
Christos Touramanis 
HEP 2015 

Developments in High Energy Physics and Cosmology 
Athens, 16 April 2015 

Neutrino Mixing 
and the 

Search for CP Violation 



A century of elusive neutrinos 
•  1930: proposed by Pauli 

•  1934: beta decay theory, including neutrino, by Fermi 
•  1956: observation of the neutrino (Reines, Cowan) 
•  1957: the neutrino is left-handed (Goldhaber) 
•  1962: muon-neutrino discovery at the AGS (Brookhaven) 
•  1963: neutrino mixing proposed by Pontecorvo, Nakagava (PMNS) 
•  1968: solar neutrino problem in Davis experiment first results 
•  1973: ν-e elastic scattering at CERN (discovery of neutral currents) 
•  1999: Super-Kamiokande establishes atmospheric neutrino oscillations 
•  2001: SNO establishes solar neutrino oscillations 
•  2003-05: KAMLAND & K2K observe man-made neutrino oscillations 
•  2012-13: T2K, Daya Bay, RENO establish large θ13 

•  2015-20: T2K, NoVA searching for MH, evidence of CPV 
•  2025-35: DUNE, T2HK to discover CPV, measure “unitarity triangle” 



Neutrinos: facts and open questions 

ü  No neutrino mass term (mechanism) in Standard Model 
ü  3 mass eigenstates (ν1, ν2, ν3) mixing into 3 WI eigenstates (νe, νµ, ντ) 

?  Unitarity of mixing matrix – extra states (steriles) 
?  Mass Hierarchy (MH) 
?  CP Violation 
?  θ23 exactly 45°; octant 

Ø  Baryon Asymmetry: Leptogenesis? 
Ø  Inflation and Unification (coincidences?): 

Ø  Seesaw, heavy neutrinos ~1014GeV 
Ø  Inflation field ~1013GeV 
Ø  Interaction unification ~1016GeV 



3 neutrino mixing 

that recently began operation, will lead in the determination of these parameters for at least45

a decade.46

This paper provides a comprehensive update of the anticipated sensitivity of the T2K47

experiment to the oscillation parameters as given in the original T2K proposal [21], and48

includes an investigation of the enhancements from performing combined fits including the49

projected NO⌫A sensitivity. It starts with a brief overview of the neutrino oscillation frame-50

work in Sec. 2, and a description of the T2K experiment in Sec. 3. Updated T2K sensitivities51

are given in Sec. 4, while sensitivities when results from T2K are combined with those from52

the NO⌫A experiment are given in Sec. 5. Finally, results of a study of the optimization of53

the ⌫ and ⌫̄ running time for both T2K and NO⌫A are given in Sec. 6.54

2. Neutrino Mixing and Oscillation Framework55

Three-generation neutrino mixing can be described by a unitary matrix, often referred to56

as the PMNS matrix. The weak flavor eigenstates, ⌫e, ⌫µ, and ⌫⌧ are related to the mass57

eigenstates, ⌫1, ⌫2, and ⌫3, by the unitary mixing matrix U :58
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with Cij (Sij) representing cos ✓ij (sin ✓ij), where ✓ij is the mixing angle between the genera-60

tions i and j. There is one irreducible phase, �CP , allowed in a unitary 3⇥3 mixing matrix.161

After neutrinos propagate through vacuum, the probability that they will interact via one62

of the three flavors will depend on the values of these mixing angles. As neutrinos propagate63

through matter, coherent forward scattering of electron-neutrinos causes a change in the64

e↵ective neutrino mass that leads to a modification of the oscillation probability. This is the65

so-called matter e↵ect. Interference between multiple terms in the transition probability can66

lead to CP violation in neutrino mixing if the phase �CP is non-zero.67

For T2K, the neutrino oscillation modes of interest are the ⌫µ ! ⌫e appearance mode and68

the ⌫µ disappearance mode. The ⌫µ ! ⌫e appearance oscillation probability (to first order69

approximation in the matter e↵ect[24]) is given by70
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1 If the neutrino is a Majorana particle, two additional phases are allowed that have no consequences
for neutrino oscillations.
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flavour states mass states PMNS matrix 

Cij (Sij) represent cosθij (sinθij), δCP the CP violating phase 
Majorana phases ignored 

Atmospheric, 
νµ Long BL 

νµ Long BL, 
reactor Short BL 

Solar, 
reactor Long BL 



Neutrino oscillation probability 
•  2-neutrino mixing 
In vacuum (no matter effect) 
Amplitude determined by mixing angle θ
Frequency determined by mass splitting Δm and L/E 
 
•  3-neutrino mixing including matter effect 
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Search for Neutrino Oscillations (PDG 1996)

•  Disappearance: reactor experiments.
Nuclear reactors are most intensive
sources of νe on Eearth.
(I) With known neutrino flux:
    measure flux at distance L.
    Only νe flux is measured via
     νe + p ' e+ + n

   (II) Measure neutrino flux at position 1
      and verify flux after distance L.
 

More sensitive to small ∆m2 , as 
longer L can be used due to high flux

• Appearance: 
Use neutrino beam of type A (νµ) and 
search at distance L for neutrinos of type B (νe).
More sensitive to small sinθ due to appearance

Exclusion plots

More 
statistics

excluded
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where �ji = �m2
jiL/4E⌫ . The terms that include a ⌘ 2
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[GeV ])71

are a consequence of the matter e↵ect, where ne and ⇢ are the electron and matter densities,72

respectively. The equivalent expression for antineutrino appearance, ⌫̄µ ! ⌫̄e, is obtained by73

reversing the signs of terms proportional to sin �CP and a. The first and fourth terms of74

Eq.3 come from oscillations induced by ✓13 and ✓12, respectively, in the presence of non-zero75

✓23. The second and third terms come from interference caused by these oscillations. At the76

T2K peak energy of ⇠ 0.6 GeV and baseline length of L =295 km, cos�32 is nearly zero and77

the second and fifth terms vanish. The fourth term, to which solar neutrino disappearance78

is attributed, is negligibly small. Hence, the dominant contribution for ⌫e appearance in the79

T2K experiment comes from the first and third terms. The contribution from the matter80

e↵ect is about 10% of the first term without the matter e↵ect. Since the third term contains81

sin �CP , it is called the ‘CP-violating’ term. It is as large as 27% of the first term without the82

matter e↵ect when sin �CP = 1 and sin2 2✓23 = 1, meaning that the CP-violating term makes83

a non-negligible contribution to the total ⌫e appearance probability. The measurement of84

✓13 from the reactor experiments is independent of the CP phase, and future measurements85

from Daya Bay [10], Double Chooz [11] and RENO [12] will reduce the ✓13 uncertainty such86

that the significance of the CP-violating term will be enhanced for T2K. It is also impor-87

tant to recognize that since the sign of the CP-violating term is opposite for neutrino and88

antineutrino oscillations, data taken by T2K with an antineutrino beam for comparison to89

neutrino data may allow us to study CP violation e↵ects directly.90
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consistent with full mixing, but more data are required to know if that is the case. If the94

mixing is not maximal, the ⌫e appearance data, together with the ⌫µ disappearance data,95

have the potential to resolve the ✓23 octant degeneracy because the first term of Eq.3 is96
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The NO⌫A experiment is similar to T2K in the basic goals to measure ⌫µ disappearance and98

⌫e appearance in an o↵-axis muon neutrino beam. The most important di↵erence between99

the two experiments is the distance from the neutrino source to the far detector, 810 km for100
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NO⌫A to maximize the appearance probability. NO⌫A is projected to have similar sensitivity102

compared to T2K for ✓23, ✓13, and �CP , but better sensitivity to the sign of �m2
32 since, as103

can be seen in a in Eq. 3, the size of the matter e↵ect is proportional to the distance L. The104

combination of results from the two experiments at di↵erent baselines will further improve105

the sensitivity to the sign of �m2
32 and to �CP.106

In this paper we present the updated T2K sensitivity to neutrino oscillation parameters107

using a large value of sin2 2✓13 similar to that measured by the reactor experiments, together108
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Neutrino oscillations and massesNeutrino oscillations and masses
1. Neutrino oscillations
2. Atmospheric neutrinos
3. Solar neutrinos, MSW effect
4. Reactor neutrinos
5. Accelerator neutrinos
6. Neutrino masses, double beta decay
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Neutrino oscillation experiments 

2015 2020 2025 2030 2035 

Reactor SBL: θ13 

Accelerator LBL: θ13, (MH, δCP) 
T2K 

NOvA 

Daya Bay, Reno, D-Chooz 

Accelerator LBL: MH, δCP 
DUNE, T2HK 

JUNO 
Reactor LBL: MH 

FNAL SBL 
Steriles, Nu. Int. 

PINGU, ORCA 
MH 



Reactor Short BaseLine experiments 
•  2-neutrino mixing (νe disappearance) 
•  No parameter degeneracy 
•  Clean measurement of θ13 

•  Liquid scintillator 
•  Gd doping: increases neutron capture 

efficiency 
•  High statistics 
•  Near & Far detectors: control 

systematics 

Reactor antineutrino oscillation 

• Reactor as νe source  
– Free and pure 
– No dependence on CP phase or 

matter effect at short baseline 
• Precision measurement of 

θ13 
  at Daya Bay 

– Large thermal power (6x2.9 
GWth) and target mass (8x20 kt) 

– Near/far relative measurement 
to reduce reactor related errors 

– Identically designed multiple 
detectors to verify and reduce 
detector related errors  

– Good shielding and enough 
overburden to reduce 
backgrounds 
 

2 

For 4 MeV 
antineutrino  

2015/3/3 

28 

Running with FD; 
ND in construction 

Running with  
  ND & FD 

Running with  
  ND & FD 

E.g, for 
Daya Bay: 

   ND 

   FD  

XVI International Workshop on Neutrino Telescopes - Venice, March 2nd,  2015 Gianluigi Fogli 28 

7.  The Short Baseline Reactor experiments 



A Daya Bay detector Antineutrino detector 
• Three zones structure: 

– Target: 20 t 0.1% Gd-loaded scintillator 
– γ-catcher: 20 t scintillator 
– Buffer shielding: mineral oil 

• Top and bottom optical reflectors 
double the photon coverage. 

• 192 8’’ PMTs collect ~160 p.e./MeV 

5 

8 identically designed detectors to 
reduce systematic uncertainties 

2015/3/3 Target mass efficiency 



Reactor experiment systematics control 

Energy non-linearity, Daya Bay 
 
Rate vs reactor power, D-Chooz 
 
Cosmogenics: 9Li, D-Chooz 
 
Far-Near efficiency, 12B spectrum, RENO 
 

Energy non-linearity calibration 

• Two major sources of non-linearity 
– Scintillator response: modeled with Birks’ law and Cherenkov fraction 
– Electronics response: modeled with MC and single channel FADC measurement 

• Combined fit to mono-energetic gamma lines and  12B beta-decay spectrum 
• Validation with 208Th, 214Bi beta-decay spectrum, Michel electron spectrum, 

and scintillator quenching measurement using neutron beams and  Compton 
scattering electrons. 

2015/3/3 9 

Neutrino)candidates))

Both reactors 
ON 

n-Gd rate 

ONE reactor 
on 

Reactors OFF 

03-Mar-15 Christian Buck, MPIK Heidelberg 13 

" Data from Apr 2011 – Jan 2013 (live-time: 460.7 days) 

" 17351 neutrino candidates (doubled statistics) 

" 18290 predicted events (no oscillation) 

New data 

12B Energy Spectrum (Near & Far) 

Sunny!Seo! 20!

9Li)background)

9Li 
8He 

Cosmic µ!

03-Mar-15 Christian Buck, MPIK Heidelberg 41 



Reactor measurements of θ13 Reactor-based measurements of θ13 

9 



Reactor results Rate deficit and spectrum distortion 

16 

AD 5+6 data points are displaced by 
-50m and 50m for visual clarity 

• Near/Far relative 
measurement 

• Observed data highly 
consistent with oscillation 
interpretation 

2015/3/3 

Rate deficit and spectrum distortion 

16 

AD 5+6 data points are displaced by 
-50m and 50m for visual clarity 

• Near/Far relative 
measurement 

• Observed data highly 
consistent with oscillation 
interpretation 

2015/3/3 

Oscillation results 

• Most precise measurement 
of sin22θ13

 (6%) 
• Most precise measurement 

of Δm2
ee in the electron 

neutrino disappearance 
channel (4%) 
– Consistent with the muon 

neutrino disappearance 
experiments 

– Comparable precision 

 
 2015/3/3 17 

MINOS: PRL, 112, 191801 (2014) 
T2K: PRL, 112, 181801 (2014) 

Publication in preparation 

Oscillation results 
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of sin22θ13
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channel (4%) 
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neutrino disappearance 
experiments 

– Comparable precision 
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MINOS: PRL, 112, 191801 (2014) 
T2K: PRL, 112, 181801 (2014) 

Publication in preparation 

Reactor Neutrino Disappearance on L/E 

Sunny!Seo! NuTel!2015! 27!

Spectral)distor&on)

03-Mar-15 Christian Buck, MPIK Heidelberg 21 

Visible Energy (MeV)
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No oscillation
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Total systematic uncertainty

 = 0.09013�22Best fit: sin
2 = 0.00244 eV2m�at 

           DC-III (n-Gd)
Livetime: 467.90 days

#  Excess events in 4 – 6 MeV region (Gd and H) 
#  Background? Excess reactor flux correlated ! not favored 
#  Energy scale? Confirmed by n on C and 12B ! not favored 
#  Flux prediction? Under investigation 
#  No significant impact on Θ13 measurement 

Observation of a New Reactor Neutrino  
Component at 5 MeV 

Fraction of 5 MeV excess (%) to expected flux   [2011 Huber+Mueller] 

!  Near : 2.18 ± 0.40 (experimental) ± 0.49 (expected shape error)                 
!  Far    : 1.78 ± 0.71 (experimental) ± 0.49 (expected shape error) 

2.18±0.10% 1.78±0.30% 

21!

Absolute spectral shape measurement 
• Absolute spectral shape is NOT 

consistent with the prediction. A 
bump is observed in 4-6 MeV. 

2015/3/3 19 Publication in preparation 

• Another way to precisely measure 
antineutrino spectrum 
– IBD prompt spectrum Î 

antineutrino spectrum 
– Beta decay spectrum Î antineutrino 

spectrum (Huber, Mueller, ILL) 
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Accelerator Long BaseLine experiments 
Measurements of θ13, δCP at long baselines 

12 

Near detector Far detector 

Typically L ~ 300-1200 km 

ν
ν

ν
ν

ν

Accelerator-based neutrino beam 
E ~ 0.5 – 10 GeV 

Δm2
32%L/E%~%1%

Two types of oscillation searches: 
νµ (!ντ) disappearance: θ23 
νe appearance: sensitivity to θ13 and δCP, mass hierarchy, through 

 sub-leading terms in the appearance oscillation  
 probability (α L/E) and matter effect (α L×E)  



T2K T2K: Long-baseline accelerator-based exp. 

•  The first off-axis long-baseline neutrino oscillation experiment 
•  Narrow band beam, peak E = 600 MeV, L = 295km (matter effect 

correction of order 5%) 
 
Near detector complex: INGRID (on-axis) and  
ND280 (off-axis) constrain neutrino flux and cross-section. 

Far detector: Super-K is a 50kton Water Cherenkov  
capable of efficient muon/electron discrimination. 

 
Searches for νµ disappearance and νe appearance  

 with sensitivity to θ13, δCP.  
 

13 



T2K: the power of the Near Detector 

J-PARC neutrino experiments, M.Yokoyama (UTokyo)

ND280 data distributions
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⌫µ disappearance measurement
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⌫µ ! ⌫
e

appearance measurement

Discovery of ⌫µ ! ⌫e at 7.3�!

Phys. Rev. Lett. 112, 061802,
February 2014
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T2K results: Now 

17 

68% CL 
90% CL 

[arXiv:1502.01550] 
2010-2013 data runs:  
10% of total expected data  

Simultaneous νµ and νe fit 
under a three-flavor 
oscillation hypothesis: 
Vary δCP, Δm2

32, θ13, θ23. 
Frequentist approach. 
 
Combined with reactor 
experiments: hints toward 
δCP = -π/2 
 

(with reactor constraints) 

Combined appearance + disappearance analysis! 

Joint ⌫µ + ⌫
e

analysis (Bayesian version)

Appearance and disappearance
analyses only consider the spectrum
of the relevant flavour at Super-K.

Relationship between P(⌫µ ! ⌫µ),
P(⌫µ ! ⌫e), ✓23, ✓13, �CP and �m

2

32

is complicated.

Can consider both T2K ⌫µ and ⌫e
spectra simultaneously and include
constraint from reactor experiments.

Compare probabilities for each mass
hierarchy and ✓

23
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2

.

arXiv:1502.01550
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J-PARC neutrino experiments, M.Yokoyama (UTokyo)

νμ+νe combined analysis

28

arXiv:1502.01550

Frequentist analysis Bayesian probability

EXCLUDED at 90% CL

With reactor constraint
[0.15,0.83]π (NH)

[-0.08,1.09]π (IH)

NH IH Sum
sin2θ23≤0.5 0.179 0.078 0.257

sin2θ23>0.5 0.505 0.238 0.743

Sum 0.684 0.316 1.0

δCP of



T2K status & outlook 

•  Last run: stable beam at 320kW 
•  Plan for 2015: 350kW 
•  Recently exceeded integrated 1021 POT (approved for 8x1021) 
•  So far 70% neutrinos, 30% antineutrinos 
•  Aim for summer 2015: antineutrino oscillation with ~5x1020 POT 

•  Continue to 2021, search for CP Violation with up to 2.5σ sensitivity 
•  Combine with NOvA and SK to increase reach 

ND280 anti-neutrino mode ⌫̄µ selection
CC-1Track sample

Highest momentum positive track is
µ-like, and there is only one
FGD1-TPC2 matched track.

Sensitive to T2K signal mode.
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anti-neutrino data 

J-PARC neutrino experiments, M.Yokoyama (UTokyo)

Long term plans
• Search for CP violation with up to 2.5σ level sensitivity

• Precise measurements of oscillation parameters

• Various ν and ν ross section measurements

• Combination with NOvA and SK will enhance the reach

32

-150 -100 -50  0  50  100  150

True δCP(°)

 0.35

 0.4

 0.45

 0.5

 0.55

 0.6

 0.65

T
ru

e
 s

in
2
θ 2

3

 0

 1

 2

 3

 4

 5

 6

 7

-150 -100 -50  0  50  100  150

∆
χ2

True δCP(°)

1σ

90%

T2K

NOvA

T2K+NOvA

arXiv:1409.7469
to be published in 

90%CL sensitivity to CPVSignificance of CPV



MINOS/MINOS+ recent results MINOS/MINOS+ recent results 

Strong UK involvement  
(data analysis, leadership)! 

18 

New results from a three-flavor 
combined disappearance and 
appearance analysis  
 
Beam and atmospheric neutrino data 
 
Best fit (IH): 
|∆m2

32| = 2.37+0.11
�0.07 ×10�3 eV2 

 sin2θ23 = 0.43+0.19
�0.05  

 
Most precise |∆m2

32| measurement! 
Consistent with maximal mixing.  
Marginal preference for inverted 
hierarchy, lower octant of θ23.  
 

[arXiv:1502.07715] 
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NOvA NOνA: Long-baseline accelerator-based exp. 

19 

Construction complete and data taking with both detectors ongoing!  
First oscillation results expected in the next few months!  
Sensitivity to νe appearance is about 3 sigma with current data.  

E ≈ 2 GeV, L = 810 km  

Physics goals: 
νe appearance: 
θ13, δCP, mass hierarchy 
νµ disappearance: 
sin22θ23, |Δm2

32| 
 
Combined appearance  
and disappearance: 
! octant of θ23 

[NuTel2015] 

Strong UK involvement (Sussex)! 



NOvA expected sensitivity NOνA: Long-baseline accelerator-based exp. 

20 

NOνA projected sensitivity to δCP and mass hierarchy: 
[NuTel2015] 

Ruling out no CP violation 
as function of true value of%δCP%

Hierarchy resolution as a 
function of true value of δCP 



Future experiment: T2HK Future projects: Hyper-K 

Megaton-scale Water Cherenkov detector (20-25x larger than Super-K) 
 
Goal: δCP determination 
 
•  Increased zenith angle resolution 
•  e/µ discrimination 
•  Low energy threshold 
•  Statistical separation  

of νe vs. νe 
•  Large statistics! 
 
 
 
 
 
 
Funded within the UK by STFC (plus Japan R&D funds,  
international funds awaiting bid results) 
UK involvement:   

 prominent leadership roles within collaboration 
 software & physics, calibration, near detectors, DAQ and beam 
 also test beams at CERN 

   

Monday Neutrino Osc. I  
Parallel talk by M. Malek 

24 

_%

Future projects: Hyper-K 

arXiv:1412.4673 Hyper-K δCP  reach: 

δCP error of <19 deg for all values  

With 7.5 MW × 107 sec integrated proton beam  

76% (68%) parameter space 
coverage at 3σ (5σ) 25 

R&D funded in Japan and UK 
Final funding decision by 2017 



Future experiment: DUNE Future projects: DUNE 
Deep Underground Neutrino Experiment (formerly LBNE/ELBNF/LBNF) 

34 kton Liquid Argon Time Projection 
Chamber (LArTPC), 1.5km underground 

E = 0.5-5 GeV, L = 1200 km 
Significant matter effect 

Primary physics goal: δCP and  
 neutrino mass hierarchy 

27 

DUNE Far Detector 

ArgoNeuT 



LBNF and DUNE 
•  Long Baseline Neutrino Facility at Fermilab and SURF (FNAL/DOE) 

•  Proton complex, neutrino beam, ND and FD facilities 
•  PIP-II upgrade to deliver 1.2MW, tunable, wide-band n beam by 2024 
•  Further upgrades to 2.4MW by ~2030 

•   DUNE: 550 signatories, 147 institutions, 24 countries 
•  To construct and operate a (staged) 40 kt LAr detector at SURF, 1300 km 

from Fermilab, underground at 4300 mwe 
•  And a high-granularity, high-precision Near Detector 

•  To integrate 120 kt*MW*yr by ~2035 
•  CP violation 
•  Mass Hierarchy 
•  Test the 3-neutrino paradigm (unitarity of PMNS) 
•  Search for nucleon decay 
•  Atmospheric and astrophysical neutrino measurements 

•  First collaboration meeting Jan 2015, second as we speak 



DUNE expected sensitivity 
Future projects: DUNE 

28 

DUNE δCP  reach: 

 

[DUNE (LBNE) Scientific Opportunities Document] 

Future projects: DUNE 

29 

DUNE neutrino mass hierarchy  reach: 

 

[DUNE (LBNE) Scientific Opportunities Document] 



Future experiment: PINGU Future projects: PINGU 

Precision IceCube Next Generation Upgrade 

A new in-fill array for IceCube 
PINGU LOI, arXiv:1401.2046 
 
Primary goal: precision measurement 
of atmospheric oscillations with a focus 
on the neutrino mass hierarchy 
determination 
(exploiting earth MSW effect) 
 
 30 



JUNO The JUNO Experiment

� 20 kton LS detector
� 3% energy resolution
� 700 m underground
� Rich physics possibilities

Ö Reactor neutrino
for Mass hierarchy and 
precision measurement of 
oscillation parameters

Ö Supernovae neutrino
Ö Geoneutrino
Ö Solar neutrino
Ö Atmospheric neutrino
Ö Exotic searches 

Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011;  by J. Cao at Nutel 2009, NuTurn 2012 ; 
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  PRD78:111103, 2008;  PRD79:073007,2009

� Jiangmen Underground Neutrino Observatory, a multiple-purpose 
neutrino experiment, approved in Feb. 2013. ~ 300 M$.

2015-3-4 2



JUNO oscillation measurements 

Determine MH with Reactors

Precision energy spectrum measurement
interference between P31 and P32
Æ Relative measurement

Further improvement  with Δm2
μμ

measurement from accelerator exp.
Æ Absolute measurement

4 MeV CQe

2015-3-4 5

• A fixed definition ∆𝑚𝑒𝑒
2

• And an energy related phase shift I
Determine MH with Reactors

Precision energy spectrum measurement
interference between P31 and P32
Æ Relative measurement

Further improvement  with Δm2
μμ

measurement from accelerator exp.
Æ Absolute measurement

4 MeV CQe

2015-3-4 5

• A fixed definition ∆𝑚𝑒𝑒
2

• And an energy related phase shift I

Access to MH 

Detector under 700m overburden 
53 km from two new power station complexes 
26.6 GW by 2020 start, increasing to 35 GW 



Other issues: sterile signs / anomalies 

•  LSND anti-νe appearance (3.8σ, 1995) 
•  MiniBooNE appearance, similar, 2012 
•  Reactor rate deficit, 2-3σ, compatible 

•  Flux shape and integral? 
•  Gallium source deficit 
•  MINOS+ preliminary: stringent constraints 
•  T2K ND: central solutions exclusion 
SBN programme at FNAL (LAr detectors) 
•  SBND 
•  MicroBooNE 
•  ICARUS 
3 baselines in Booster beam for final 
resolution 

Some odd pieces: What’s missing? 

•  Why are these considered “anomalies”? 

–  They imply independent Δm2 values ~1 eV2 
 
–  They are not very strong claims:  

no single anomaly at 5σ level 

–  Their interpretation is  
incompatible with other (null)  
experimental results 

–  No single physics model can 
explain all signals simultaneously 

Δm232

Δm221

(3+1) Sterile neutrino oscillation hypothesis 
33 

Recent constraints from  
MINOS+, Super-K, T2K near detector 

95% CL 

During this past year, T2K has also  
performed a search for νe  
disappearance using the near  
detector;  
very small hint of νe  
disappearance at 90% CL but  
no clear picture in the disappearance sector. arXiv:1410.8811 

40 



Outlook 

•  Exciting recent results 
•  Accelerator and reactor experiments start to provide hints of δCP and MH 
•  New results to come from T2K, NOvA, MINOS/MINOS+ in the next 5 years 

•  Next generation experiments (DUNE, Hyper-K, PINGU, JUNO) hold 
great promise for the next two decades 

•  A strong Short Baseline programme at FNAL will explore the sterile / 
anomalies landscape 

•  Most probably new questions will come up, a few discoveries, and 
hopefully some breakthrough to “the other side” of the “TeV scale” of 
the LHC 



Quarks vs neutrinos 

Stephen Parke, Fermilab                                      NeuTeL @ Venezia                                                         3/04/2015                      

quarks  v  neutrinos !

41

Thank You !


