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World	  Long	  baseline	  ν	  oscillaFon	  experiments	
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K2K	  (1999-‐2004)	  	  250km	  
T2K	  (2010-‐)	  295km	  

MINOS	  (2005-‐	  2012)	  735km	  
(NOvA	  (2013-‐)	  	  	  819km)	  

OPERA(2008-‐)	  	  	  
ICARUS	  (2010-‐)	  732km	  



Recent	  results	
•  T2K	  	   	   	  M.	  Wilking	  at	  EPS	  conference	  13/6/19	  
•  OPERA 	   	  A.	  Pastore	  at	  EPS	  conference	  13/6/19	  
•  MINOS	  	   	  J.A.B.	  Coelho	  	  at	  Nu	  Factory	  W.S.	  13/8/20	  

	   	   	   	  R.	  Nichol	  at	  NEUTRINO	  2012	  
•  Daya	  Bay 	  S.	  Je]er	  at	  Nu	  Factory	  W.S.	  13/8/20	  

•  Summary	  talks	  by	  
–  A.	  Ichikawa	  at	  EPS	  conference	  13/6/19	  
–  Sam	  Zeller	  at	  Lepton/Photon	  13/6/27	  	  
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1.	  Experimental	  issues	  

•  Only	  the	  product	  F(E)	  x	  σ(E)	  are	  measurable	  
–  Flux	  Fmes	  cross	  secFon	  as	  a	  funcFon	  of	  E	  

	  
	  
•  To	  get	  Pα→β	  

① PredicFon	  of	  neutrino	  event	  rate	  (flux	  *	  cross	  secFon)	  
without	  oscillaFon	  

② Simultaneous	  measurements	  at	  far	  and	  near	  	  
•  Different	  spectrum	  at	  far	  and	  near	  
•  Neutrino	  interacFons	  and	  their	  cross	  secFons	  
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①　Highest	  possible	  intensity	  	  
:	  wide	  band	  horn	  focused	  beam	  

•  Focus	  of	  π,K	  as	  much	  as	  possible	  to	  forward	  direcFon	  
–  magneFc	  horn	  

•  Wide	  range	  of	  L/E	  	  coverage	  
•  Detector	  performance	  in	  wide	  range	  of	  E	  

–  Eν reconstrucFon	  
–  Lepton	  I.D.	  
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Decay	  KinemaFcs	  and	  Solid	  angle	  

To get max neutrino intensity 
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Different	  spectrum	  in	  wide	  band	  beam	
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ν	  beam	  

Near	 Far	

F/N	

Far/Near	  Eν dependence	  :	  decay	  length	  and	  angular	  acceptances	  
1.  Decay	  angular	  divergence	  	  	  	  1/Eπ	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Far(high	  E)	  	  
2.  π decay length                    Eπ                  Near(high	  E)	   	

3.  wide	  angle	  π decay        Eν  ~Eπ 0.49/(1+γ2θ2π )  Near(lowE) 

Knowing	  	  π, K	  producFon	  (p,	  θ),	  focusing,	  and	  decay	  volume	  geometry	  



Near	  Far	  neutrino	  spectrum	  in	  K2K	  using	  HARP	  hadron	  
producFon	  measurements	  

Large	  correcFon	  to	  
Far/Near	  raFo	  	
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Near	  Far	  neutrino	  spectrum	  in	  MINOS	
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MINOS @ Neutrino 2012 by Ryan Nichol

Beam Analyses in 
MINOS

• Measure neutrinos in the ND

• ‘Extrapolate’ measurements to form 
FD prediction

• Taking into account geometry, 
efficiencies, purities, energy 
resolutions, etc.

• Compare FD data to predictions to 
find the best fit oscillation parameters

• For consistency with past results we 
use two flavour approximation

• Interpretation in full three flavour 
formalism later in the year
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Narrow	  Band	  Beam	  to	  study	  high	  
energy	  neutrino	  interacFons	  

•  Small	  low	  energy	  
components	  

•  Acceptance	  of	  the	  beam	  line	  
limits	  neutrino	  intensity	  

•  Incident	  neutrino	  energies	  
are	  two	  values	  
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New	  idea	  of	  off-‐axis	  beam	  
1994 TRIUMF KAON factory workshop 
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BNL	  long	  baseline	  proposal	  
(not	  realized)	



Narrow	  intense	  beam:	  Off-‐axis	  beam	  in	  T2K	  
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Pions with different energies give neutrinos with similar energy  

large number of oscillating ν	

small	  H.E.	  components	  
Insensitive to pi/K production  
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Comparison	  of	  two	  kinds	  of	  beam	  –	  example	  	  	  
K2K	  (wide	  band	  beam)	  and	  T2K	  (narrow	  band	  beam)	  

	  

K2K horn focused on-axis beam  
12 GeV proton beam T2K off-axis beam 
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experiment at CERN as input to the pion production
simulation. The HARP experiment precisely measured
the positively-charged pion production in the interactions
of 12.9 GeV/c protons in a thin aluminum target [16].

The HARP experiment took data in 2001 and 2002 in
the CERN PS T9 beamline, in order to study in a sys-
tematic and accurate way hadron production for a vari-
ety of produced hadrons (pions and kaons in particular)
with large phase space coverage. Data were taken as a
function of incident beam particle type (protons, pions),
beam momentum (from 1.5 to 15 GeV/c), nuclear tar-
get material (from hydrogen to lead), and nuclear target
thickness (from 2% to more than 100% hadronic inter-
action length fraction). Secondary tracks are efficiently
reconstructed in the HARP forward spectrometer via a
set of drift chambers located upstream and downstream
with respect to a dipole magnet. Particle identification
for forward tracks is obtained with a time-of-flight sys-
tem, a Cherenkov threshold detector, and an electromag-
netic calorimeter.

In particular, the recent HARP pion production mea-
surement [16] is directly relevant for the K2K F/N flux
ratio because it is obtained for the same proton beam
momentum (12.9 GeV/c) and nuclear target material
(aluminum) as those used to produce the K2K neu-
trino beam. Moreover, beam MC simulations show that
the forward pion production region measured in HARP,
30 < θπ < 210 mrad, 0.75 < pπ < 6.5 GeV/c, matches
well the pion production phase space responsible for the
dominant fraction of the K2K muon neutrino fluxes at
both the near and far detector locations.

The result of the pion production measurements de-
scribed in [16] is incorporated into our beam MC simula-
tion to estimate the neutrino spectra at ND and SK and
the energy dependence of the F/N flux ratio in the ab-
sence of neutrino oscillations. The relatively-normalized
fluxes at ND and SK, ΦND and ΦSK, respectively, pre-
dicted by HARP measurement, are shown in Fig. 10, to-
gether with the associated total systematic uncertainties,
by the empty circles with error bars. Uncertainties in the
primary and secondary hadronic interactions, in the pion
focusing performance in the horn magnetic fields, and in
the primary beam optics, are considered. Here, primary
hadronic interactions are defined as hadronic interactions
of protons with more than 10 GeV total energy in alu-
minum, while secondary hadronic interactions are defined
to be hadronic interactions that are not primary ones. In
the following, the assumptions on systematic uncertain-
ties affecting neutrino flux predictions are summarized.

The uncertainty in the multiplicity and kinematics of
π+ production in primary hadronic interactions is esti-
mated based on the accurate HARP results. In this case,
the HARP π+ Sanford-Wang parameters’ uncertainties
and correlations given in [16] are propagated into flux
uncertainties using standard error matrix propagation
methods: the flux variation in each energy bin is esti-
mated by varying a given Sanford-Wang parameter by a
unit standard deviation in the beam MC simulation. An
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FIG. 10: Relatively-normalized muon neutrino flux predic-
tions at the near (top) and far (bottom) detectors. The empty
circles with error bars show the central values and shape-
only errors based on the HARP π+ production measurement,
the empty squares with shaded error boxes show the central
values and errors from the pion monitor (PIMON) measure-
ment, and the dotted histograms show the central values from
the Cho-CERN compilation of older (non-HARP) π+ produc-
tion data. The PIMON predictions are normalized such that
the integrated fluxes above 1 GeV neutrino energy match the
HARP ones, at both the near and far detectors.

uncertainty of about 30% is assumed for the uncertainty
in the proton-aluminum hadronic interaction length. The
uncertainty in the overall charged and neutral kaon pro-
duction normalization is assumed to be 50%.

The systematic uncertainty due to our imperfect
knowledge of secondary hadronic interactions, such as
π+ absorption in the target and horns, is also consid-
ered. We take the relatively large differences between the
GCALOR/GFLUKA [18, 19, 20] and GHEISHA [63] de-
scriptions of secondary interactions, also in comparison
to available experimental data, to estimate this uncer-
tainty.



Effect	  from	  HE	  tail 
νe	  appearance upper	  bound	  in	  K2K	  (2005)  

New	  upper	  bounds	  w/	  HARP	  F/N:	  	  
limit 
sensitivity 

K2K-I+II (#obs.=1, #B.G.=1.70) 

upper limit (90% CL) 
 sin22θµe=0.13 @2.8e-3 eV2 

K２K	  wide	  band	  beam	

T2K	  Narrow	  band	  beam	
15	  
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2.5o	  Off	  axis	  beam	  	



② Simultaneous measurements at far and near 	
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	  	  Er	  :	  	  Various	  processes	  contribute	  
•  Nuclear	  effects	  at	  sub-‐GeV	  -‐	  GeV	  region	  

–  Pauli	  blocking	  
– MulF	  nucleons	  contribuFon	  
–  Final	  state	  interacFons	  

•  Two	  detectors	  2 45. Neutrino Cross Section Measurements
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Figure 45.1: Measurements of νµ and νµ CC inclusive scattering cross sections
divided by neutrino energy as a function of neutrino energy. Note the transition
between logarithmic and linear scales occurring at 100 GeV. Neutrino-nucleon cross
sections are typically twice as large as the corresponding antineutrino cross sections,
though this difference can be larger at lower energies. NC cross sections (not shown)
are generally smaller (but non-negligible) compared to their CC counterparts.

45.2. Quasi-elastic scattering

Historically, neutrino (or antineutrino) quasi-elastic scattering refers to the processes,
νµ n → µ− p and νµ p → µ+ n, where a charged lepton and single nucleon are ejected
in the elastic interaction of a neutrino (or antineutrino) with a nucleon in the target
material. This is the final state one would strictly observe, for example, in scattering
off of a free nucleon target. QE scattering is important as it is the dominant neutrino
interaction at energies less than about 1 GeV and is a large signal sample in many
neutrino oscillation experiments.

Fig. 45.2 displays the current status of existing measurements of νµ and νµ QE
scattering cross sections as a function of neutrino energy. In this plot, and all others in
this review, the prediction from a representative neutrino event generator (NUANCE) [7]
provides a theoretical comparator. Other generators and more sophisticated calculations
exist which can give different predictions [8].

In many of these initial measurements of the neutrino QE cross section, bubble
chamber experiments typically employed light targets (H2 or D2) and required both the

June 18, 2012 16:20

PDG	  compilaFon	

18	



Neutrino	  beam	  and	  detectors	
•  Exploratory	  experiments	  :	  	  wide	  range	  of	  L/E,	  large	  correcFon	  to	  F/N	  

–  K2K,	  MINOS	  used	  wide-‐band	  beam	  	  
•  Knowing	  what	  to	  and	  where	  to	  look	  for	  a	  specific	  events,	  like	  νe	  

appearance	  in	  νµ beam	  
–  T2K,	  NOVA	  off-‐axis	  narrow	  band	  beam	  

•  Also	  depends	  on	  detector	  	  

•  Next	  stage	  need	  serious	  consideraFon	  on	  the	  matching	  of	  	  
	  	  	  	  	  Physics, 	  Beam,	  Detector	  

–  ScinFllator	  
–  Water	  Cherenkov	  
–  Liquid	  Argon	  
–  Budget	  
–  …	   19	



2.	  New	  Results	  	  
at	  L(km)/E(GeV)~500	

Three	  generaFon	  scheme	  
3	  mixing	  angles	  and	  (3	  phases)	  

	  
DefiniFon	  and	  to	  be	  determined	  by	  experiments	  
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	  Flavor	  states	  and	  mass	  states	


To	  be	  determined	  by	  experiments	  
	  
	


θ23 > π/4 or θ23> π/4	

	  

What	  kind	  of	  flavor	  physics	  behind	  of	  this?	

super position νe =a ν1 +b ν2 +c ν3

ν1 is defined as the largest component of νe  

      ⇒  θ12 <
π
4

,      θ13 <
π
4

Matter effect in solar fix the sign of m2	  >	  m1 

( )0meV103.8m 2
12

252
12 >δ×≈δ −

22	

δm13
2 > 0 or <0 ?



Oscillation�at�L(km)/E(GeV)~500
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νµ disappearance	  (νµ →ντ ?)	  	  
at	  L(km)/E(GeV)~500	
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K2K	  1999-‐2005	  

Best	  

Normalized	  by	  area	  

Nobs=112	  	  
Nexp=158.4	  	  

+9.4	  
-‐8.7	  
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Super-K atmospheric  summary 
 New analysis of 3903days SK1-4 ( w/ 1097days of SK4 )  
 3 flavor analysis performed w/o & w/ reactor constraint 

– w/o reactor constraint, sin213 is consistent with reactor value 
– w/ reactor constraint, for NH,   

 
 

 
  No CP  constraint at 90%CL  
– Mass hierarchy not conclusive  

 
 

 3.8  appearance in  
SK1-3  w/ reactor constraint



min
2 (NH)min

2 (IH) 1.2

2 0.15 3 2
0.402.66 10 (1 )m eV  
  

2
23sin 0.391 0.691(90% )CL  

T2K 

MINOS 

SK1-4 3

SK1-4 2
SK1-4 L/E

Need more data and understanding ! 

a	  	  	

R.	  Nichol	  NEUTRINO2012	

MINOS @ Neutrino 2012 by Ryan Nichol  Energy (GeV)µνReconstructed 
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Muon Neutrinos at 
the Far Detector
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See Poster

• Based on ND data we expect

• 3564 Events (no osc.)

• We observe

• 2894 Events

• The systematic uncertainties 
are still small compared to 
statistical uncertainty

• Best fit to neutrino beam
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OscillaFon	  behavior	  of	  reactor	  ν at	  180km	  

Both	  solar	  and	  atmospheric	  Δm2	  region	  behave	  	  
as	  expected	  in	  oscillaFon	  by	  co-‐existence	  of	  flavor	  and	  mass	  states	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

S. Zeller, Lepton/Photon, 06/27/13 

Accelerator & Reactor Neutrinos 
4 

•  while the first indications were 
  observed in astrophysical sources, 
  we have also tested in carefully   
  controlled experiments 

      - particle accelerators 
      - nuclear reactors 

•  fixed L, well-known Eν%

•  have played a crucial role in 
  the confirmation of the neutrino 
  oscillation phenomenon 

MINOS 
(Δm2

32, θ23) 

KAMLAND 
(Δm2

21, θ12) 

together, these test our theoretical framework 



arXiv:hep-‐ex/1304.6335	

MINOS	  νµ	  disappearance	  	  ν	  and	  ν	

28	

IndicaFon	  of	  non-‐maximal	  mixing?	



T2K�QP disappearance

Using�data�up�to�Run�3
Only�T23<S/4�region�was�explored�in�the�results�released�in�February�2013.
This�time�T23>S/4�is�also�considered.��Significant�difference�appeared.

1st octant�'F2 68%CL
1st octant�'F2 90%�CL
2nd octant�'F2 68%�CL
2nd octant�'F2 90%�CL

T2K�preliminary

� � � �QPP TTTT ELmP 4/sin2sinsin2sincos1 22
13

2
23

2
23

2
13

4 '����|o

~1���������������~1�����������������������~0.5�������������~0.1
29	

A.Ichikawa	  
EPS2013	



T2K�QP disappearance
T2K�preliminary

30	

A.Ichikawa	  EPS2013	



ConfirmaFon	  of	  νµ→ντ	  	  by	  OPERA	

A.	  Pastore,	  EPS	  HEP	  2013	

Third	  ντ	  candidate	  taken	  in	  
March,	  2013	

3.8σ	  ντ	  appearance	  by	  Super-‐K	  	  atmospheric	  data	  	  (Abe	  et	  al.,	  PRL	  110,	  181802	  (2013))	  	  	  
from	  a	  sample	  of	  enhanced	  τ-‐like	  events.	  

OPERA	  idenFfies	  τ	  producFon	  in	  event-‐by-‐event	  basis.	

376µm	

w/	  ~60%	  of	  data	  analyzed	

31	



Summary of	  νµ disappearance	  (νµ →ντ ?)	  	  
at	  L(km)/E(GeV)~500	

•  OscillaFon	  behavior	  has	  been	  observed	  as	  predicted	  in	  a	  
frame	  work	  of	  co-‐existence	  of	  mass	  and	  flavor	  eigen-‐
states.	  (not	  decay	  nor	  de-‐coherence	  etc.)	  

•  Almost	  maximum	  mixing	  between	  2nd	  and	  3rd	  generaFon	  
•  νµ →ντ events	  observed	  	  
•  SFll	  plenty	  of	  room	  for	  νµ →νx	  

32	



νµ→νe	  
at	  L/E~500	  (km/GeV)	

33	



T2K�Qe Appearance�Updates�from�2012
¾ The�background�rejection�cut�is�improved�using�a�new�SK�reconstruction�

algorithm.�Number�of�BG�events�reduced�from�6.4�to 4.6
¾ Near�detector�measurement�is�improved�by�using�new�event�categories

24

2012(*) 2013(now)
POT 3.010x1020 6.393x1020

(~Apr�12)
Bkgs 3.3㼼0.4 4.64㼼0.51�
Observed
Qe cand.�
Events

11

Qe app.�
Significance

3.1V

28

7.5V
*�2012�result�arXiv:1304.0841�(accepted�by�PRD)

bkg

Sig�@�
sin22T13=0.1

T2K�preliminary

34	

A.Ichikawa	  EPS2013	
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T2K	  νe	  appearance	

normal	  hierarchy:	  

inverted	  hierarchy:	  

Normal	  Hierarchy	  
|Δm2

31|=2.4x10-‐3	  eV2	  

sin22θ23=1.0	  
	

Inverted	  Hierarchy	  
|Δm2

31|=2.4x10-‐3	  eV2	  

sin22θ23=1.0	  
	

Ø  NOTE!	  	  sin2θ23	  is	  fixed	  to	  0.5	  in	  the	  fit	  

Ø  Best	  fit	  value	  w/	  68%	  C.L.	  error	  @	  
δCP=0	  

T2K	  preliminary	

T2K	  preliminary	

δ
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A.Ichikawa	  EPS2013	



S. Zeller, Lepton/Photon, 06/27/13 

νe Appearance 
20 

•  MINOS 

(Abe et al., arXiv:1304.0841) 

•  T2K 

(Adamson et al., PRL 110, 171801 (2013)) 

3.1σ  
excess 
consistent  
with 
νµ    νe 

both 
νe & νe 
data 

Zeller	  LP2013	
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S.	  Je]er	  
NuFact	  2013	

Short Baseline Reactor Neutrino Oscillation
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With	  reactor	  results	
Daya	  Bay	
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νµ → νe  

≅ s23
2 sin2 2θ13(1+ A)−8c13

2 c12c23s12s23s13
Δm21

2 ⋅L
4Eν

(

)
*
*

+

,
-
-
sδ

~s23
2 sin2 2θ13  (1±O(0.1)) - c13 ⋅J ⋅0.03 ⋅sδ  ≈ 0.05(±10%)−0.01⋅sδ

In	  three	  neutrinos frame	  work	

38	  

(J ≡ sin2θ12 sin2θ23 sin2θ13 ~ 0.3),  (A=
2 2GFneEν

Δm31
2

≅ ±0.1 in T2K,  ≅ ±0.2 in MINOS,NOVA),  (
Δm21

2 ⋅L
4Eν

≅ 0.03)

Pµµ =1− (c4
13sin2 2θ23 + sin2 θ23 sin2 2θ13)sin2 Δm23

2

4Eν

          Pee =1− (sin2 2θ13 sin2 Δee)    

c13 ~ 1, sin2 2θ23 ~ 1, sin2 θ23 ~ 0.5,  sin2 2θ13 ~ 0.1

 (νµ  disapp.)                                                                           (Reactor νe  disapp.)

s23
2 =0.5+O(0-10%)   (θ23 > 4 / π)                      sin22θ13=0.09±O(10%)

   or 0.5 -O(0-10%)   (θ23 < 4 / π)



MINOS�Qe appearance
PRL�110,�171801(2013)

w/�reactor�result�
sin22T13=0.098㼼0.013

Normal�Hierarchy

Inverted�Hierarchy



T2K	  νe	  appearance	  
δCP	  vs.	  sin22θ13	  	  
for	  different	  θ23	

Normal	  Hierarchy	  
|Δm2

32|=2.4x10-‐3	  eV2	  

Inverted	  Hierarchy	  
|Δm2

32|=2.4x10-‐3	  eV2	  
	

NOTE:	  PDG’12	  3σ	  region	  for	  
sin2θ23:0.34-‐0.64	

reactor	  1σ	  region	  (Daya	  Bay)	  
	  	  	  	  sin22θ13	  =	  0.090±0.009	

T2K	  preliminary	

T2K	  preliminary	

A.Ichikawa	  EPS2013	



Future	  T2K	  CP	  violaFon	  (sinδ≠0)	  sensiFvity	

IH	

100%	  ν-‐mode	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  50%:50%	  ν-‐mode:	  anF-‐ν-‐mode	

NH	

750kW	  x	  5	  yrs	  
No	  sys.	  Error	  

Simultaneously	  fi}ng	  νµ	  disappearance	  and	  νe	  appearance	  data	  
Use	  sin22θ13	  constraint	  by	  reactor	  experiment	  	

41	

A.Ichikawa	  EPS2013	



LBN	  Next	  generaFon	  experiments	
T2K	  and	  NOvA	  would	  explore	  the	  CP	  phase,	  θ23	  and	  the	  Mass	  
Hierarchy	  w/	  O(100)	  νe	  appearance	  (and	  νµ	  disappearance)	  
events.	  ~10%	  stat.	  error.	  (cf.	  Max.	  CP	  asymmetry	  ~27%)	  

We	  may	  see	  something	  in	  certain	  lucky	  cases.	  
However,	  in	  order	  to	  fully	  explore	  these	  problems,	  we	  
need	  >10	  Fmes	  more	  staFsFcs.	  

42	



A	  thought	  on	  the	  future	
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CP	  violaFon	  studies	  in	  quark	

•  Discovery	  of	  KL	  →	  π+π-	


•  searches	  in	  various	  K	  decay	  
modes	  

•  various	  ‘theories’,	  sw,	  ….	  

•  Cabbibo-‐Kobayashi-‐
Maskawa	  theory	  as	  the	  
origin	  of	  the	  CPV	  in	  K	  by	  θKM	  
–  ε’/ε	


–  large	  CPV	  in	  B	  decay	  

•  Search	  for	  other	  CPV	  sources	  
44	



CP	  violaFon	  studies	

quark	
•  Discovery	  of	  KL	  →	  π+π-	


•  searches	  in	  various	  K	  decay	  
modes	  

•  various	  ‘theories’,	  sw,	  ….	  

•  Kobayashi-‐Maskawa	  theory	  as	  
the	  origin	  of	  the	  CPV	  in	  K	  by	  θKM	  
–  ε’/ε	


–  large	  CPV	  in	  B	  decay	  

•  Dominant	  source	  of	  CPV	  is	  δCKM	  
(phase	  in	  3	  generaFon	  in	  quark)	  

lepton	

•  Neutrino,	  anF-‐neutrino	  data	  for	  
remaining	  parameters	  in	  three	  
neutrino	  frame	  work	  
–  Analysis	  in	  terms	  of	  3	  angles	  

+δCP	  	  

•  Is	  the	  origin	  of	  neutrino	  anF-‐
neutrino	  difference	  due	  to	  δCP	  ?	  

•  How	  well	  one	  can	  test	  the	  frame	  
work	  itself	  ?	  
–  1st	  	  and	  2nd	  maximum	  
–  Unitarity	  triangle	  
–  Outside	  of	  3	  generaFon	  F.W.	  

45	



First	  /	  Second	  Maximum	  and	  δ	  

Interference	  of	  Δm2
atm	  and	  Δm2

sol	  oscillaFon	  amplitudes	



-0.05

0

0.05

0.1

0 0.1 0.2 0.3 0.4

|Ue1Uµ1*|	  

|Ue2Uµ2*|	  

|Ue3Uµ3*|	  

Is	  this	  triangle	  consistent	  with	  δ	  ?	   47	

Solar+very	  Long	  baseline	  reactor	  	  	  	  	  	  |Ue1|,	  |Ue2|	  	  
Reactor	  νe	  disappearance	  	  	  	  	  	  	  	  	  	  	  	  	  	  |Ue3|	  	  	  	  	  	  	  	  	  	  	  	  	  	  
νμ	  disappearnce	  	  atmospheric	  Δm2	  |Uµ3|	  	  	  	  	  	  	  	  	  	  	  	  	  
νμ	  disappearance	  in	  very	  	  long 	  	  	  	  	  |Uµ1|,|Uµ2|	  
	  

Unitary	  Triangle	  in	  lepton	
Y.Farzan,	  A.Yu.Smirnov	  (hep-‐ph/0201105)	

δ	



MINOS+

3000 events/year between 4-10 GeV

⇧ Higher energy neutrinos

⇧ Broad spectrum to test three-flavor
paradigm

⇧ More statistics, different energy, dif-
ferent systematics

⇧ High statistics with neutrinos and anti-
neutrinos

⇧ Improved sensitivity to:

• Sterile neutrinos
• Extra-dimensions
• Non-standard interactions
• Decoherence
• Decay

Coelho, J. A. B. (Tufts) MINOS NuFact 2013 18.3/ 30

J.A.B.	  Coelho	  	  at	  Nu	  Factory	  W.S	

48	



eV	  sterile	  neutrino	  ?	

Many	  proposals	  to	  confirm/refute	  
	  at	  higher	  confidence	  level	  
	  
J-‐PARC	  3GeV	  RCS	  stopping	  π,Κ	

νe	  and	  anF-‐νe	  disappearance	  	  
In	  reactor	  and	  β-source	  	

νµ→νe	

49	
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Summary	
•  OscillaFon	  behavior	  has	  been	  observed	  as	  predicted	  in	  the	  frame	  work	  of	  

co-‐existence	  of	  three	  mass	  and	  flavor	  eigen-‐states.	  
•  All	  of	  the	  mixing	  angles	  are	  large	  compared	  to	  those	  in	  quark	  
•  Almost	  maximum	  mixing	  between	  2nd	  and	  3rd	  generaFon	  
	  
•  Explicit	  flavor	  change	  have	  been	  observed	  in	  	  

–  νµ →ντ 	  
–  νµ →νe 	  	


•  Reactor	  and	  accelerator	  data	  are	  consistent	  with	  three	  neutrino	  frame	  
work	  at	  ~10%	  level	  

•  Next	  generaFon	  LBL	  will	  clarify	  the	  mass	  hierarchy,	  2nd	  and	  3rd	  mixing	  and	  
possible	  CP	  violaFon	  

•  Need	  test	  of	  three	  neutrino	  frame	  work	  
•  And	  idenFficaFons	  of	  the	  origin	  of	  	  (to	  be	  observed)	  CP	  violaFon	  
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