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Oscillations

Data is very well-described by three- flavour  neutrino oscillations

! ! Twice as much MINOS+ data still to come
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Off-axis 

On-axis 

NuMI Beam 
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Evan Niner I Results from NOvA 02/11/16

Relation of Oscillation Parameters in NOvA
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Prediction 

Total BG NC Beam ! e ! µ CC  ! " CC Cosmics 

8.2 3.7 3.1 0.7 0.1 0.5 

NH, 3#/2,  IH, #/2,  

28.2 11.2 

Signal events 
(±5% systematic uncertainty): 
 

Background by component  
(±10% systematic uncertainty): 

! ! Extrapolate each component in 
bins of energy and CVN output 

! ! Expected event counts depend 
on oscillation parameters  
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Total BG NC Beam νe νµ CC  ντ CC Cosmics 

8.2 3.7 3.1 0.7 0.1 0.5 

NH, 3π/2,  IH, π/2,  

28.2 11.2 

Signal events 
(±5% systematic uncertainty): 
 

Background by component  
(±10% systematic uncertainty): 

¨! Extrapolate each component in 
bins of energy and CVN output 

¨! Expected event counts depend 
on oscillation parameters  
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Electron Neutrino FD Data 
P. Vahle, Neutrino 2016 57 E"F$E?-G$

H".3*(.$

Observe 33 events 
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D I S C U S S I O N

¥ Observe 

¥ more νe candidates than predicted 

¥ fewer νe candidates than predicted 

in the case of NH, ! CP = -! /2 that induces 
the largest asymmetry

TRUE PARAMETERS

! CP=-! /2, NH ! CP=0, NH

90% 0 . 1 8 7 0 . 1 0 2

2 " 0 . 0 8 9 0 . 0 4 7

EXPECTED  (NH, sin2# 23=0.528)

O B S . ! CP=-! /2 ! CP=0 ! CP=+ ! /2 ! CP=!

νe 3 2 2 7 . 0 2 2 . 7 1 8 . 5 2 2 . 7

νe 4 6 . 0 6 . 9 7 . 7 6 . 8

¥ Toy MC run to assess probability of outcome 
given a set of ÒtrueÓ parameters 

¥ Below: fraction where ! CP =0 excluded at  90% 
or 2 "  CL for NH, ! CP = -! /2, 0

observed vs. expected number of νe and νe candidates

23

Favoured 
scenario, -pi/2 
 

Some small tension: 
Neutrinos too high (upper octant?) 
Antineutrinos too low (lower octant?) 
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! C P V S .  " 1 3

¥ Left: ! CP vs. " 13 (fixed ! !
2
, fixed hierarchy) 

¥ T2K-only 

¥ T2K with reactor sin
2
2" 13= 0.085±0.005 

¥ Below: ! CP with Feldman-Cousins critical 
values and reactor " 13

" CP = [-3.02, -0.49] (NH),  [-1.87, -0.98] (IH)  @90% CL

T2K Run1-7b 
PRELIMINARYT2K Run1-7b 

PRELIMINARY

T2K Run1-7b 
PRELIMINARY
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T2K Run1-7b preliminary
note change in horizontal scale
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Preliminary: done during  Neutrino conference 
last week(!) 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Slight (1.3 sigma) preference for NH 
 
Octant preference dependent on hierarchy 

[A. Marrone, Bari] 
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Contours 

See Poster P1.029 by L. Vinton and  
B. Zamorano for more detail on systematics 

¨! Fit for ! m2 and sin2" 23 

¨! Dominant systematic effects included in fit: 
! ! Normalization 
! ! NC background 
! ! Flux 
! ! Muon and hadronic energy scales 
! ! Cross section 
! ! Detector response and noise  

Best Fit (in NH): 

Maximal mixing excluded at 2.5# 

P. Vahle, Neutrino 2016 17 

23!2sin
0.3 0.4 0.5 0.6 0.7

)2
 e

V
-3

 (
10

322
m

"

2

2.5

3

3.5

NOvA Preliminary

Normal Hierarchy
 POT-equiv.2010#NOvA 6.05

90% C.L. NOvA 2016

90% C.L. NOVA 2015

!
!�m2

32

!
! = 2 .67± 0.12! 10! 3eV2

sin2 ! 23 = 0 .40+0 .03
! 0.02(0.63+0 .02

! 0.03)

No FC Correction 

Contours 

Maximal mixing excluded at 2.5!  

P. Vahle, Neutrino 2016 18 

23!2sin
0.3 0.4 0.5 0.6 0.7

)2
 e

V
-3

 (
10

322
m

"

2

2.5

3

3.5

NOvA Preliminary

Normal Hierarchy, 90% CL

NOvA 2016

T2K 2014

MINOS 2014

Reconstructed Neutrino Energy (GeV)
0 1 2 3 4 5

E
ve

nt
s

0

5

10

15

20

25
FD Data

Best-fit prediction: -2LL=41.6

=6.4)!Best maximal: -2LL=48.0 (

NOvA Preliminary

Best Fit (in NH): !
!! m2

32

!
! = 2 .67± 0.12⇥ 10! 3eV2

sin2 ! 23 = 0 .40+0 .03
! 0.02(0.63+0 .02

! 0.03)

See Poster P1.029 by L. Vinton and  
B. Zamorano for more detail on systematics 

No FC Correction 

Maximal mixing excluded at 2.5 sigma 
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DUNE Collaboration

6 July 2016 DUNE: Status & Prospects  - J. Urheim, Neutrino 20164
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Exquisite LAr 
detectors (40 kt 
fiducial) 
 
High efficiency and 
purity 
 
Measure hadronic 
recoil system 
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�‡ Proto-collaboration formed.!
�‡ International steering group!
�‡ International conveners!
�‡ International chair for international 
board of representative (IBR) 
�‡International Advisory Committee 
(HKAC)!

Inaugural Symposium of the HK proto-
collaboration@Kashiwa, Jan-2015!

KEK-IPNS and 
UTokyo-ICRR  
signed a MoU for 
cooperation  
on the Hyper-
Kamiokande project.!

12 countries, ~250 members and growing!

" !

[F. Di Lodovico, Neutrino] 
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Kamiokande Evolution 
�ƒ Three generations of large Water Cherenkov in Kamioka.  
�ƒ Tank design for Hyper-Kamiokande optimized . 

Kamiokande 
(1983-1996) 

3kton 

Hyper-Kamiokande 
(2026-) 

0.52Mton=520kton 

x10 
(x20 fiducial mass) 

(380kton fiducial) 

arXiv:1109.3262  
arXiv:1309.0184  
PTEP 2015, 053C02 ! "! #$%&'#()*! " +,-".'/-0 1234567389-":;/-054-8< "

Super-Kamiokande 
(1996-) 

50kton 

x17 
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DUNE Physics Landscape: !
 CP Violation Sensitivity as a function of ! cp / MH  !
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Hyper-K Sensitivity to���G�¼�É !
sin�G�¼�É=0 exclusion!Exclusion of sin�G�¼�É=0 

�‡��>8�1��6�1�����I�R�U���G�¼�É=-90¡(-45¡) 
�‡���a80% coverage of �G�¼�É parameter 
space with >3�1 
 
From discovery to �G�¼�É��measurement: 
�‡���a7¡ precision possible!

10 yrs sin�G�¼�É=0 
exclusion 

1�V error 

�!���1 �!���1 �G�¼�É=0¡ �G�¼�É=90¡ 

PTEP* 76% 58% 7.5¡ 19¡ 

2 Tanks 78% 62% 7.2¡ 21¡ 

* PTEP 2015 (2015) 053C02  
updated physics results with LoI tank configuration 
Effect of configuration change is limited.!

�G�¼�É 1�V error!

"#!

T2HK 
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DUNE Ð Mass Hierarchy Sensitivity !
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•  !"#$%&'()*((+(+),$)'(-./)
012(*)%(*%1321,4)$')5(6(')7$')
!""#$%%&#'(#! )* )+!,-. )2%8)
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 = 0.4523#2sin

CDR Reference Design

Optimized Design

100% MH Sensitivity ;CD!):;<)

Mass Hierarchy and Octant Sensitivity:  
Atmospherics + Beam!

Mass hierarchy 
determination!

��23 octant 
determination!

10yrs 10yrs 

5yrs 
5yrs 

1yrs 1yrs 

1,5,10 yrs exposure. NH 

10 yrs 
NH 

Mass Hierarchy (�1�� 

Atm Atm+Beam 

PTEP �Tଶଷ� ������ 3.8 6.9 

�Tଶଷ� ������ 8.4 9.9 

2Tanks �Tଶଷ=0.4 2.2 5.3 

�Tଶଷ=0.6 5.2 6.9 

10 yrs 
NH 

�2�F�W�D�Q�W�����1�� 

Atm Atm+Beam 

�Tଶଷ� ��������  3.6 7.2 

�Tଶଷ� ��������  2.7 4.0 

 
�Tଶଷ=0.45 2.2 5.8 

�Tଶଷ=0.55 1.7 3.7 

"#$!%&'$()*+,-./+01$ !23'$(-,$04 !56789&6:;<5! :< !

Variety of physics with 
atmospheric �Q:  
�‡ MH, �Tଶଷ octant, CP  
�‡ Sterile neutrino , LV, etc 
With atmospheric alone,!
�‡ mass hierarchy sensitivity!
�‡ >3�V octant determination for     !

|!�Tଶଷ -45¡|>8¡!

T2HK (atmospherics + beam) 
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DUNE ! !"  Octant Sensitivity
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Octant Sensitivity

DUNE Sensitivity, Normal Hierarchy

 bound$NuFit 1

 bound$NuFit 3

Width of significance band is due to the unknown
CP phase and variations in beam design.
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Precision measurements 

�w�~�4�u! "! #$%&'! %()*+, ! -

�w�~�•�]�v! �}!" #$(&(%*-./01-234! �}!" 5(&*#-

oMass hierarchy sensitivity 
in combination with reactor. !" #$%&

$(&((6-./01-234! �}!" 5(&'*#-

19 

oOctant determination input 
to models. 

234! �}!" 5(&*-

234! �}!" 5(&'* -

6789:;7!(%6- <=+->;?+1)@AB30CA4D+-EF?+13B+4G- %H-

"V�

*V�

T2HK 
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Reconstructed neutrino energy (GeV)
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Backgrounds

Data

Normal Hierarchy

NOvA Preliminary

Muon Neutrino FD Data 

! ! 78 events observed in FD 
! !473±30 with No Oscillation  
! !82 at best oscillation fit 

! !3.7 beam BG + 2.9 cosmic  

! 2/NDF=41.6/17 
Driven by fluctuations in tail, 

no pull in oscillation fit 

P. Vahle, Neutrino 2016 16 
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! "$GQQOGHGERO$

¥! sin2(2" 13) determines size 
of event sample 

 
¥! #CP affects amplitude and 

phase of oscillation 

¥! #CP dependence larger at 
2nd oscillation maximum 

a = GF Ne 2

Δij =
Δmij

2L

4E
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Occurs only 
for neutrinos 

k&`"'$G./LL"('/$

¥! E0'L&*$7,"'&'=7/M$L&`"'$"#"=($
")7&)=".$)"3(',)0$0.=,**&>0)$&)<$
.3@@'"..".$&)>)"3(',)0$0.=,**&>0)$

¥! ;)-"'("<$7,"'&'=7/M$L&`"'$7&.$
0@@0.,("$"#"=($ Matter asymmetry very 

important for long-baseline 
experiments! 

Charged-current coherent 
forward scattering on electrons: 

M
. B

ishai 
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$m2
21 = m2

2 Ð m1
2, L/E�«15000 km/GeV 

$m2
31 = m3

2 Ð m1
2,   L/E�«500 km/GeV 

$m2
32 = m3

2 Ð m2
2,   L/E�«500 km/GeV 

                 $$Z$�«9pX$fL^k"m$[$

Subdominant term 

normal 
hierarchy 


