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Neutrino physics: surprising results 

● The unbearable lightness of 
neutrino masses begs a 
compelling explanation

● The neutrino mixing angles are 
large, at variance with the quark 
mixing angles: large CP 
violation effects are allowed

● Neutrinos play a fundamental 
role in the evolution of the 
Universe. Can they explain 
matter-antimatter asymmetry ? 

 massless ν ∑Mass=1.9eV/c2
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Neutrino	  physics	  –	  a	  constant	  source	  of	  surprise	  &	  mystery!	  
Compared	  with	  the	  quarks	  and	  charged	  leptons,	  
why	  are	  neutrino	  masses	  so	  small?	  
	  
Neutrino	  mixing	  angles	  are	  generally	  much	  larger	  than	  	  
quark	  mixing	  angles;	  large	  CP	  viola0on	  effects	  are	  	  
allowed	  in	  the	  neutrino	  sector	  	  

Quarks/CKM	   Neutrinos/PMNS	  

Neutrinos	  play	  a	  fundamental	  role	  in	  
the	  evolu0on	  of	  the	  Universe	  
	  
Can	  neutrinos	  explain	  the	  ma^er-‐	  
an0ma^er	  asymmetry	  of	  the	  Universe?	  
e.g.	  via	  CP	  viola0on	  and	  Leptogenesis	  	  
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Flavour%and%mass%eigenstates%related%via%mixing%matrix%%

Mass%
states%

“Oscilla0on%parameters”%
Describe%flavour%changes%and%maTer%effects%

Flavour%
states%

3%

The	  3	  Neutrino	  Flavour	  Paradigm§	  

Pontecorvo-‐Maki-‐Nakagawa-‐Sakata	  (PMNS)	  mixing	  matrix	  
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The Pontecorvo-Maki-Nakagawa-Sakata 
(PMNS) mixing matrix

● The oscillation phenomena have been 
convincingly observed using solar, 
atmospheric, reactor and accelerator 
neutrinos, establishing the three neutrino 
SM paradigm

● Currently unveiling three-neutrino 
subleading effects
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“Atmospheric”	   “Reactor”	   “Solar”	  

δ = CP
violating
phase 	  

(§	  	  ignoring	  Majorana	  phases)	  

Oscilla0on	  phenomena	  have	  been	  convincingly	  observed	  using	  solar,	  atmospheric,	  
reactor	  and	  accelerator	  neutrinos,	  establishing	  the	  3	  neutrino	  flavour	  SM	  paradigm	  



21/07/2014	   Acc.	  LB	  Nu	  Osc.	  -‐	  Peter	  Ratoff	  -‐	  SUSY2014	   4	  

Neutrino	  Proper0es	  

Known:	  
-‐	  have	  mass	  
-‐	  oscillate	  between	  flavours	  
-‐	  measured	  values	  for	  

§  θ12, θ23, θ13
§  Δm21

2,	  |Δm32
2|	  

	  
	  
	  
	  
Unknown:	  
-‐	  order	  of	  the	  mass	  states	  (hierarchy)	  
-‐	  absolute	  mass	  of	  the	  neutrino	  
-‐	  Is	  θ23 maximal	  (=450)?	  Or	  which	  octant?	  
-‐	  are	  there	  more	  than	  3	  neutrino	  types?	  
-‐	  Majorana	  or	  Dirac?	  
-‐	  the	  value	  of	  δCP	  
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Next steps in neutrino oscillation studies

1)  Is θ
23

 =45°? which octant ? 

2)  Determine the mass hierarchy 

3)  Measure the CP violation 
parameter δ

4)  Precision tests of the PMNS 
paradigm (ideally at the % level, 
as for the CKM matrix)

5)  Are there any new neutrino 
states ? 

1)  Is there a symmetry between ν
μ
 and ν

τ
  ? 

2)  Help model builders. Impact on cosmology. 

3)  Link with leptogenesis. Are we born out of 
(heavy) neutrinos ?

4)  How different are neutrinos ?

5)  Potential to alter the whole picture
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The Pontecorvo-Maki-Nakagawa-Sakata 
(PMNS) mixing matrix

● The oscillation phenomena have been 
convincingly observed using solar, 
atmospheric, reactor and accelerator 
neutrinos, establishing the three neutrino 
SM paradigm

● Currently unveiling three-neutrino 
subleading effects
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Neutrino	  Mass	  Hierarchy	  
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Neutrino	  Oscilla0on	  Measurements	  at	  Accelerators	  

 
Marco Zito-ICHEP 2014

10

Neutrino oscillations : observables
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on sin2(✓
23

) is 0.514+0.055
�0.056 (0.511 ± 0.055), assuming normal (inverted) mass hierarchy. The best-

fit mass-squared splitting for normal hierarchy is �m2

32

= (2.51 ± 0.10) ⇥10�3 eV2/c4 (inverted
hierarchy: �m2

13

= (2.48± 0.10) ⇥10�3 eV2/c4). Adding a model of multinucleon interactions that
a↵ect neutrino energy reconstruction is found to produce only small biases in neutrino oscillation
parameter extraction at current levels of statistical uncertainty.

PACS numbers: 14.60.Pq,14.60.Lm,13.15+g,29.40.ka

Introduction.—Muon neutrinos oscillate to other fla-
vors with a survival probability approximated by

P (⌫µ ! ⌫µ) '1� 4 cos2(✓
13

) sin2(✓
23

)[1� cos2(✓
13

)

⇥ sin2(✓
23

)] sin2(1.267�m2L/E⌫), (1)

where L(km) is the neutrino propagation distance,
E⌫(GeV) is the neutrino energy and �m2(eV2/c4) is the
relevant neutrino mass-squared splitting: �m2

32

= m2

3

�
m2

2

for normal hierarchy (NH), or �m2

13

= m2

1

�m2

3

for
inverted hierarchy (IH). Oscillation occurs because neu-
trino flavor eigenstates are linear superpositions of mass
eigenstates, related by a mixing matrix parametrized by
three mixing angles ✓

12

, ✓
23

, ✓
13

, and a CP violating
phase �CP [1]. Previous measurements [2–7] have found
✓
23

⇡ ⇡/4. There is considerable interest in precise
measurements of ✓

23

that can constrain models of neu-
trino mass generation (see reviews in [8–13]), determine
if sin2(2✓

23

) is nonmaximal, and, if so whether ✓
23

is less
or greater than ⇡/4.

In this Letter, we report the world’s most precise mea-
surement of sin2(✓

23

), using more than twice as much
data as our previous result [2], as well as new data se-
lections in T2K’s near detector that measure single pion
production processes that can mimic the oscillation sig-
nal in T2K’s far detector, Super-Kamiokande (SK). We
also consider the e↵ects of multiple nucleons ejected in
neutrino-nucleus interactions that can cause incorrect
neutrino energy estimates and so a↵ect the oscillation
probability measurement.

T2K experiment.—The T2K experiment [14] combines
(1) a muon neutrino beam line, (2) near detectors, lo-
cated 280 m downstream of the neutrino production
target, that characterize the neutrino beam and con-
strain the neutrino flux parametrization and cross sec-
tions, and (3) the far detector, SK, located at a dis-
tance of L = 295 km from the target. The neutrino
beam axis is 2.5� away from SK, producing a narrow-
band beam [15] at the far detector, which reduces back-
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grounds from higher-energy neutrino interactions and en-
hances the sensitivity to ✓

23

. The beam’s peak energy of
E⌫=2(1.267�m2L/⇡) ⇡ 0.6 GeV corresponds to the first
minimum of the ⌫µ survival probability at this distance.
A 30 GeV proton beam is extracted in 5 µs spills from

the J-PARC main ring, directed toward Kamioka in the
primary beam line, and hits a graphite target. Beam
monitors measure the beam’s intensity, trajectory, pro-
file, and beam losses. Pions and kaons produced in the
target decay into neutrinos in the secondary beam line,
which contains three focusing horns and a 96-m-long de-
cay tunnel. This is followed by a beam dump and a set
of muon monitors.
The near detector complex [14] contains an on-axis

Interactive Neutrino Grid detector (INGRID) [16] and
an o↵-axis magnetized detector, ND280. INGRID pro-
vides high-statistics monitoring of the beam intensity,
direction, profile, and stability. ND280 is enclosed in
a 0.2 T magnet containing a subdetector optimized to
measure ⇡0s (PØD) [17], three time projection cham-
bers (TPC1,2,3) [18] alternating with two one-tonne fine
grained detectors (FGD1,2) [19], and an electromagnetic
calorimeter [20] that surrounds the central detectors. A
side muon range detector [21] identifies muons that exit
or stop in the magnet steel.
The SK water-Cherenkov far detector [22] has a 22.5 kt

fiducial volume within a cylindrical inner detector (ID)
with 11 129 inward-facing 20 00 phototubes. Surround-
ing the ID is a 2 meter wide outer detector with 1885
outward-facing 8 00 phototubes. A global positioning sys-
tem with <150 ns precision synchronizes the timing be-
tween SK events and the J-PARC beam spill.
Data were collected during four periods: January-June

2010, November 2010-March 2011, January-June 2012,
and October 2012-May 2013. The proton beam power
on the target steadily increased, reaching 220 kW with
a world record of 1.2 ⇥ 1014 protons on target (POT)
per spill. The total neutrino beam exposure on the SK
detector was 6.57⇥ 1020 POT.
Analysis strategy.—The analysis determines oscillation

parameters by comparing the observed and predicted ⌫µ
interaction rates and energy spectra at the far detector.
These predictions depend on the oscillation parameters,
the incident neutrino flux, neutrino interaction cross sec-
tions, and the detector response.
A measurement of ⌫µ charged current (CC) events in

ND280 is used to tune both the initial flux estimates
and parameters of the neutrino interaction models. The
measurement also estimates the uncertainties in the pre-
dicted neutrino spectrum at the far detector. In this

Muon	  neutrino	  disappearance	  

Electron	  neutrino	  appearance	  
	  

3

phase δCP. In this neutrino oscillation scenario, assuming |∆m2
32| = 2.4× 10−3 eV2, sin2 θ23 = 0.5,

δCP = 0, and ∆m2
32 > 0 (∆m2

32 < 0), a best-fit value of sin2 2θ13 = 0.140+0.038
−0.032 (0.170+0.045

−0.037) is
obtained.

PACS numbers: 14.60.Pq,14.60.Lm,12.27.-a,29.40.ka

Introduction—The discovery of neutrino oscillations
using atmospheric neutrinos was made by Super-
Kamiokande in 1998 [1]. Since then, many other exper-
iments have confirmed the phenomenon of neutrino os-
cillations through various disappearance modes of flavor
transformations. However, to date, there has not been
a definitive observation of the explicit appearance a dif-
ferent neutrino flavor from neutrinos of a another flavor
through neutrino oscillations. In 2011, the T2K collabo-
ration published the first indication of electron neutrino
appearance from a muon neutrino beam at 2.5σ signifi-
cance based on a data set corresponding to 1.43 × 1020

protons on target (POT) [2, 3]. This result was fol-
lowed by the publication of further evidence for electron
neutrino appearance at 3.1σ in early 2013 [4]. This pa-
per presents new results from the T2K experiment that
definitively establish the appearance of electron neutrinos
from a muon neutrino beam.
In a three-flavor framework, neutrino oscillations are

described by the PMNS matrix [5, 6] which is parame-
terized by three mixing angles θ12, θ23, θ13, and a CP
violating phase δCP. In this framework the probability
for νµ → νe oscillation can be expressed [7] as

P (νµ → νe) # sin2 θ23 sin
2 2θ13 sin

2 ∆m2
31L

4E

−
sin 2θ12 sin 2θ23

2 sin θ13
sin

∆m2
21L

4E
sin2 2θ13 sin

2 ∆m2
31L

4E
sin δCP

+ (CP even term, solar term, matter effect term), (1)

where L is the neutrino propagation distance and E is
the neutrino energy. The measurement of νµ → νe oscil-
lations is of particular interest because this mode is sensi-
tive to both θ13 and δCP. The first indication of non-zero
θ13 was published by T2K [3] based on the measurement
of νµ → νe oscillations. Since that time, θ13 has been
precisely measured by reactor neutrino experiments to
be 9.1 ± 0.6◦ from νe disappearance studies [8–11]. Us-
ing this value of θ13, the νµ → νe appearance mode can
be used to explore CP violation, which has yet to be
observed in the lepton sector. CP violation, as shown
in Equation 1, is governed by the second term and can
be as large as 27% of the first term for the T2K exper-
imental setup when using current values of the neutrino
oscillation parameters.
T2K Experiment—T2K operates at the J-PARC facil-

ity in Tokai, Japan. A muon neutrino beam is produced
from the decay of charged pions and kaons generated by
30 GeV protons hitting a graphite target and focused
by three magnetic horns. Downstream of the horns is
the decay volume, 96 meters in length, followed by the
beam dump and muon monitors (MUMON). The neu-

trino beam illuminates an on-axis detector and off-axis
detectors positioned at an angle of 2.5◦ relative to the
beam direction. The resulting energy spectrum, peaked
at 0.6 GeV for the off-axis detectors, reduces the νe con-
tamination and the feed-down backgrounds to the νe
appearance signal from higher energy neutrinos. The
near detector complex at 280 meters from the target
is used to measure the neutrino beam direction, spec-
trum, and composition before oscillations and to mea-
sure neutrino cross sections. The complex consists of an
on-axis detector (INGRID) and a suite of off-axis detec-
tors (ND280) that reside within a 0.2 T magnet [2]. The
Super-Kamiokande (SK) 50 kt water Cherenkov detec-
tor, situated 295 km away, is used to detect the oscillated
neutrinos.
The results presented here are based on data taken

from January 2010 to May 2013. During this period the
proton beam power has steadily increased and reached
220 kW continuous operation with a world record of
1.2 × 1014 protons per pulse. The total neutrino beam
exposure at SK corresponds to 6.57× 1020 POT.

Neutrino Beam Flux—The neutrino beam flux [12]
is predicted by modeling interactions of the primary
beam protons in a graphite target using external hadron
production data from the CERN NA61/SHINE exper-
iment [13, 14] and the FLUKA2008 package [15, 16].
GEANT3 [17] with GCALOR [18] simulates propagation
of the secondary/tertiary pions and kaons, and their de-
cays into neutrinos. The νe component (including a small
amount of νe) in the beam is estimated to be less than
1% of the flux below 1.5 GeV, and constitutes an irre-
ducible background to the νe appearance search. This
component is generated predominantly by the decay of
muons for Eν < 1 GeV and by kaons for Eν > 1 GeV.
The neutrino flux uncertainties are dominated by the

hadron production uncertainties, with contributions from
the neutrino beam direction and the proton beam uncer-
tainties. The neutrino beam direction, monitored indi-
rectly by MUMON on a spill-by-spill basis, and directly
by INGRID [19], was found to be well within the required
±1 mrad during the full run period. INGRID also mea-
sured the neutrino interaction rate per POT to be stable
within 0.7%. The total systematic error for the absolute
flux prediction is evaluated to be 10–15% in the relevant
energy range. Furthermore, the uncertainty on the ratio
of the flux predictions at the far and the near detectors
is less than 2% around the peak.
Neutrino Interaction Simulations and Cross Section

Parameters—The NEUT neutrino interaction genera-
tor [20] is used to simulate neutrino interactions in the

(in	  the	  absence	  of	  ma^er	  effects)	  

Survival	  probability	  

3

phase δCP. In this neutrino oscillation scenario, assuming |∆m2
32| = 2.4× 10−3 eV2, sin2 θ23 = 0.5,

δCP = 0, and ∆m2
32 > 0 (∆m2

32 < 0), a best-fit value of sin2 2θ13 = 0.140+0.038
−0.032 (0.170+0.045

−0.037) is
obtained.
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Introduction—The discovery of neutrino oscillations
using atmospheric neutrinos was made by Super-
Kamiokande in 1998 [1]. Since then, many other exper-
iments have confirmed the phenomenon of neutrino os-
cillations through various disappearance modes of flavor
transformations. However, to date, there has not been
a definitive observation of the explicit appearance a dif-
ferent neutrino flavor from neutrinos of a another flavor
through neutrino oscillations. In 2011, the T2K collabo-
ration published the first indication of electron neutrino
appearance from a muon neutrino beam at 2.5σ signifi-
cance based on a data set corresponding to 1.43 × 1020

protons on target (POT) [2, 3]. This result was fol-
lowed by the publication of further evidence for electron
neutrino appearance at 3.1σ in early 2013 [4]. This pa-
per presents new results from the T2K experiment that
definitively establish the appearance of electron neutrinos
from a muon neutrino beam.
In a three-flavor framework, neutrino oscillations are

described by the PMNS matrix [5, 6] which is parame-
terized by three mixing angles θ12, θ23, θ13, and a CP
violating phase δCP. In this framework the probability
for νµ → νe oscillation can be expressed [7] as

P (νµ → νe) # sin2 θ23 sin
2 2θ13 sin

2 ∆m2
31L

4E

−
sin 2θ12 sin 2θ23

2 sin θ13
sin

∆m2
21L

4E
sin2 2θ13 sin

2 ∆m2
31L

4E
sin δCP

+ (CP even term, solar term, matter effect term), (1)

where L is the neutrino propagation distance and E is
the neutrino energy. The measurement of νµ → νe oscil-
lations is of particular interest because this mode is sensi-
tive to both θ13 and δCP. The first indication of non-zero
θ13 was published by T2K [3] based on the measurement
of νµ → νe oscillations. Since that time, θ13 has been
precisely measured by reactor neutrino experiments to
be 9.1 ± 0.6◦ from νe disappearance studies [8–11]. Us-
ing this value of θ13, the νµ → νe appearance mode can
be used to explore CP violation, which has yet to be
observed in the lepton sector. CP violation, as shown
in Equation 1, is governed by the second term and can
be as large as 27% of the first term for the T2K exper-
imental setup when using current values of the neutrino
oscillation parameters.
T2K Experiment—T2K operates at the J-PARC facil-

ity in Tokai, Japan. A muon neutrino beam is produced
from the decay of charged pions and kaons generated by
30 GeV protons hitting a graphite target and focused
by three magnetic horns. Downstream of the horns is
the decay volume, 96 meters in length, followed by the
beam dump and muon monitors (MUMON). The neu-

trino beam illuminates an on-axis detector and off-axis
detectors positioned at an angle of 2.5◦ relative to the
beam direction. The resulting energy spectrum, peaked
at 0.6 GeV for the off-axis detectors, reduces the νe con-
tamination and the feed-down backgrounds to the νe
appearance signal from higher energy neutrinos. The
near detector complex at 280 meters from the target
is used to measure the neutrino beam direction, spec-
trum, and composition before oscillations and to mea-
sure neutrino cross sections. The complex consists of an
on-axis detector (INGRID) and a suite of off-axis detec-
tors (ND280) that reside within a 0.2 T magnet [2]. The
Super-Kamiokande (SK) 50 kt water Cherenkov detec-
tor, situated 295 km away, is used to detect the oscillated
neutrinos.
The results presented here are based on data taken

from January 2010 to May 2013. During this period the
proton beam power has steadily increased and reached
220 kW continuous operation with a world record of
1.2 × 1014 protons per pulse. The total neutrino beam
exposure at SK corresponds to 6.57× 1020 POT.

Neutrino Beam Flux—The neutrino beam flux [12]
is predicted by modeling interactions of the primary
beam protons in a graphite target using external hadron
production data from the CERN NA61/SHINE exper-
iment [13, 14] and the FLUKA2008 package [15, 16].
GEANT3 [17] with GCALOR [18] simulates propagation
of the secondary/tertiary pions and kaons, and their de-
cays into neutrinos. The νe component (including a small
amount of νe) in the beam is estimated to be less than
1% of the flux below 1.5 GeV, and constitutes an irre-
ducible background to the νe appearance search. This
component is generated predominantly by the decay of
muons for Eν < 1 GeV and by kaons for Eν > 1 GeV.
The neutrino flux uncertainties are dominated by the

hadron production uncertainties, with contributions from
the neutrino beam direction and the proton beam uncer-
tainties. The neutrino beam direction, monitored indi-
rectly by MUMON on a spill-by-spill basis, and directly
by INGRID [19], was found to be well within the required
±1 mrad during the full run period. INGRID also mea-
sured the neutrino interaction rate per POT to be stable
within 0.7%. The total systematic error for the absolute
flux prediction is evaluated to be 10–15% in the relevant
energy range. Furthermore, the uncertainty on the ratio
of the flux predictions at the far and the near detectors
is less than 2% around the peak.
Neutrino Interaction Simulations and Cross Section

Parameters—The NEUT neutrino interaction genera-
tor [20] is used to simulate neutrino interactions in the
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The Tokai to Kamioka (T2K) experiment

● Long-baseline (295 km) neutrino 
experiment in Japan between J-PARC 
(Tokai) and Super-Kamiokande (SK). 

● Primary proton beam: 30 GeV/c, 235 kW 
(RUN4) 6.57 1020 Proton On Target (8% 
of the final design exposure)

● SK: 22.5 kt fiducial mass. ~100% 
livetime

-‐	  
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T2K	  Muon	  Neutrino	  (νμ) Disappearance	  Measurement 	  
Deficit	  of	  νμ CCQE	  events	  	  
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T2K!observaQon!of!νe!Appearance!
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7.3 σ significance for non-zero θ13 
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28 events    observed 
21.6 events expected @ sin22θ13= 0.1 
                                    δCP= 0, sin2θ23= 0.5 
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normal hierarchy

7.3 σ significance for non-zero θ13 
First ever observation (>5σ) of an explicit ν appearance channel  

14!

Inverted hierarchy

Phys. Rev. Lett. 112, 061802 (2014) 

sin2 2θ13 = 0.140−0.032
+0.038

sin2 2θ13 = 0.170−0.037
+0.045

4.92 ± 0.55  events expected background 
28 events    observed 
21.6 events expected @ sin22θ13= 0.1 
                                    δCP= 0, sin2θ23= 0.5 
                                                 

T2K	  Electron	  Neutrino	  (νe) Appearance	  Observa0on 	  
νeCCQE	  @	  Super-‐K	  
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T2K!Joint!νµ + νe!Analysis:!Constraints!on!δCP!

06/04/2014! Chris!Walter!9!Results!from!T2K!9!Neutrino2014! 18!
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Plot includes constraint  
from reactor experiments 
as given by PDG 2013. 
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T2K	  Joint	  νe + νμ Analysis	  :	  Constraints	  on	  δCP	  

•  Combined	  likelihood	  ra0o	  fit	  to	  the	  	  
    νe and νμ CCQE	  samples	  	  
•  Using	  PDG	  2013	  θ13 value,T2K	  
    finds	  a	  (slight)	  preference	  for	  δCP	  =	  -‐π/2	  	  
	  	  	  	  	  	  and	  the	  Normal	  mass	  hierarchy	  
•  Similar	  results	  from	  an	  independent	  
	  	  	  	  	  T2K	  analysis	  using	  Markov	  chain	  MC	  
	  	  	  	  	  producing	  Bayesian	  credible	  intervals	  

If	  Nature	  has	  chosen	  δCP	  ≈	  -‐π/2,	  this	  will	  be	  very	  helpful	  experimentally	  
AND	  this	  solu0on	  sa0sfies	  the	  leptogenesis	  bound	  with	  no	  addi0onal	  CP	  viola0on	  

|sin	  θ13 sin δCP	  |	  ≥	  0.11	  
Pascoli,	  Petcov,	  Rio^a	  2007	  
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Future!SensiQvity!to!CPV!using!T2K!

06/04/2014! Chris!Walter!9!Results!from!T2K!9!Neutrino2014! 23!

No systematics 
5% error on signal, 10% on background 

T2K!studies!indicate!our!best!sensiQvity!will!be!for!50%!ν/50%!anQ9ν!
!running.!AnQ9nu!running!also!opens!a!large!new!physics!program.!!

50%!ν/50%!anQ9ν!(true!NH)!100%!ν!(true!NH)!

50%!ν/50%!anQ9ν!(true!NH)!
w/!Reactor!constraint!

100%!ν!(true!NH)!
w/!Reactor!constraint!

“Lucky! (+: Sin22θ=0.1, δCP=-90)” 

NH$

T2K:!50%!ν/50%!anQ9ν!

Future	  Sensi0vity	  to	  CPV	  using	  T2K	  
Sin22θ13=0.1,	  δCP=	  -‐π/2	  
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For all the data samples, the predicted event spectra in
the Far Detector are reweighted to account for oscillations,
and the backgrounds from ντ and ν̄τ appearance are included.
The oscillation probabilities are calculated directly from
the PMNS matrix using algorithms optimized for computa-
tional efficiency [29]. The probabilities account for the
propagation of neutrinos through Earth. For accelerator
neutrinos, a constant electron density of 1.36 mol cm−3

is assumed. For atmospheric neutrinos, Earth is modeled
by four layers of constant electron density: an inner
core (r < 1220 km, ne ¼ 6.05 mol cm−3); an outer core
(1220 < r < 3470 km, ne ¼ 5.15 mol cm−3); the mantle
(3470 < r < 6336 km, ne ¼ 2.25 mol cm−3); and the crust
(r> 6336 km, ne ¼ 1.45molcm−3). This four-layer appro-
ximation reflects the principal structures of the PREMmodel
[30]. Comparisons with a more detailed 42-layer model
yield similar oscillation results.
The oscillation parameters are determined by applying

a maximum likelihood fit to the data. The parameters
Δm2

32, sin
2 θ23, sin2 θ13 and δCP are varied in the fit. The

mixing angle θ13 is subject to an external constraint of
sin2 θ13 ¼ 0.0242" 0.0025, based on a weighted average
of the published results from the Daya Bay [31], RENO [4],
and Double Chooz [5] reactor experiments. This constraint
is incorporated into the fit by adding a Gaussian penalty
term to the likelihood function. The fit uses fixed values
of Δm2

21 ¼ 7.54 × 10−5 eV2 and sin2 θ12 ¼ 0.307 [32].
The impact of these two parameters is evaluated by shifting
them in the fit according to their uncertainties; the resulting
shifts in the fitted values of Δm2

32 and sin2 θ23 are found
to be negligibly small. The likelihood function contains
32 nuisance parameters, with accompanying penalty terms,
that account for the major systematic uncertainties in the
simulation of the data [16,23,33]. The fit proceeds by
summing the separate likelihood contributions from the νμ
disappearance [7] and νe appearance [12] data sets, taking
their systematic parameters to be uncorrelated.
Figure 1 shows the 2D confidence limits on Δm2

32 and
sin2 θ23, obtained by maximizing the likelihood function at
each point in this parameter space with respect to sin2 θ13,

2.2
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FIG. 1. The left panels show the 68% and 90% confidence limits on Δm2
32 and sin2 θ23 for the normal hierarchy (top) and inverted

hierarchy (bottom). At each point in this parameter space, the likelihood function is maximized with respect to sin2 θ13, δCP and all of the
systematic parameters. The −2Δ logðLÞ surface is calculated relative to the overall best fit, which is indicated by the star. The right
panels show the 1D likelihood profiles as a function of Δm2

32 and sin2 θ23 for each hierarchy. The horizontal dotted lines indicate the
68% and 90% C.L.

TABLE I. The best-fit oscillation parameters obtained from this analysis for each combination of mass hierarchy
and θ23 octant. Also listed are the −2Δ logðLÞ values for each of the four combinations, calculated relative to the
overall best-fit point.

Mass hierarchy θ23 octant Δm2
32=10

−3 eV2 sin2θ23 sin2 θ13 δCP=π −2Δ logðLÞ
Δm2

32 < 0 θ23 < π=4 −2.41 0.41 0.0243 0.62 0
Δm2

32 < 0 θ23 > π=4 −2.41 0.61 0.0241 0.37 0.09
Δm2

32 > 0 θ23 < π=4 þ2.37 0.41 0.0242 0.44 0.23
Δm2

32 > 0 θ23 > π=4 þ2.35 0.61 0.0238 0.62 1.74

PRL 112, 191801 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
16 MAY 2014

191801-4

MINOS	  3	  Flavor	  Oscilla0on	  Analysis	  
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● Long baseline experiment (735 km) from Fermilab to Soudan mine, 5.4 kt magnetized 
iron/scintillator, on NUMI beamline

● Combined three flavor fit to neutrino beam data (10.71 1020 POT) antineutrino beam 
data (3.36 1020  POT), MINOS+ and atmospheric neutrino

● Most precise determination of the atmospheric mass splitting |Delta m2

32
|

PRL 112 191801 (2014)

Most	  precise	  measurement	  of	  |Δm32
2|	  -‐	  consistent	  with	  Maximal	  Mixing	  	  
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Comparison	  of	  T2K	  with	  MINOS	  Disappearance/Atmospheric	  Results	  	  	   6
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FIG. 3. The 68% and 90% C.L. confidence regions for
sin2(✓

23

) and �m2

32

(NH) or �m2

13

(IH). The SK [49] and MI-
NOS [7] 90% C.L. regions for NH are shown for comparison.
T2K’s 1D profile likelihoods for each oscillation parameter
separately are also shown at the top and right overlaid with
light blue lines and points representing the 1D �2� lnL

critical

values for NH at 68% and 90% C.L.

sis employing a binned likelihood ratio gave consistent
results. Also shown are 90% confidence regions from
other recent experimental results. Statistical uncertain-
ties dominate T2K’s error budget.

We calculate one-dimensional (1D) limits using a new
method inspired by Feldman-Cousins [47] and Cousins-
Highland [48] that marginalizes over the second oscilla-
tion parameter. Toy experiments are used to calculate
�2� lnL

critical

values, above which a parameter value is
excluded, for each value of sin2(✓

23

). These toy experi-
ments draw values for �m2

32

or �m2

13

in proportion to
the likelihood for fixed sin2(✓

23

), marginalized over sys-
tematic parameters. The toy experiments draw values
of the 45 systematic parameters from either Gaussian or
uniform distributions. We generate �m2

32

or �m2

13

lim-
its with the same procedure. Figure 3 shows the 1D
profile likelihoods for both mass hierarchies, with the
�2� lnL

critical

MC estimates for NH.
The 1D 68% confidence intervals are sin2(✓

23

) =
0.514+0.055

�0.056 (0.511 ± 0.055) and �m2

32

= 2.51 ± 0.10
(�m2

13

= 2.48 ± 0.10) ⇥10�3 eV2/c4 for the NH (IH).
The best fit corresponds to the maximal possible disap-
pearance probability for the three-flavor formula.

E↵ects of multinucleon interactions.—Inspired by
more precise measurements of neutrino-nucleus scatter-
ing [50–53], recent theoretical work suggests that neu-
trino interactions involving multinucleon mechanisms
may be a significant part of the cross section in T2K’s
energy range and might introduce a bias on the oscilla-
tion parameters as large as a few percent [28–43]. We
are the first oscillation experiment to consider the poten-
tial bias introduced by multinucleon interactions includ-
ing potential cancellation from measurements at the near

 (GeV)true - EQE
recoE

-1 -0.5 0 0.5

A
rb

itr
ar

y 
U

ni
ts CCQE

5)×Nieves multinucleon (
5)×-decay (Δpionless 

FIG. 4. The di↵erence between the reconstructed energy as-
suming QE kinematics and the true neutrino energy. True
QE events with energies below 1.5 GeV show little bias while
multinucleon events based on [43] and NEUT pionless � de-
cay (shown scaled up by a factor of 5) are biased towards
lower energies.

detector. At T2K beam energies most interactions pro-
duce final-state nucleons below SK’s Cherenkov thresh-
old, making multinucleon interactions indistinguishable
from quasielastic (QE) interactions. Even if the addi-
tional nucleon does not leave the nucleus, the multi-
nucleon mechanism alters the kinematics of the out-
going lepton, distorting the reconstructed neutrino en-
ergy which assumes QE kinematics (see Fig. 4) in addi-
tion to increasing the overall QE-like event rate.

The T2K neutrino interaction generator, NEUT, in-
cludes an e↵ective model (pionless � decay) that models
some but not all of the expected multinucleon cross sec-
tion. In order to evaluate the possible e↵ect on the oscil-
lation analysis, we perform a Monte Carlo study where
the existing e↵ective model is replaced with a multi-
nucleon prediction based on the work of Nieves [43] going
up to 1.5 GeV in energy. We used this modified simu-
lation to make ND280 and SK fake data sets with ran-
domly chosen systematic uncertainties but without sta-
tistical fluctuations, and performed oscillation analyses
as described above on each of them, allowing ND280 fake
data to renormalize the SK prediction. The mean biases
in the determined oscillation parameters are < 1% for
the ensemble, though the sin2(✓

23

) biases showed a 3.5%
rms spread.

Conclusions.—The measurement of sin2(✓
23

) =
0.514+0.055

�0.056 (0.511 ± 0.055) for NH (IH) is consistent
with maximal mixing and is more precise than pre-
vious measurements. The best-fit mass-squared split-
ting is �m2

32

= 2.51 ± 0.10 (IH: �m2

13

= 2.48 ±
0.10) ⇥10�3 eV2/c4. Possible multinucleon knockout in
neutrino-nucleus interactions produces a small bias in the
fitted oscillation parameters and is not a significant un-
certainty source at present precision.

We thank the J-PARC sta↵ for superb accelerator per-
formance and the CERN NA61 collaboration for pro-
viding valuable particle production data. We acknowl-
edge the support of MEXT, Japan; NSERC, NRC, and

MINOS	  3	  Flavour	  +	  Atm.	  
T2K	  3	  Flavour	  Joint	  νe + νμ 	  



21/07/2014	   Acc.	  LB	  Nu	  Osc.	  -‐	  Peter	  Ratoff	  -‐	  SUSY2014	   16	  

24%

NOvA%

810%km%

�"�������
���"���$��$ "�
����$ ���#�

('�

�#����&�"�
�"���$��$ "�
�������$ ���#�

('��(���

NOvA%%=%NuMI%OffJAxis%νe%Appearance%

Aims%to%measure:%
ϑ13%
CPJphase%δCP%
Neutrino%mass%hierarchy%

24%

NOvA%

810%km%

�"�������
���"���$��$ "�
����$ ���#�

('�

�#����&�"�
�"���$��$ "�
�������$ ���#�

('��(���

NOvA%%=%NuMI%OffJAxis%νe%Appearance%

Aims%to%measure:%
ϑ13%
CPJphase%δCP%
Neutrino%mass%hierarchy%

θ13	  

High	  energy	  off-‐axis	  beam	  



21/07/2014	   Acc.	  LB	  Nu	  Osc.	  -‐	  Peter	  Ratoff	  -‐	  SUSY2014	   17	  

First	  Neutrino	  Interac0ons	  Observed	  in	  NOvA!	  

νμ	  CC	  
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1300$km$
ν!ν!ν!ν!ν!

ν!

MINOS'&'NOνA'''
Current'long:baseline'neutrino'
experiments'

Comprehensive CP Violation, Mass Hierarchy, Non-Standard Interactions 
Need Longer Baseline 

and High Intensity Broadband Neutrino/Anti-Neutrino Beam 

LBNE'

8!

Long:Baseline'Measurements'

MiniBooNe'
ArgoNeut'
MicroBooNe'

R.J.Wilson/Colorado!State!University!

GOAL: ≥35 kt fiducial mass 
Volume: 18m x 23m x 51m x 2 
Total Liquid Argon Mass:  
          ~50,000 tonnes 

LBNE Liquid Argon TPC 

Current'Far'Detector'Design'

Actual detector design will evolve  
with input from new partners, and may  
involve multiple modules of different designs.#

Based on the 
ICARUS design#
[C. Farnese this 
conference]#

R.J.Wilson/Colorado!State!University! 26!

PANDORA'

'''''''''''''''''

What	  next	  (mid-‐2020’s)?	  LBN(E/F)	  

Hyper-Kamiokande

J-PARC neutrino beam line
One of the most powerful beamlines in operation

and further intensity upgrade ( >750kW ) is undergoing.
Hyper-Kamiokande

World largest water Cherenkov detector ( fid. vol.  560 kt. )
Powerful combination

to search for the lepton sector CP violation!

Hyper-Kamiokande with J-PARC neutrino beam

J-PARC Main Ring
Neutrino beamline

( KEK – JAEA )

( Total volume ~ 1M ton )

6

Excerpts from the P5 report
For a long-baseline oscillation experiment, based on the science
Drivers and what is practically achievable in a major step forward,
we set as the goal a mean sensitivity to CP violation of better than
3σ  (corresponding to 99.8% confidence level for a detected signal)
over more than 75% of the range of possible values of the unknown
CP-violating phase CP.

Sensitivity of 

76% ( 3 ) of the is covered 
by J-PARC + Hyper-Kamiokande 33

T2HK	  

and	  Ma6er	  Effects	  
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Summary	  &	  Conclusions	  

•  During	  the	  last	  1.5	  decades	  the	  study	  of	  neutrino	  interac0ons	  has	  revealed	  many	  
	  	  	  	  	  	  unexpected	  discoveries,	  establishing	  the	  3	  neutrino	  flavour	  mixing	  paradigm	  (PMNS)	  	  
	  	  	  	  	  	  which	  implies	  new	  physics	  beyond	  the	  Standard	  Model.	  
	  
•  The	  field	  is	  entering	  the	  few	  %	  precision	  era	  due	  to	  dedicated	  experimental	  efforts	  on	  
	  	  	  	  	  	  4	  con0nents.	  
	  
•  The	  experiments	  are	  becoming	  sensi0ve	  to	  CPV	  effects	  via	  the	  interplay	  of	  reactor	  	  
	  	  	  	  	  	  and	  accelerator	  observables.	  
	  
•  Major	  efforts	  are	  ongoing	  towards	  answering	  the	  remaining	  open	  ques0ons	  and	  
	  	  	  	  	  	  providing	  precise	  tests	  of	  the	  current	  model.	  	  
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Neutrino oscillations
If neutrino flavor eigenstates are 
different from mass eigenstates, 
propagation induces a phase shift 
with the appearance of a new flavor

Source Detector

ν
μW

μ

Propagation
ν

μ
 = -sin θ ν

1
 +cos θ ν

2

ν
1  

→ exp(-ip
1
x) ν

1

ν
2  

→ exp(-ip
2
x) ν

2

Δφ = Δm2L/(4E)

ν
e

e

L

Prob(ν
μ
 →ν

e
)= sin2(2θ) sin2 (Δm2L/4E)
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In	  a	  simplified	  2	  flavour	  model…	  

ν1	  à	  exp	  (	  -‐ip1x	  )	  ν1	  
ν2	  à	  exp	  (	  -‐ip2x	  )	  ν2	  
ΔΦ = Δm2L/(4E)	  

If	  neutrino	  flavour	  eigenstates	  are	  different	  to	  
neutrino	  mass	  eigenstates,	  propaga0on	  over	  a	  
baseline	  L	  of	  a	  neutrino	  of	  given	  flavour	  induces	  
a	  phase	  shi},	  with	  the	  possibility	  of	  the	  
appearance	  of	  the	  other	  neutrino	  flavour	  
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The!T2K!Experiment!Overview!!

06/04/2014!

νeCC$

Far$detector:$Super5K$
at!295!km.!

Uses!the!J5PARC$accelerator$complex!for!the!beam.!

Chris!Walter!9!Results!from!T2K!9!Neutrino2014! 4!

On!and!off9axis!hybrid!near$$
detectors$at!280m!

Use!informaQon!from!
hadron!producQon!
experiment!NA61!!
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T2K Near detector constraint

CCQE

Flux and cross-section systematic uncertainty on N
SK 

significantly reduced to ~7%

T
a
lk

 b
y
 A

. 
H

il
la

ir
e
t

T2K	  Near	  Detector	  Constraint	  

Signal	  channel	  
for	  oscilla>on	  
analysis	  

 
Marco Zito-ICHEP 2014

19

T2K Near detector constraint

CCQE

Flux and cross-section systematic uncertainty on N
SK 

significantly reduced to ~7%

T
a
lk

 b
y
 A

. 
H

il
la

ir
e
t



21/07/2014	   Acc.	  LB	  Nu	  Osc.	  -‐	  Peter	  Ratoff	  -‐	  SUSY2014	   24	  

νe!event!selecQon�

•  Fully9contained!fiducial!volume!(FCFV)!event!
•  Single9ring!e9like!event!
•  Evisible!>!100!MeV!
•  #!of!decay!electron!=!0!
•  0!<!Eνrec!<!1250!MeV!
•  π0!cut!

28 events 
       in 6.57x1020 POT�
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T2K!has!made!improvements!in!background!and!error!reducQon.!!
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•  Comparing!with!the!
external!reactor!
constraint!the!best!
overlap!is!for!the!
normal!hierarchy!with!
δcp=–π/2.!

•  This!is!a!lucky$point!!
•  You!also!need!to!
increase!the!θ23!mixing!
angle!to!account!for!
the!number!of!
observed!events.!

06/04/2014! 15!Chris!Walter!9!Results!from!T2K!9!Neutrino2014!

Let’s!think!about!these!regions!!

Note: Marginalized  
over θ23 and Δm2

32   

T2K	  
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(%)! NH$ IH$ Sum$
sin2θ23!≤!0.5$ 18! 8! 26%!

sin2θ23!>!0.5$ 50! 24! 74%!
Sum$ 68%! 32%!

δCP!(π)! 90%$Credible$Interval$
Marg.$
MH$ [91,!0.14]!∪![0.87,!1]!

NH$ [91,!0.14]!∪![0.85,!1]!

IH$ [91,!0.05]!∪![0.97,!1]!

New Result: 
Use a Markov Chain Monte 
Carlo (MCMC) with both 
T2K-SK νµ + νe and ND280 
samples. 

Can compare the probabilities for 
each MH and θ23 octant 
combination in the posterior  
probabilities. 

PRELIMINARY!
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Assuming flat priors for sin2θ23, |Δm2
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Long,Baseline,ν,Oscilla0ons,

CNGS,
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Abstract

Taking into account the recent progress in the understanding of the lepton flavor effects in leptogenesis,
we investigate in detail the possibility that the CP-violation necessary for the generation of the baryon asym-
metry of the Universe is due exclusively to the Dirac and/or Majorana CP-violating phases in the PMNS
neutrino mixing matrix U , and thus is directly related to the low energy CP-violation in the lepton sector
(e.g., in neutrino oscillations, etc.). We first derive the conditions of CP-invariance of the neutrino Yukawa
couplings λ in the see-saw Lagrangian, and of the complex orthogonal matrix R in the “orthogonal” para-
metrization of λ. We show, e.g. that under certain conditions (i) real R and specific CP-conserving values
of the Majorana and Dirac phases can imply CP-violation, and (ii) purely imaginary R does not necessarily
imply breaking of CP-symmetry. We study in detail the case of hierarchical heavy Majorana neutrino mass
spectrum, presenting results for three possible types of light neutrino mass spectrum: (i) normal hierarchi-
cal, (ii) inverted hierarchical, and (iii) quasi-degenerate. Results in the alternative case of quasi-degenerate
in mass heavy Majorana neutrinos, are also derived. The minimal supersymmetric extension of the stan-
dard theory with right-handed Majorana neutrinos and see-saw mechanism of neutrino mass generation is
discussed as well. We illustrate the possible correlations between the baryon asymmetry of the Universe
and (i) the rephasing invariant JCP controlling the magnitude of CP-violation in neutrino oscillations, or
(ii) the effective Majorana mass in neutrinoless double beta decay, in the cases when the only source of
CP-violation is respectively the Dirac or the Majorana phases in the neutrino mixing matrix.
 2007 Elsevier B.V. All rights reserved.
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Thus, the maximal asymmetry |ετ | in the case of CP-violation due only to the Dirac phase δ in
UPMNS is approximately by a factor of 6 smaller than the maximal asymmetry due to violation
of the CP-symmetry by the Majorana phase α32 of UPMNS.

Given m̃τ , one can determine m̃2 from Eq. (85). It follows from Eqs. (89) and (90) that
|YB(δ)| = |YB(2π − δ)|. One has to analyze the cases of κ ′ ≡ ei(α32/2+β23) = +1 (α32/2 + β23 =
2πk, k = 0,1, . . .) and κ ′ = −1 (α32/2 + β23 = π(2k + 1), k = 0,1,2, . . .) separately.

For κ ′ = −1 we find m̃τ
∼= 0.25

√
(m2

A > m̃2 ∼= 0.05
√

(m2
A. For the values of the parameters

employed in this analysis (chosen, in particular, to maximize |ετ | and |YB |), m̃τ and m̃2 exhibit
weak dependence on sin θ13 (and therefore on δ), which can be neglected. This implies that the
maximum of the baryon asymmetry |YB | as a function of the Dirac phase δ, will take place at
values of δ = (π/2)(2k + 1), k = 0,1, . . . , for which |ετ | also has a maximum. Using Eq. (45)
to calculate the relevant efficiency factors η(0.66m̃τ ) and η(0.71m̃2), we get from Eq. (44):

(91)|YB | ∼= 2.8 × 10−13|sin δ|
(

s13

0.2

)(
M1

109GeV

)
.

The asymmetry of interest is predominantly in the lepton number Le + Lµ. Thus, in order to
reproduce the observed baryon asymmetry, taken to lie in the interval 8.0 × 10−11 ! |YB | !
9.2 × 10−11, s13|sin δ| and M1, in the case analyzed, should satisfy

(92)2.9 ! |sin δ|
(

s13

0.2

)(
M1

1011 GeV

)
! 3.3.

Given that s13|sin δ| ! 0.2, the lower bound in this inequality can be satisfied only for M1 "
2.9 × 1011 GeV. Recalling that the flavor effects in leptogenesis of interest are fully developed
for M1 ! 5 × 1011 GeV, we obtain a lower bound on the values of |s13 sin δ| and s13 for which
we can have successful leptogenesis in the case considered:

(93)|sin θ13 sin δ| " 0.11, sin θ13 " 0.11.

The lower limit (93) corresponds to

(94)|JCP| " 2.4 × 10−2,

where we have used the best fit values of sin 2θ12 and sin 2θ23. Values of s13 in the range given
in Eq. (93) can be probed in the forthcoming Double CHOOZ [65] and future reactor neutrino
experiments [66]. CP-violation effects with magnitude determined by |JCP| satisfying (94) are
within the sensitivity of the next generation of neutrino oscillation experiments, designed to
search for CP- or T-symmetry violations in the oscillations [67]. Actually, since in the case under
discussion the wash-out factor |ηB | ≡ |η(0.66m̃τ ) − η(0.71m̃2)| in the expression for |YB | prac-
tically does not depend on s13 and δ, while both |YB | ∝ |s13 sin δ| and |JCP| ∝ |s13 sin δ|, there
is a direct relation between |YB | and |JCP| for given neutrino oscillation parameters, R12, R13
and M1:

(95)
|YB |

M1/(1011 GeV)
∼= 3.0 × 10−8|ηB ||JCP| ∼= 1.3 × 10−9|JCP|,

where we have used the best fit values of the neutrino oscillation parameters, |R12| = 0.92,
|R13| = 0.39 and κ ′ = −1.

For κ ′ = +1, the maximum of |YB | as a function of |R12| (|R13|) takes place in the case being
investigated at |R12| = 0.86 (|R13| = 0.51) and we will employ this value of |R12| (|R13|) in the


