, (MeV/c)

Data from T2K Runs |-4:5.9x10% protons on target

CCOmr 16912
CC1m 3936
CC Other 4062
CC Inclusive 24910

Data are binned in two dimensions: muon momentum (p) and angle (cos0)
preserving information on neutrino energy and interaction g2
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# of Events

Off-axis: Ve analysis

with 8.6x10!° PoT.

L [rrrrg

W Signal
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B uno ]
no u, o -

S nounow ]

35 4 45
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—— Data ]

T .

e

0
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5 55 6

Reconstructed E,, (GeV)

100

50—

-50 ;.

-100(-:
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® V. events at the ND280 POD detector calculated

-50

-100—:

100

50—

Data — Backp o

Signyic

= 0.91 -

5 O.lS(stat) 3

s O.lS(det) 3

- 0.13( flux)

In good agreement with the tracker Ve measurement
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® The ND280 constrains flux and cross-section.

® Sample of CC events is selected. Muon as highest momentum negative track in the
event in the target fiducial volume compatible with muon Pid in TPC.

® The sample is divided in 3 categories: OTT", | TT* and others (mainly Deep Inelastic
Scattering) based on the detection of pions in the event.

® Pions are detected as tracks in TPC, FGD or Michel electron signature near
vertex.

TPC1 TPC3
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Nuclear
Transmutation
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f
JAEA=JapanAtgmic Energy Aggncy
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e
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\\\\Y}x\\}\}é\\\\\\\\\\\\«" o o Main Ring
o Rapid Cycling & (30 GeV, 0.3 Hz,

180—400 MeV | Synchrotron
= 1 (3GeV, 25 Hz, 1MW) 0.2 MW—0.75MW)

- N

2

J-PARC = Japan Proton Accelerator Research Complex
Joint Project between KEK and JAEA
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Beam alignment and flux measured with neutrinos
® Neutrino rate stable within 0.7%.

® Beam direction variation << | mrad.
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Beam stability

® Muon monitor downstream the beam dump monitors
beam direction. Stability requirements < Imrad

| mrad change of V beam direction results in 2-3% change of the neutrino energy scale (~16MeV)

| Run 1 (2010 Jan. - 2010 Jun.) | Run 2 (2010 Nov. - 2011 Mar.) | | Run 3 (2012 Mar. - 2012 Jun.) | | Run 4 (2012 Oct. - 2013 May.) |
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Data sets

used for V= Veanalysis *

x10'®
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used for Vy—Vy analysis +—
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Delivered # of protons
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e Total delivered beam: 6.63x10%° protons on target.
® 8.3% of the expected T2K PoT (7.8x102!PoT ) x~2 PoT in Run4!
® V,—*Ve analysis uses 96.3% of acquired Run |-4 PoT.

® v, ,—Vyanalysis uses Run -3 (3.01x10%9)
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History

1999 Ko Nishikawa and Yoji Totsuka formulate vui— ve experiment at J-PARC.

1999-2004 K2K finds the first evidence of neutrino oscillation in a Long Base Line
experiment.

2000-2004 Letter of Intent; Detailed design; Formation of international collaboration.
2004 Five year construction plan for T2K approved by Japanese government.
February 2008, finished ND280 pit construction.

May 2008, installation ND280 magnet.

April 2009 Commissioning of beamline.

January 2010 First neutrino events for neutrino oscillation studies.

March 201 | Great East Japan earthquake.

June 201 | T2K announces 2.50 “indication” of Vu— Ve

March 2012 T2K resumes data taking after earthquake recovery.
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- 12K collaboration

~500 member, 59 institutions, | | countries.

I TRIUMF CEA Saclay - RWTH Aachen U. INFN, U. Bari
U.Alberta IPN Lyon INFN, U. Napoli
* U. B. Columbia LLR E. Poly. INFN, U. Padova
U. Regina LPNHE Paris INFN, U. Roma
U.Toronto
U.Victoria
U.Winnipeg
York U.
ICRR Kamioka IF) PAN, Cracow INR B FoE Barcelona
ICRR RCCN Kavli NCBJ,Warsaw IFIC,Valencia
IPMU KEK Kobe U. Silesia, Katowice ﬁ-ﬁ-&
U. Kyoto - U.Warsaw Warsaw _
U. Miyagi U.T.Wroklaw U.
U. Edu. Osaka City
U. Okayama
U.Tokyo Metropolitan
U. U.Tokyo
g AN B mperil CLondon R Boston U,
U. Geneva Oxford U : go:(orado S
AR QueanMiyUl e DS
STFC/Daresbury Stony Broo.k U
Ul AT U. C.Irvine
U. Liverpool U. Colorado
U. Shefﬁgld U. Pittsburgh
U.Warwick U. Rochester
U.Washington
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2K:- the future

MR

280m
30 GeV protons TV dump detectors
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Beam ND280 Super-Kamiokande
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_ Upgrade plan

® Planned J-PARC Main Ring (MR) power improvements 220 kW operation in CY2013.
Integrated 6.7x102° PoT to date.

® linac upgrade to be completed within a year. Expect range of steady MR
operation for neutrino between 200-400 kW

® Planned MR upgrade (depends on funding). Up to 750 kW
® Possible staged upgrade scenario:

|.  Double current protons on target.

2. Next-to-next doubling.

3. If MR upgrade, reach full planned statistics (78x10%° PoT).
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-V oscillations

Similar to quarks, flavour and Lorentz eigenstates of massive neutrinos are not identical.

The two eigenbases are related through the
Pontecorvo-Maki-Nakagawa-Sakata matrix (Upnms).

Uel U62 UeS
Upnms = U Uy Ugs
U’T]. U7'2 U’T3
+ . +
¢ Production Detection "
(e R-Aes Vi Vi & U Lp
V2V ol
Courtesy of B.Kayser
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~V oscillations

R TTTUTIEEN—— -—

atmospheric solar
1 0 0 cos 013 0 sin 0136_7;5013 cos 091 sinfo; 0
Upnyms = |0 cosfss sinflog 0 1 0 —sinfy; cosfy; 0
0 —sin 923 COS (923 — sin 91367’5013 0 COS 913 0 0 1
1
(Ve m VT) ~ UPNMS V2
V3

® With 3v, there are 3 angles and | imaginary phase:
® The phase allows for CP violation similar to the quark sector.

® There are also 2 values of Am?: traditionally Am?; & Am?as.
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Particle Data Group neutrino review

Status as of 2012

Am3,
| Am3]
sin2 @12
sin? @3
sin2 (913

ocp
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V oscillations

What is missing

® Ocpaccessible through:

Vy — Yy
R : : :
comparison of appearance with reactor disappearance. vy — Ve
— v, — UV
® comparison of Vy—Ve and Vy—Ve b "
Vy — Ve
® The 023 octant:
® The Oy is close to 45°
® The absolute neutrino mass.
. . 7~
® The mass hierarchy:is m3 > m; ! TZ/R\ @ N
AN T~
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