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Caveats

x \ery US centric view of long-baseline experiments. Not all experiments are
described in detalil.

x Concentrated on MINOS as example to explain the philosophy of the
challenges for the long-baseline neutrino experiments.

= Had to Ignore some interesting measurements such as neutrino vs
antineutrino oscillation parameters.

x Using somewhat older MINOS analyses in order to better illustrate some of
the choices made.

®x No mention of anything that does not involve oscillations in long-baseline
experiments (eg No reactor experiments) even if relevant to the parameter set.

= Not describing anything albout sterile neutrinos or other exotic phenomena.



Neutrino oscillations basics

= [he flavor eigenstates are
linear combinations of the
mass eigenstates.

= [here IS a NON-Zero
probability of detecting a
different neutrino flavor
than that produced at the
sSource.

0}
P(v, —Vv,)=sin’(26) sinz[M]

» For the three flavor case we can write a PMNS mixing matrix:

1 0 0 cos@, 0 sinf . e ™ cosO,, sinf, 0
U=| 0 cosOy sin0, 0 1 0 —sin®,, cos0,,

0 —sinf,, cosO,, —sin0,,e® 0 cos0,, 0 0

= The (23) and (12) sectors are well known. The (13) sector only had a limit!
= Since
matter anti-matter asymmetry of the universe.
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Neutrino masses and mixing

What is the current experimental picture?

» [WO mass scales:
14 A 2
x [he “atmospheric” mass scale: Am

{3 1) 2
» [he “solar” mass scale: Am .

= | arge mixing angle for atmospheric
neutrino oscillations.

® Solar neutrino oscillations are subject to
matter effects with a non-maximal mixing
angle.

= Third mixing angle is small and has
NOT been measured!

x Mass ordering is NOT known for
atmospheric neutrinos but known for
the solar mass scale.

= CP violation in the lepton sector has

. - ickly!
Experimental picture evolves quickly! NOTL Beer measurad:

M. Sanchez - ISU/ANL



What can we do with...

Long-baseline neutrino experiments!

e [he atmospheric mass scale:
AMegy,

* | arge mixing angle for atmospheric
neutrino oscillations: B,s.

o Differences between AmZ2;,/Am2,,

« The third mixing angle: 0,,.

These are the unanswered gquestions!

M. Sanchez - ISU/ANL



Why Long-baseline’?

“Neutrino oscillation rates depend not only on the fundamental
parameters, mass and mixing, but also on experimental parameters:
the baseline, the neutrino energy, and the event rate driven by
beam power and detector mass. [he combination of all of these
determines the strength of the oscillation signals observed and therefore
the sensitivity of the experimental efforts.”

Report of the Particle

- P5 report K RS

The key point is that we control the experimental parameters. By
optimizing baseline and neutrino energy and depending on our beam
power and detector mass capabilities we can explore the neutrino mass
and mixing parameter space.

It so happens that long-baseline matches the fundamental
parameters of mass and mixing of nature with our technological
know-how permitting us to achieve these goals.



| ong-baseline basic challenges

x Baseline / Energy:
Find a detector location
at the right distance from

N
o

. . 3
your given beam in order e — 300 L/E
to see oscillation 5 475 _:ﬁ:«;f
.
phenomena. e
= Detector mass: s : s
Depending on your event I

=

rate, bulld a sufficiently
large detector.

. Beam intensity:
Depending on your
technological capabilities
maximize the intensity.




MINOS as an example

» Produce a high intensity beam  Main Injector Neutrino
of muon neutrinos at Fermilab. Oscillation Search

x Measure these neutrinos at the
Near Detector and use it to
predict the Far Detector
spectrum.

» |f neutrinos oscillate we will
observe a distortion in the data
at the Far Detector in Soudan.

—|ong baseline—

A-iF 735 km

Taking data since 2005!

M. Sanchez - ISU/ANL



Opera as another example

= Produce a high intensity beam of
muon neutrinos at CERN.
Distance similar to Fermilalb -
Soudan.

o <" o= [f muon neutrinos oscillate,
directly observe resulting tau

neutrinos from the dominant
oscillation mode.

x Far detector divided in two

GRAN SASSO

1 T supermodules. Target composed
I e of lead/emulsion bricks.
11 v i
E e 1 71| L)
| IE 'ch:)n. aaiE PE=Sy ““““// I o
= o A1 LE | [T
sl
MRS o annnniSSACINE N
Taklng data since 2008' AT ST
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Seeking precision in long-
pbaseline neutrino experiments

= MINOS and Opera are a good examples of long-baseline neutrino
experiments. However, they are seeking different goals.

» Opera expected to olbserve a handful of tau neutrino events over
their running time. Once tau neutrinos have been observed the
dominant oscillation mode for neutrinos has been proven and
there is no need to remeasure the oscillation parameters.

. MINOS expected to measure neutrino oscillation parameters with
higher precision than it had been achieved by atmosphetic
experiments. Significantly higher number of muon neutrinos were
expected, better control of systematic uncertainties needed.

Let’s go back to MINOS



The MINOS detectors

= Functionally identical: Near and Far detectors
= Octogonal steel planes (2.54cm thick ~1.44Xo). Magnetized detector.
= Alternating with planes of scintillator strips (4.12cm wide, Moliere rad ~3.7cm).
= Near (ND): ~ 1kton, 282 steel squashed octagons. Partially instrumented.

= Far (FD): 5.4 kton, 486 (8m/octagon) fully instrumented planes.

- - : e 3 i —— e L | " z
T o e T - J T T A
= . A5 =) WS P/ e ¢ . : 1
. - A " ¢ -
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Searching for vy disappearance

* |In long-baseline experiments, we compare a prediction obtained from
Near Detector data with a Far Detector measurement.

e Neutrino oscillations deplete rate and distort the energy spectrum.

Vv, spectrum
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Oscillated
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Visible energy (GeV)
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Searching for vy disappearance

* |In long-baseline experiments, we compare a prediction obtained from
Near Detector data with a Far Detector measurement.

e Neutrino oscillations deplete rate and distort the energy spectrum.

L
e o B Sin2(26’23) sin? 1.267Am§2§

Vv, spectrum

Monte Carlo

Unoscillated

Oscillated

Oscillated/unoscillated

0.
0.
0.
0.

6
Visible energy (GeV)
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MINOS vy dlsappearance

MINOS Preliminary

MINOS Far Detector
—4— Far detector data

S
o

— NO oscillations

Best oscillation fit

—— Far detector data
Best oscillation fit
Stats. only decay fit
Stats. only decoherence fit

| 10 15 20 30 50
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
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Qv
o

Contained: Expect 2451 . Observe 1986.

® (Oscillations fit well. More recent analyses by MINOS consider full 3 flavor
oscillation fits and have even better precision.

® Pure decoherence disfavored at 8 o.
® Pure decay disfavored at 6 o.

M. Sanchez - ISU/ANL et al. 15



MINOS vy disappearance

. Study v, disappearance as a
SwarK90%  —-MINOS 68% function of energy.

® MINOS best fit w—— MINOS 90%

- SuperK L/E 90% f » Precision measurements of
AmZ;, and sin?(26,5).

Am?|=2.327042 x107eV?

sin®(260) > 0.90 (90% C.L.)

085 090 095 1. e World’s best measurement:
sin°(26) ~ 5% in Am?,,.

* How does MINOS achieve this level of precision?

M. Sanchez - ISU/ANL et al. 16



Producing Neutrinos with NuM|

2 Y, Spectrum xHorns are positive pions and
- Monte Carlo v, spectrum kaons which decay into

2 35 Neutrino mode SR

= Horns focus z*, K* '

::8 v —917% xHigher energy anti-neutrinos
e i from very forward negative

0 pIoNS.

n)\ost of MINOS data is taken in
this configuration.

Target Focusing Horns

E—)
120 Ge
ps from Ml

15 m 30 m 675 m
M. Sanchez - ISU/ANL 17



Beam flux: Hadron
oroduction uncertainties

x10° Nominal (target at —0.35m)

Hadron Production Uncertainty 03

Kt

—

—— GNUMI v17 LE(-10cm 185kA) -

70‘_ | Far Detector Beam MC

60: .“ . FLUKA 05 LE(-10cm . 185kA
MARS LE(-10cm 185kA

o
(V)

50! -

| Spread due to models:
402 8% (peak)
30! ! . 15% (tail)

20,

Far/Near
(=]
>

o

~1% Peak, 5-8% Tail

10| vty | e GFLUKA
e ' o BMPT
e [ g ' o MARS
% 5 10 15 20 25
v“ Energy [GeV] ‘ 8 10 12 14 16 18 20
E, GeV

'®

=
O
o
(=
N
o
X
@
Q
>
Q
O
7
-
-
Q
>
L
Q
O
>:'..

= Uncertainties in the neutrino flux cause large uncertainties in the ND simulated
spectrum, but the errors largely cancel in the Far to Near Comparison

P. Vahle SBL talk 2012



Beam flux: systematics

x  Additional flux uncertainties arise from N Ler0/i8mA

= Tolol error .

focusing and alignment uncertainties L T

2

°
2

8

Horn Current

Distribution

Baffle scroping
- POT

Error (Neor)
o
b3

x Errors in flux estimated using
comparisons between nominal (pbeam) |
simulation and systematically offset :
simulation sets

°
3

o

&
8

—  Tolol error
LE10/185KA T o e

x Offsets determined from beam survey | e

Horn Current
Distribution
Boffle scroping

measurements, target scans, hadron/
muon monitoring, etc. (Documented In
R. Zwaska thesis, UT Austin, 2005)

Er&or (For over Neor)
¢ °
2 e

s
3

s
2

0 2 ¢ 18

4 ¢ 8 10 12 14
Neutrino Energy (GeV)

(Horn angles, horn 2 offset errors also evaluated,
small, not shown on plots) P Vahle SBL talk 2012




Initial ND data

40

W
()

* Data
— Fluka05 MC
—— Full MC Tuning
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Ratio

15 0 10 15 0
Reconstructed E, (GeV)

® State of the simulation with respect to the data for 3 different
beam energy configurations pefore any fits in early MINOS data.

(Refs: Z. Pavlovich, UT Austin, 2008,
Phys. Rev. D76 (2007) 072005)



Initial ND data

40

* Data
— Fluka05 MC
—— Full MC Tuning
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Ratio

5 10 15 0
Reconstructed E, (GeV)

®x Remaining data/MC discrepancies ~5-10% level

= [t errors provide a better estimate of systematic error than

(correlated) model spread | |
(Refs: Z. Pavlovich, UT Austin, 2008,

Phys. Rev. D76 (2007) 072005)



v, CC events in the Near Detector

MINOS Preliminary ®— Low energy beam

Near Detector >— High energy beam (x0.
Fluka08 MC

Tuned MC

N N

—
o,
R
©
o
>
O
O
@
-
)
>
L

% 10 15 20
Reconstructed Neutrino Energy (GeV)

e [he beam spectrum can be tuned by varying

relative positions of target and magnetic horns.

e MINOS uses v, CC events in ND to constrain
flux using 7 beam configurations.

e NA49 data used to constrain tt/r1~ and
/K ratios in fits.

M. Sanchez - ISU/ANL

= Majority of data Is from
the low energy beam.

x High energy beam
Improves statistics in
energy apbove the
oscillation dip.

» Additional exposure In
other beam
configurations for
commissioning and
systematic studies.

22



Cross Sections Uncertainties

= Uncertainties determined from
comparison of MC to independent data

» fits to both inclusive and exclusive — e
channel data, in different invariant mass et N

regions * ) {

x 3% on the normalization of the DIS T e f e
(W > 1.7G.eV/02) Cross-section ;

Gt g
S

Y

= 10% uncertainty in the normalization
of the single-pion and quasi-elastic
Cross-sections.

O CDHSW
* B GGM - SPS
T . O ANL-gel (] BEBC
++ s, O BNL - gel % ITEP
(#'. ® ANL-11 A CRS
-~ I A SKAT
m‘% & ANL
¥ BNL7

¢ GGM-PS

.'}':

x 20% uncertainty in the relative
contribution of non-resonant states
to the 111 and 211 production cross-
sections for W < 1.7 GeV/CQ.

10
Neutrino Energy (GeV)

P. Vahle SBL talk 2012



Predicting the FD background

» Use Near Detector data to predict Far Detector spectrum.

x \We expect the Far Detector spectrum to be similar to 1/R?
scaled Near Detector spectrum, but not identical.

ND

® Neutrino energy depends on angle with respect to the
original pion direction and parent energy

= Nigher energy pions decay further along the decay pipe

= angular distributions different between Near and Far:
ine versus point source.

M. Sanchez - ISU/ANL 24



Predicting the FD background

® Predict the event rate at each energy bin by
correcting the expected Monte Carlo rate using either
a beam matrix (CC analyses) or Far to Near spectrum
ratio (Nue/NC) for Far Detector prediction of events.

®x [he Monte Carlo in each case provides necessary
corrections due to energy smearing and acceptance.

— Line Source
— Full simulation

63
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Near Detector Neutrino Energy (GeV)
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Other extrapolation methods

x [he MINOS first CC analysis had
two additional extrapolation

1.27%x102° POT

methods that describea ND >

distributions by fitting physics pe

quantities, predict FD spectrum 2 Sean et
from best fit (e.9., by reweighting = FIN Ratio
MC) 20 Grid Fit

» [hese other methods were less
robust, as they haad difficulty fitting

5 10 15 20
all the features of the data Reconstructed Neutrino Energy (GeV)

distribution

P. Vahle SBL talk 2012



Systematic uncertainties

Ratio To Nominal MC

Ratio To Nominal MC

= SOme uncertainties were more sensitive to the different extrapolation methods.

¢ Shifted / Nominal MC
= Beam Matnx
“ FN Rasio
NDFil
2DFr

5 10 15 20
Reconstructed Neutrino Energy (GeV)

L)

Shifted / Nominal MC
== Baam Malrix
* FAN Raso

NOFit

2DFn

O

Beam Reweighting

5 10 15 20
Reconstructed Neutrino Energy (GeV)

Ratio To Nominal MC

Ratio To Nominal MC

Phys. Rev. D76 (2007) 072005

¢ Shifted / Nominal MC
= Beam Matnx
“ FMN Rato
NDFit
2DFn

-10% ShweE scale -

15
Reconstructed Neutrino Energy (GeV)

(b)

®  Shifted / Nominal MC
s Boam Maltrix
FM™N Rato
NDFit
2DFn

+50% NC rate

e
L—~Q'l B T BRSO e

5 10 15 20
Reconstructed Neutrino Energy (GeV)
(d)




Systematic uncertainties

Far Detector MC MINOS PRELIMINARY

Fiducial events
7.2x10% POT

_| == Overall hadronic energy
Track enerqgy
— e = NC background

// S — — Relative normalisation Expecfed 0.124 0.060

Relative hadronic energy Statistical
Cross sections

Charge mis-I1D Total 0.085 0.013
Beam Systematic

= Dominant systematic uncertainties for neutrinos included in fit as
nuisance parameters:

= hadronic energy calibration
=track energy calibration
= NC background

= relative Near to Far normalization (uptime, Fid. Mass)



Searching for...

clectron neutrino appearance

x [he probabillity of ve appearance in a v, eam:

sin?(A4 — 1)A i Am?2, L
(A—1)2 4F
sin AA sin(A — 1)A
A (A—1)
sin AA sin(A — 1)A
A (A—1)

. ;12
® Searching for ve events, we can access sin (2043).

P s s s sin? 26;3)8in? O3

cos A\

+2& n 913 COS n 2912 Sin 2923

sin A\

—20fsin 613 sin 0)sin 26075 sin 2053

= Probabllity depends not only on which might be the key
to matter anti-matter asymmetry of the universe. For large 643, a
measurement could be possible.

= Propability is enhanced or suppressed duze to which depend
on the mass hierarchy i.e. the sign of Am 31 ~ Am 30 @S well as neutrino vs

anti-neutrino running.
M. Sanchez - ISU/ANL



Searching for 813 in

x [he probability of v, appearance in a v, beam:

sin®(A4 — 1)A
i

s in AA sin(A — 1)A
+2&@in 2(912 sin 2(923 SIHA Slﬂ((A R 1)) cos A

sin? 2613)sin® Go3

it AN A TYA
—Q@Sm 261 $in 2053 = Sm(( 5 1)) sin A

Probability erernrds'qn

and Scp Dependence on mass hierarchy
0.15@— | e Fvrtrrsrlsvrryrfrerrgp ey

- 0.15g—

L =735 km [ L =735 km
sin’(20,,) = 0.15 | sin’(20,,) = 0.15
Ami,>0 E > 0=0 3
—90=0 [ . —Am§2>0 [
—d0=n/2 ! , —An'§2<0
—0=" d

E -
L l A 2 2 l 2 ! 2 M " 2 | A A A A A l A A A l A A A 1 A A e

6 8 ' 4 6 8
Neutrino Energy (GeV) Neutrino Energy (GeV)
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Appearance experiments challenges

= [Electron neutrino appearance experiments are different than muon
neutrino disappearance experiments:

Cannot cancel systematic uncertainties on the signal directly as
the signal is not observed at the near detector.

Potentially larger backgrounds due to electromagnetic showers
IN neutral currents.

Intrinsic beam electron neutrino contamination.

Other systematic uncertainties are more relevant such as
hadronic shower uncertainties.

DO We need a near detector then?



DO we need a near
detector”? Of course!

Experiment Year v,-NC/CC v.-CC Background Comment
Events Events  Syst.Error

BNL E734 [144] 1985 235 418 20% No ND
BNL E776(NBB) [145] 1989 10 9 20% No ND
BNL E776 (WBB) [146] 1992 95 40 14% No ND

NOMAD [147] 2003 <300 5500 < 5% No ND
MiniBooNE [148] 2008 460 380 9% No ND
MiniBooNE [49] 2013 536 782 5% SciBooNE
MINOS [143] 2013 111 36 4% ND-FD
T2K [149] 2013 1.1 26 9%* ND-FD

= Summary of electron neutrino appearance experiments from arxiv:1307.7335.

= MINOS and T2K both narrow band beams are different in that MINOS small
systematic uncertainty is on a large background whereas 12K is on all events which

are predominantly signal.

= NBB/WBB indicates a narrow/wide band beam. No ND indicates there was no near
detector, and ND-FD indicates a two (near-far) detector experiment with extrapolation
of the expected background and signal from the near to the far detector.



MINOS Near Detector data

= Near Detector provides a high-
statistic data sample to Near Detector MINOS PRELIMINARY
estimate the background.
9 ANN-selected

—— Total Data
— Total MC

x Simulation originally
predicted backgrounds
~20% higher than observed.

N
o
o
o

-t
o
o
o

= Hadronization and final state
interactions uncertainties give
rise 1o large uncertainties in
ND prediction 0

-
o
o

@
o
<
>
&
3
o
c
Q
>
L

x External data sparse inour el Tihhaaahb el A L)

region of interest )
x MINOS developed data-driven
®» Simulation has improved methods to measure the different
since then. background components.
M. Sanchez - ISU/ANL
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Separate backgrouno
components NC vs CC

x \\e calculated the NC and vy CC fractions by correcting the measurement
using ratios of the different lbeam configurations for each components.

= [his Is necessary as each background component extrapolates differently to
the far detector, e.g. muon neutrinos must be oscillated.

Near Detector MINOS PRELIMINARY

ANN > 0.7
—e— Total Data

—&é— Multibeam NC
—4— Multibeam v -CC

—4— Multibeam v_-CC
---=- Total MC

---- MC NC
-- MCv,-CC

-- MC v.-CC

>
)
O]
N
7))
il
c
()
>
LLl
S
F

00 8

Reconstructed Energy (GeV)
2009-2010
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Predicting the Far Detector neutrinos

= Use Near Detector data to predict Far Detector background spectrum.

» \We gxpect the Far Detector spectrum to be similar to
1/R scaled Near Detector spectrum, but not identical.

W+

— ‘ — |
Decay Pipe

= Predict the event rate at each energy bin by correcting the expected Monte
Carlo rate using the ratio of data to Monte Carlo in the Near Detector:

MC
FD predicted 25 F D i NDData
z :

A B AR

The Monte Carlo provides necessary corrections due to
energy smearing and acceptance.

M. Sanchez - ISU/ANL
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MINOS Ve appearance

x Background/signal predictions and systematic errors
finalized before looking at data in Far Detector.

r——1 T 1 1 T T T
~Far Detector (Preselectlon) | " Far Detector Prediction (LEM > 0.7)

*MINOS PRELIMINARY | - MINOS PRELIMINARY . gjgnal
Analysis -
— Backgroun

Region
— FD Data
sin’(26,,)=0.040, Am2,>0, §.,=0

3
A

___Background
Prediction

Merged for Fit

-
@)
o
o
o~
o
F
X
0
o
—
2
b
c
o
>
w

0405060708.. '4‘5
LEM PID Reconstructed Energy (GeV)

® Expect 49.5+7.0(stat)£2.8(sys). Observe 62.

M. Sanchez - ISU/ANL Phys. Rev. Lett. 107 (2011) 181802 s



D background systematics

MINOS PRELIMINARY

Statistics

ND Decomposition
Calibration

ar/Near Normalization
Hadronization Model
v, CC component
Intranuclear Model
Beam Model
Crosstalk

Cross Section

Total

0 5
Uncertainty (%)

= [he two detectors are very similar, however there are small differences: readout, intensity,
attenuation lengths, etc.

= For the main background components the larger systematics were Decomposition, Calibration,

Normalization and Hadronization. In later analyses energy scale, normalization and tau neutrino
Cross section dominated.

x However, for MINOS statistical errors continued to dominate.

M. Sanchez - ISU/ANL

Phys. Rev. Lett. 107 (2011) 181802
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MINOS Ve appearance

®x Plot shows 90 and 68% CL
limits in &cp vs. sin%2013 | — MINOS Best Fit6,,<w4

MINOS Best Fit 6,,>1/4

68% C.L. 0,,<1/4

x for MINOS best fit value | B8 90% O.L. 6, <4
x for both hierarchies

» SiN“2013 = 0 excluded at over

90% CL Am? <0

2 :
What you Can do with 10.6x10%° POT v-mode
~170 neutrinos! : 3.3x10%° POT v-mode
P. Adamson et.al., Phys.Rev.Lett. 110 171801 (2013) MINOS
P. Adamson et.al., Phys.Rev.Lett. 107 181802 (2011) PRELIMINARY

P. Adamson et.al., Phys.Rev.D 32 051102
P. Adamson et.al., Phys.Rev.Lett. 103 261802

~—

2010)
2009) ) 0.1 0.2 0.3

2sin’(20,,)sin’0,,

—

M. Sanchez - ISU/ANL



The status of 843 after Neutrino 2012

® [hanks to Daya Bay we went from not knowing this
parameter at all to having measured it down to 5% for 613

1o C.L. allowed ranges and best fit values

2
Am=>() *6,, uncertainty
included, but

CHOOZ Ocp fixed at 0
| T2K*
MINOS*

| Double Chooz
| RENO

| Daya Bay
¥ combined

005 0.10 0.15 0.20 0.25

sin%(26
(2015) Normal Hierarch

M. Sanchez - ISU/ANL



The status of 843 after Neutrino 2012

® [hanks to Daya Bay we went from not knowing this
parameter at all to having measured it down to 5% for 613

1o C.L. allowed ranges and best fit values

2
Am~<() *6,, uncertainty
included, but

CHOOZ Ocp fixed at 0
| T2K*
| MINOS*

| Double Chooz
| RENO

| Daya Bay
W combined

005 010 0.15 0.20 0.25
sin%(26,3)

Inverted Hierarch

Mild preference for inverted hierarchy, also seen in SuperK.

M. Sanchez - ISU/ANL About ~1 o, not statistically significant.



Beyond measuring appearance
orobabllities

The Model

When matter effects are included in full three-flavor P__.....
P(v, — ve) = 4C%357535%; - sin® Ag; 013 term”
+8Ci23512513523(012023 cosSd — 512513523) - COS A32 - sin Agl - sin A21
“CP term”’ —8C‘123012023512513523 sin d - sin Agg - sin A31 - sin Agl
« v 4487, 075 (ClyCa3 + 879833575 — 2C12C23512523S §) - sin® A
solar term”  +4512C13(C12C23 + 512553513 /12023:512:523.513 €05 9) - sin” Az,

<) - cos Ags - sin Ag;
“matter terms”’

CAmiL o =2\3Gpn.E
4E, =7.6x107p|g/cm’|x E,[GeV]

Lots of signs that matter:
o A: Am23<0?

e O:Vvs.anti-v

°* AV vs.anti-v

A reminder from Tuesday, lots of signs matter!




Beyond measuring appearance
orobabllities

The Model

Lots of signs that matter:
e  A:Am?<0?

* 0:Vvs.anti-v

* A:vyvs.anti-v

On the upside:
* Oscillations can tell us the mass hierarchy!
* Oscillations can tell us 0!

On the downside:

* This can be very confusing, and can even cancel—

* Matter effect enhances v,2v, for normal hierarchy, suppresses it
for IH, and just the opposite for the anti-nus.

One possible solution: combine data from many exp.



Off-axis beam neutrinos

E, =0.43E_/(1+7'0")

o -t N w RN v (o)) ~ ™ N
vy ey ey v vy ey | 1

8
E_(GeV)

* on-axis Medium Energy NuMI Beam..

|4 mrad off-axis

GeV

- 21 mrad off-axis

Vu—Ve o |
Osc. Probability. - |

‘Cevents/ kt/ 1E21 POT /0.2

M. Sanchez - ISU/ANL

1 e e e

E(v) (GeV)

Flux x CC cross section

(Arbitrary Unit)

Second generation of long-
pbaseline experiments focuses
on electron neutrino
appearance searches.

To reduce neutral current
contamination from
Interactions with high energy
neutrinos, the detectors can
oe placed off-axis.

The peak is tuned to the first
oscillation maximum.

For muon neutrino
disappearance measurement,
this provides a perfect canvas
to observe the oscillation
pattern.
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12K In a nutshell

= Build a high intensity off-axis
beam of muon neutrinos at
JPARC (2.5° away from
SuperkK).

x Use existing large Water
Cherenkov detector SuperkK

»x Build a near detector
complex to understand
beam, Ccross-sections, etc.

= |[f neutrinos oscillate,
electron neutrinos are
observed 295 km away
at the Far Detector at
Kamioka.

2nd generation
long baseline

M. Sanchez - ISU/ANL



NOVA In a nutshell

= Upgrade high intensity beam of
muon neutrinos at Fermilab to
/O0KWV.

x Construct a totally active liquid
scintillator detector off the main
axis of the beam.

» Detector Is 14 mrad off-axis.

= | ocation reduces background
for the search.

= |[f neutrinos oscillate, electron
neutrinos are observed at the
Far Detector in Ash River,
310 km away.

= Plan to run 3 years in neutrino
and 3 years in anti-neutrino.

M. Sanchez - ISU/ANL

NOVA Ear1)etector:

MINOS Ear Detector:

310 kin=4

-
. T 2
- 2)~ ) - ~

0
o - - z

2nd generation =
+ long baseline — |

45



NOVA physics

NOvVA will measure: P(v, —v,) at 2GeV and P(v —v,) at 2 GeV

P(V,) vs. P(v,) for sin®(26,,) = 1

NOvA
jam7| =2.32 107 eV* These depend on |03,

sin”(26,;) = 1.00 o CP phase 6
: and on sign(Am?)|.

0=0

oO=mn/
o=
o=

WA

Now we know B13 ~ 9 degrees

M. Sanchez - ISU/ANL



NOVA physics

NOvVA will measure: P(v, —v,) at 2GeV and P(v —v,) at 2 GeV

P(V,) vs. P(v,) for sin(26,,) = 1

NOvA

jAm,2| = 2.32 10~ eV?
sin®(26,,) = 0.095
sin’(26,,) = 1.00

These depend in different
ways on the CP phase 6
and on sign(Am?) .

5
5
0
0

0
n
|
3

—
N

= | arge 6435 I1s good news for NOVA. It reduces the overlap between
M. Sanchez - ISU/ANL  these bi-probabillity ellipses, reducing the likelihood of degeneracies. 47



NOVA physics

Our data will yield allowed

Example NOVA result... regions in P(77.) vs. P(v ) space

(3 yr + 3 yr possibility shown)
1 and 2 ¢ Contours for Starred Point
—~ 0.09

| >

NOVA
Contours 3yrvand 3yrv
|Am,,2| = 2.32 10 eV*
sin’(26,,) = 0.095
sin’(26,,) = 1.00

Here, all inverted hierarchy
~_ scenarios are excluded at >20.

o=
o=
o=
o=

0
|
|
3

~
N

» A measurement of the probabilities might allow resolving the
M. Sanchez - ISU/ANL  mass hierarchy and provide information on &cp. 48



Resolution of the mass hierarchy

x Significance of mass
hierarchy resolution using
energy spectrum.

= Energy fit provides
improvement on the fully
degenerate Ocp values.

NOvA hierarchy resolution, 3+3 yr
Sin“20,,=0.095, sin“20,,=1.00

6 range included for given significance
of hierarchy determination

-- A§m2<0
— Am>>0

: : : : : -
05 1 1.5 2 25 3 3.5
Significance of hierarchy resolution (o)

M. Sanchez - ISU/ANL

NOvA hierarchy resolution, 3+3 yr
sin“20,,=0.095, sin“20,,=1.00

3.5

G
c
Q
)
=
O
7]
)
S
>
<
(®)
| -
©
S
Q0
e
[T
(@]
)
(®)
c
@
O
=
c
2
w

®  Results from full simulation,
reconstruction, selection, and
analysis framework.

= D only. Extrapolation methods
from ND in progress.
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Resolution of the mass hierarchy

® Significance of mass
hierarchy resolution using
energy spectrum.

= Energy fit provides
improvement on the fully
degenerate &cp values.

NOvA hierarchy resolution, 3+3 yr
sin“20,,=0.095, sin"20,,=1.00 4+ T2K at 5.5x10%' POT

05 1 1.5 2 2.5 3 3.5
Significance of hierarchy resolution (o)

M. Sanchez - ISU/ANL

NOvVA hierarchy resolution, 3+3 yr
sin°20,,=0.095, sin20,,=1.00 4+ T2K at 5.5x102' POT

w
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O
=
c
D
n

x Differences in baseline/
matter effects between
NOVA and T2K can provide

additional information.
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Study of CP violation

NOvA CPV determination, 3+3 yr
sin°20,,=0.095, sin20,,=1.00 4+ T2K at 5.5x102' POT

N
(&)

® Significance of CP violation
using energy spectrum.

® Assumes that mass hierarchy
IS unknown.

G
c
9
et
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>
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c
@
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=
c
2
w

NOvA CPV determination, 3+3 yr
sin“20,,=0.095, sin"20,,=1.00 4+ T2K at 5.5x10%' POT

x Differences in baseline/
matter effects between
NOVA and T2K can provide
additional information.

' Significar:ce of CP violation (0)

M. Sanchez - ISU/ANL
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What if you run NOVA longer”?
Beyond 6 years of running

Neutrino mass hierarchy CP Violation at 95% C.L.

D
)
D
)

N
-
N
-

N
-}

Percent § ., Coverage
Percent 6, Coverage

o B
) )
(V)
)

\®}
-
[\
-

Normal hierarchy Normal hie_rarchy
Inverted Hierarchy Inverted Hierarchy

2 3 4 5 2 3 4 5
NOvVA Exposure / Baseline NOvA Exposure / Baseline

Running for 10 years and adding 4 ktons of mass
would increase the baseline exposure by 2.1




Non-maximal sin“26:-3

P(V,) vs. P(v,) for sin(26,,) = 1

NOvA
jam,2| = 2.32 107 eV?

P(v,) o sin®(0,,)sin®(20,5) | | S =roo

= 6,; octant sensitivity

© 6=0
e 5=m/2
Oo0=nm

m 5=3n/2

2
x |f Sin (2653) iIs not maximal there is an ambiguity as to whether 6.5 is larger or
smaller than 45°.

saL . . . .
x [he sin (B23) term is unimportant when comparing accelerator experiments;
however, it Is crucial In comparing accelerator to reactor experiments

M. Sanchez - ISU/ANL
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Non-maximal sin“26:-3

P(V,) vs. P(v,) for sin’(26,,) = 0.97

NOvA
N Jam, 7| =2.32 10~ eV?

P(v,) o« sin}(0,5)sin?(20,5) | ™ | S oo

= 6,; octant sensitivity

e 5=m/2
Oo0=nm
® 5=3n/2

2
x |f Sin (2653) iIs not maximal there is an ambiguity as to whether 6.5 is larger or
smaller than 45°.

saL . . . .
x [he sin (B23) term is unimportant when comparing accelerator experiments;
however, it Is crucial In comparing accelerator to reactor experiments

M. Sanchez - ISU/ANL
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Non-maximal sin“28-5 and NOVA

Example NOvA contours, 3+3 yr
sin°20,,=0.095, sin°20,,=0.95, AM*>0, 0,,>m/4, §=37/2

» EXxpected contours
for one example
scenario using 3
vears of data for
each neutrino
mode.

1 and 2 o Contours for Starred Point

== Am?<0, 16 CL == Am?>0, 10 CL

0.09 — Am?<0, 20 CL =—— Am?>0, 20 CL

Contours 3yrvand 3yrv
|am, 2| = 2.32 107 oV*
0.08 sin’(20,,) = 0.095
sin’(20,,) = 0.95

@® True parameters

04 0.6 0.8 1 1.2 1.4 1.6 1.8
SO/ m

007 |

0.06

M. Sanchez - ISU/ANL

55



L BNE In a nutshell

= Redirect and intensity
a wide band beam of
MuonN Neutrinos from
Fermilab.

x Construct even bigger
detectors farther away
(1300 km) on-axis.

= |[f neutrinos oscillate,
electron neutrnos are
observed at the Far
Detector at
Homestake.

* Plan to eventually build a 34 kton fiducial/50
kton total liquid argon detector. Might start in
a first phase with at least a 10 kton detector.

= Similar ideas are |
being pursued in e = | 3rd generation :

Europe and In

| «+ long baseline —
Japan. ”

M. Sanchez - ISU/ANL 56




Beyond measuring
appearance probablilities

True Neutrino Energy (GeV)

-
N

= A |longer baseline provides more matter effects
enhancing the asymmetry between neutrino  Now Bkgd
and antineutrino appearance probabilities, the - e With v, Bkgd
sign of which depends on the mass hierarchy. . Ay 225w

-
o

d.p Fraction

o
o)

Normal Hierarchy
9% : sin®(26,,) = 0.09
= [he sensitivity depends on the actual \éalues of 34 KT LAr, 343 yrs

mixing parameters (mainly 6cp and sin (2653)),
as well as the true value of the MH itself. . T B - a1

Baseline (km)




A note about the sensitivity
fo the mass hierarchy

» |n the mass hierarchy determination, only two discrete results are considered, as
the true mass hierarchy: either normal (NH) or inverted (IH).

2
x The T = Ax (B) test metric we typically use does not follow a x2 distribution for
mass ordering (i.e. Wilks' theorem not valid)

i
» |[nstead, T is approximately gaussian, with mean TO and width 2(To) , where T; IS
the value for the data set without statistical fluctuations

» Need to check gaussiaq};ty using MG for each experiment. Quote median
sensitivity instead of (Tg)

To std. sens. median sens.
9 99.73% (3.00) 99.87% (3.20)

16 99.9937%  (4.00) 99.9968%  (4.20)
25 99.999943% (5.00) 99.999971% (5.10)

From arxiv:1311.1822



Beyond measuring
appearance probabllltles

v, CC spectrum at 1300 km, AmM3, = 2.4e-03 eV?

x [he large value of B13
provides a large signal for
appearance experiments.
Unfortunately it also reduces
the observable asymmetry
related to cp violation.

—— No v, Bkgd

“ 0.8E-sin?(20, ) = 0.09
.- With v, Bkgd

cos B3 sin 2019sin dcp ( Ami, L
4F),

: , + matter effects
S111 (923 S111 913

500 1000 1500 2000 2500 3000
Baseline (km)




Beyond measuring
appearance probablilities

» | arge statistics for the signal but CP Violation Sensitivity
50% opp Coverage

small asymmetry implies that we
need to keep the systematic
uncertainties at the percent
level.

= |n long-baseline appearance

experiments, signal at FD Is Ve . Sionalbackground

(for a v, beam), SO cross-section uncertainty varied
uncertainties do not cancel out 200 400 600 800 1000
between ND and FD. Exposure (kt.MW.years)

A strong program of cross section measurements,
hadron production experiments and test beams is required



Assumes 34 kton LAr detector

v, spectrum (NH) V, spectrum (NH)

34 kton LAr @ 1300 km 34 kton LAr @ 1300 km = Signal, 8., =0

x Run neutrino and anti- | |
neutrinos for 5 years each. 2?:?2%15’ beam, 1.2 MW gp:?zee\fj b 12000 — S

&s:« (V“+V u) cC

(V,+v,) CC
Beam (v, +v,) CC

— Signal, 8., = 0°
Signal, 8., = 90°
— Signal, 8, =-90°
NC
g v, CC
v, CC
. Beam v, CC

x Distributions shown for
normal hierarchy and
different values of Ocp.

Events/0.25 GeV
Events/0.25 GeV

‘ _

Reconstructed Neutrino Energy (GeV) Reconstructed Neutrlno Energy (GeV)
n At 1 SOO kl [ the fU” Vv, spectrum v

Vv, spectrum

OSCi”ation StrUCture ViSible 34 kton LAr @ 1300 km 34 kton LAr @ 1300 km

3 yrs v mode 3 yrs Vv mode
80 GeV p beam, 1.2 MW 80 GeV p beam, 1.2 MW

In the energy spectra. ", Sigra 25, Sgnal
3% i 3 e
I

x A combined spectral fit |”H”H v, 0C Bie
can resolve all oscillation { {* #{

e i
parameter ambiguities + #* iyt

. . , o,
with a single experiment. E—— ol

6
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

From arxiv:1307.7335

Events/0.25 GeV
Events/0.25 GeV

#Hﬂ*i*
*+
*+

)]
o




| BNE'S plan

Run neutrino and anti-

neutrinos for 5 years each.

Distributions shown for
normal hierarchy and
different values of Ocp.

At 1300 km the full
osclillation structure visible
INn the energy spectra.

A combined spectral fit
can resolve all oscillation
parameter ambiguities
with a single experiment.

Events/0.25 GeV

Events/0.25 GeV

Assumes 34 kton LAr detector

v, spectrum (NH) V, spectrum (NH)

34 kton LAr @ 1300 km 34 kton LAr @ 1300 km = Signal, 8, =0°
3 yrs v mode 3 yrs V mode Signal, SCP =90°
80 GeV p beam, 1.2 MW 80 GeV p beam, 1.2 MW — Signal, 8., = -90°
sin’(20,,) = 0.09 sin’(20,,) = 0.09 C__INC
— Signal, 8., =0° (X“W“) CcC
Signal, 8, = 90° (V+v,) CC
—— Signal, 8 = -90° Beam (vV,+v,) CC

NC

Vg CcC

v, CC

Beam v, CC

Events/0.25 GeV

Reconstructed Neutrino Energy (GeV) Reconstructed Neutrlno Energy (GeV)

v, spectrum (IH) Vv, spectrum (IH)

34 kton LAr @ 1300 km 34 kton LAr @ 1300 km = Signal, 8, =0
3 yrs v mode 3 yrs v mode Signal, 8, = 90
80 GeV p beam, 1.2 MW 80 GeV p beam, 1.2 MW — Signal, 8, = -90°
sin®(28,) = 0.09 sin’(20,,) = 0.09 NG
— Signal, 8., =0° (Yu+vp) CC
Signal, 8.5 = 90° (Ve+v,) CC
—— Signal, §.p = -90° Beam (v +v,) CC

Events/0.25 GeV

- \\\\\\\\\‘\\\ A

6
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrlno Energy (GeV)

From arxiv:1307.7335




Measuring the mass hierarchy anad
cp violation

Mass Hierarchy Sensitivity (NH) Mass Hierarchy Sensitivity (IH)
»x [he red band shows the Beam, Signal BG Error B
sensitivity that is achieved by a 30 GeV. 195% LBNE10+T2K+NOVA

typical experiment with the
LBNE 10kt configuration
alone, where the width of the
band shows the range of
sensitivities obtained by
varying the beam design and : -

the signal and background ' T s ' T i
Uncertainties. CP Violation Sensitivity (NH) CP Violation Sensitivity (IH)

= [he cyan band shows the
sensitivity obtained by
combining the 10kt LBNE with
T2K and NOvVA, and the gray
curves are the expected
sensitivities for the
combination of NOvA and
T2K.

From arxiv:1307.7335



Measuring the mass hierarchy anad
cp violation

Mass Hierarchy Sensitivity (NH) Mass Hierarchy Sensitivity (IH)
= [he significance with
which the mass hierarchy Beam, Signal/BG Unc: LBNE 34 ki LA
. ' CDR, 5%/10% s!n2291 5 =0.094
(top) and CP violation can 0 G Sl o0z =039

be determined by a
typical LBNE experiment
with a 34kt far detector
as a function of the value
of 6CP-

= [he width of the red band
shows the range of
sensitivities that can be
achieved by LBNE when
varying the beam design
and the signal and
background uncertainties.

From arxiv:1307.7335



| BNE systematic uncertainties

= [he dominant
systematic uncertainties
on the appearance
signal prediction.

x For the MINOS
uncertainties absolute
refers to the total
uncertainty.

= [he LBNE uncertainties
are the total expected
uncertainties on the
appearance signal which
Include both correlated
and uncorrelated
uncertainties in the
three-flavor fit.

Source of
Uncertainty
Beam Flux
after N/F
extrapolation

Energy scale
(v u)

Absolute energy
scale (v,)

Fiducial
volume

Simulation
includes:
hadronization
cross sections
nuclear models

Total

MINOS T2K LBNE Comments

Absolute/v, Ve Ve

3%/0.3% 2.9% 2%

MINOS is normalization only.
LBNE normalization and shape
highly correlated between v,/ v.

Detector effects

(2%)  Included in LBNE v,, sample
uncertainty only in three-flavor fit.
MINOS dominated by hadronic scale.

Totally active LArTPC with calibration
and test beam data lowers uncertainty.

T%/13.5% included

above

5.7%12.7% 3.4% 2%
includes
all FD

effects

2.4%12.4% 1% 1% Larger detectors = smaller uncertainty.

Neutrino interaction modeling

2.7%I12.7% 7.5% ~ 2%  Hadronization models are better

constrained in the LBNE LArTPC.

N/F cancellation larger in MINOS/LBNE.
X-section uncertainties larger at T2K energies.
Spectral analysis in LBNE provides

extra constraint.

8.8% 3.6 % Uncorrelated v, uncertainty in

full LBNE three-flavor fit = 1-2%.

From arxiv:1307.7335



Vleasuring the mass
hierarchy

4 Vs
7 [ LBNE,’ o
I

N

o

W

...........................................................

Median sensitivity [o]

[\

-

2020 2025
Date

2020 2025
Date

® Median sensitivity for the mass hierarchy for various
experiments.



Systematics of dcp

NF10 Eraction of 6=0.5 Robust wrt systematics
- all off
;]nattefrfuncertainty off Main impaCt:
ux o - . -
g . i cross section ot | 1 €uUlNNo Factory Matter density uncertainty
no ND 8
2xexposure
Wh Operate in statistics-
. all off limited regime
H g h-E matter uncertainty off )
superbeam intrinsic background off Exposure more important
(e g LBNE) - RES cross section ratio off than near deteCtOr
T no
2xexposure
2l QE v, X-sec critical:
| QE cross section ratio off cannot be measured
Low-E (QE!) intrinsic background off > in near detector
no ND
Superbeam 2xexposure Theory Vv /VL ratio?
NN s Experiment: '
0 5 10 15 20
AS(°]
(Coloma, Huber, Kopp, Winter, arXiv:1209.5973) W~ — e 4+ U+ Ly




Measuring the second oscillation

MiNIMum

v, with Beam v, Flux (Arbitrary Unit)

w— NH & = /2
2nd oscillation — H & = -1/2

— On-axis Flux

- ==+ Off-axis Flux

1st oscillation

®x [he idea of targeting the second
oscillation minimum has lbeen proposed.

x |mprovement in Ogp resolution by placing
a large detector slightly off-axis.

From: arXiv:1307.5918

NOvVA + T2K
+ CHIPS

)
A
S

°
-

=
w
=
<
=
=
‘-
=
g
[+

LBNE
+ CHIPS

)
A
S

Resolution on &, (°




1he current state of precision

Gonzalez-Garcia, Maltoni, Salvado, Schwetz, JHEP 1212 (2012) 123 NuFIT 1.2 (201 3)

bfp +1o 30 range
| 24

sin” #12 0.30610°015 0.271 — 0.346

o0 =~»+0.77

33.5710-7% 31.38 — 36.01

-d0.032
I —0.037

41.970:3 @ 50.0135 37.2 = 54.5 (or better)

+0.0020
00019

0.44610 005 0 0.58 0.366 — 0.663

().0229 0.0170 — 0.0288

y swq 40.37 - .
8.71 0. 28 (.o — .78

00— 360

— 8.05

+2.417%0013

2.41055063




1 he current state of atfairs

LBL + Sol. + KL + SBL Reactor + SK Atmos.

4

Weak but
intriguing
sinergy on
CP phase

.
,

. L4

0 2333l sssalass £

00 05 10 15 20 . ; I : y 00 05 10 15 20
O/t | O/ 7t

1.3 > : B +0.3  No hint NH/IH

:] Preference
1 for nonmax
' but
apparent
instability
on octant

O- ] 1 o i .lllll l’llllllllllll-
03 04 05 06 07 03 04 05 06 0.7 03 04 05 06 07

- 2. Fa ~
N 6 . . 2
sinv,,, sin“6,,, sin“0,,

E. Lisi, ICFA Neutrino Panel, Paris (Jan. 2014)



1 he ultimate goal:

KamLAND wiggles
|Ues|?

SNO NC

|Ueal? + [Upal* + |Unal?

SNO CC
KamLAND
|Ue2|2

SK & OPERA Tau’s
|U-rsl?

Reactor/LBL
|Ues|*(1 — |Ues|?)

smaller v,
content
[Ue1? > [Ueal* > |Uea|?

Atm Nus/LBL
|Ups|*(1 — |Ups|?)

S. Parke 2014

= Do for the lepton sector, what has been done for the quark sector:

over-constrain the parameters of the model. Measure more, not less!

M. Sanchez - ISU/ANL
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= Long-baseline experiments continue to make fundamental
contributions to the measurement of neutrino properties.

» Shown the US centric view of the Iong paseline experiments, but
international effort Is ongoing.

» Just two years ago the last unmeasured neutrino mlxmg angle 013,
was around the cornet. -

= [oday results seem to still be consistent among experiments.

= \Will there soon be indications on what Is the mass-hierarchy? and GCP
violation”? Stay tuned. Neutrino 2014 coming up!

x The determination of the mass hlerarchy and CP violation are the
next challenges. |

= NOVA will play the opening in-the exploration of the mass hierarchy and
CP violation parameter space as vveII as-the octant.

» | BNE will follow with more power thanks to more matter effects.

® A full program of cross section measurements, hadron production
experiments and test beam will be required to-achieve the desired

levels of precision.
M. Sanchez - ISU/ANL
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