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Outline

• Neutrino Mixing 

• Recent Neutrino Oscillation Results

‣MINOS

‣ T2K

‣OPERA

• Results expected in near future  

‣MINOS+

‣NOvA
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Neutrino Oscillations

• Very compelling evidence that neutrinos change flavor 

‣ Fewer atmospheric muon neutrinos vanish while 
crossing Earth

‣  Confirmed with accelerator neutrino beams.

‣ Too few electron neutrinos from the solar core are 
observed.  But the total flux of all 3 flavors matches 
the expected number. 

‣Confirmed with reactor neutrinos over 100km 
distances.

‣Missing reactor neutrinos at shorter distances

‣Electron neutrino appearance in a muon neutrino 
beam
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Neutrino Mixing

• Neutrino flavor states are a mixture of neutrino mass states.

• Interference between the mass and flavor eigenstates causes the 
observed flavor to oscillate with time. 

• In general neutrino transition probability to another flavor is given 
by:
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• Unitary matrix relates mixing between flavor and mass states

• Αnti-ν depend on U*

Mixing Matrix
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θ23  and  Δm232
Atmospheric/
Accelerator neutrinos
θ23~45o

θ12  and  Δm221
Solar neutrinos/ 
reactor anti-neutrinos
θ12~34o

 δ, θ13  and  Δm231
reactor anti-neutrinos and 
accelerator neutrinos
θ13~9o
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Neutrino Masses

• Two different mass difference scales

• Sign of Δm21 is known from solar ν from mass effects, but sign of 

Δm31 isn’t, so two possible orderings of masses
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• L/E scale relevant for recent accelerator beams oscillation effects are 
dominated by m3↔m2 and m3↔m1 mixing 

• νμ Disappearance in a νμ Beam (no matter, no CP)

• νe Appearance in a νμ Beam (no matter, no CP)

• Can also look for appearance of τ neutrinos

• Increasing need for simultaneous 3 flavor fits

Vacuum Oscillation Probability 
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Matter & CP Effects
• In the presence of matter, the appearance probability changes to

• A has opposite sign for anti-ν.  So even with δ=0,                       
increases while                     decreases for NH, so an apparent CP 
violation.

• For δ≠0, there are additional terms including

• Changes sign for anti-ν. So positive δ will decrease                       and 
increase                    .
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Neutrino Results
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• SK I-III data (1996–2007) analysis for 3 neutrino flavors

• No hierarchy preference;  Results consistent with both θ13=0 and non-zero 
values

• Preliminary results at Neutrino 2014 for SK I-IV (1996-present, 4581 live 

days) which have a slight preference for NH and weak preference for θ13≠ 
0.

Phys Rev D 81 092004 (2010)
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FIG. 8 (color online). Inverted hierarchy allowed regions at 68% (thin line), 90% (medium line), and 99% (thick line) C.L. for the
SK-Iþ IIþ III data. The shaded region in the first panel shows the Chooz 90% exclusion region.
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SK-Iþ IIþ III data. The shaded region in the first panel shows the Chooz 90% exclusion region.
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MINOS: Main Injector Neutrino Oscillation Search
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Far Detector:
• 735 km from target
• 705 m underground in 

Soudan, MN 
• 5.4 kton mass
• 8 m tall

Near Detector:
• 103 m underground at 

FNAL
• 1 km from target
• 1 kton mass

Magnetized iron/
scintillator sampling 

calorimeters
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NuMI Beam

• 120 GeV protons from the Main injector 
strike a graphite target

• 2 horns focus the pions and kaons, which 
decay in a 675 m long decay pipe

• 93% νμ, 6% νμ, 1% νe

• 400 kW design power

11
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MINOS Running

• Neutrino Mode: 10.71x1020 protons on target

• Anti-neutrino Mode: 3.61x1020 protons on target

• 37.88 kton years of atmospheric neutrinos

12

Low Energy Neutrino Beam

Low Energy Antineutrino Beam

Special Runs

 Accelerator and atmospheric neutrino data from MINOS:

 NuMI beam, neutrino mode (10.71 x 1020 protons-on-target)

 NuMI beam, antineutrino mode (3.36 x 1020 protons-on-target)

 Atmospheric neutrinos (37.9 kt-yrs in MINOS Far Detector)

MINOS combined analysis
Total protons on target in NuMI beam
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Beam + Atmospheric Neutrinos

• Combined fit for νμ 

disappearance and νμ->νe 
appearances using NuMI beam 
data and atmospheric neutrinos

‣ Includes anti-neutrino data

‣ 3 flavor fit where Δm2
32, θ23, 

θ13,  δCP are varied

‣θ13 constrained by reactor 
data

13

Phys Rev Lett 112 191801 (2014)

MINOS oscillation results
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Anti-Neutrino Results

• νμ disappearance for  ν and anti-ν beam + 
atmospheric neutrinos

‣anti-ν and ν have similar best fit points 
and strongly overlapping 90% CL regions

• νe appearance for ν and anti-ν beam

‣Data prefer inverted hierarchy, especially 

for θ23 >π/4

‣At 68% CL disfavors 31% of the δ/octant/
hierarchy phase space, especially normal 

hierarchy with θ23 >π/4 and large δ

14

Phys Rev Lett 110 171801 (2013)

inverted mass hierarchy, ! ¼ 0, and "23 < #=4, we
find that the data allow for values of 0:03<
2sin2ð2"13Þsin2ð"23Þ< 0:18 at 90% C.L. with the best-fit
value of 2sin2ð2"13Þsin2ð"23Þ ¼ 0:093þ0:054

%0:049. The best-fit
values show very weak dependence on the choice of
octant for "23.

We are further able to place constraints on the value
of !, the octant of "23, and the neutrino mass hierarchy
by incorporating the current knowledge of sin2ð2"13Þ ¼
0:098& 0:013 that we calculate from recent reactor data
[8–10]. Figure 4 shows the likelihood for our data as a
function of ! for the four possible combinations of mass
hierarchy and the octant of "23. The full set of statistical
and systematic uncertainties on the prediction is taken into
account when calculating the likelihood, as are the uncer-
tainties on the oscillation parameters. This analysis repre-
sents the first result by a long-baseline experiment to use
a combination of $% ! $e and !$% ! !$e appearance data,

with external reactor constraints on "13, to probe !, the
"23 octant degeneracy, and the mass hierarchy. Assuming
"23 > #=4 ("23 < #=4), the data prefer an inverted hier-
archy at 0.63 (0.04) units of %2" lnL. Furthermore, as is
indicated by the horizontal lines in Fig. 4, our data disfavor
31% (5%) of the three-parameter space defined by !, the
octant of the "23, and the mass hierarchy at the 68% (90%)
C.L. This analysis demonstrates the potential discriminat-
ing power that can be achieved with the combination of
reactor and $% ! $e and !$% ! !$e appearance data.

In conclusion, we have presented the results of the $e

and !$e appearance in $% and !$% beams from the full

MINOS data sample. We have used these data to place
new constraints on the mixing angle "13 and have demon-
strated how such data will be used in the future to break the
degeneracy in the appearance probability created by the
ambiguity in the octant of "23, the neutrino mass hierarchy,
and the value of the CP-violating phase !.
This work was supported by the U.S. DOE; the U.K.

STFC; the U.S. NSF; the state and University of
Minnesota; the University of Athens, Greece; and
Brazil’s FAPESP, CNPq, and CAPES. We are grateful to
the Minnesota DNR, the crew of the Soudan Underground
Laboratory, and the personnel of Fermilab for their con-
tributions to this effort. We thank Texas Advanced
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Neutrino vs.  Antineutrino 

Disappearance

MINOS finds consistent values for neutrinos and antineutrino oscillation parameters measured via 
charged-current disappearance.

∣∣∆m2
∣∣−

∣∣∆m2
∣∣ = 0.12+0.24

−0.26 × 10−3eV2
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295 km

280 m

J-PARC

Near Detector
Super-Kamiokande

1000 m

Neutrino Beam

T2K: Tokai-to-Kamioka

• Long-baseline neutrino experiment in Japan with 295 km baseline
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TokaiKamioka
295 km

Tokyo

J-PARC Facility (Tokai)
Accelerator+Near Detector

Super-Kamiokande
Detector

Main Ring 
Synchrotron
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T2K Beam
16

• 30 GeV protons strike graphite target, 

producing πs and Ks

•  3 magnetic horns to focus π and K 
into the desired direction

• Beam is ~95% νμ,  4% νμ, 1% νe

• Designed for 750 kW

Beam Dump 
and Dirt μ+

μ+

νμ

νμ

Decay Region

(Helium)

100 m

Magnetic Horns

π+

π+

π-

Side View of T2K Beam  (not to scale!)

Graphite 
Target

protons

_
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T2K Detectors
17

Not to scale!

Decay Volume

p

π+

Beam Axis

ND280
Off-Axis 
Detector 280 m Hall

INGRID
On-Axis Detector

Target and 
Horns

295 km

Super-
Kamiokande

280 m

Muon
Monitor

2.5o
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ND280:  Off-Axis Near Detector

• Inside the 0.2 T UA-1 magnet 

• ~ 10,000 ν interactions per day

• Tracker 
‣ Fine-grained scintillator tracker + 3 TPCs 

(and water targets)

• Pi-Zero Detector
‣ Brass/Lead/plastic scintillator calorimeter 

(and water targets)

• ECAL
‣ Lead/plastic scintillator calorimeter

• Side Muon Range Detector
‣ Plastic scintillator paddles interspersed 

between magnet yoke layers

18

7m 

3.5 m 

ν beam

SMRD
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 Super-Kamiokande: Far Detector

• Large volume water 
Cherenkov detector

• 50 kton of pure H2O (22.5 kton 
fiducial volume)

• 11,000 phototubes

• Outer layer with 1885 
phototubes to reject external 
events

• Expect a handful of events per 
day at full beam power.

19

40m

41.4m
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Integrated POT (Full T2K Run 1–5)

Integrated for Physics so far: 7.39⇥ 1020 POT
Integrated ⌫-Mode for Physics so far: 6.88⇥ 1020 POT
Integrated ⌫̄-Mode for Physics so far: 0.51⇥ 1020 POT

T2K Beam Running

• Total ν physics running 6.88 x1020 protons on target

• Total anti-ν physics running 0.51 x1020 protons on target

• Only 10% of expected protons 

20

Run 1

Earthquake 

Run 2

Run 3

Run 4 Run 5
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Measurements Using Only Near Detectors

• Papers from On-Axis Near Detector 

‣ Inclusive νμ CC cross section on Fe and C, arXiv:1407.4256, accepted by Phys Rev D

• Papers from Off-Axis Near Detector Data

‣ Inclusive νμ CC cross section on C, Phys Rev D 87 092003 (2013)

‣ Inclusive νe CC cross section on C, arXiv: 407.7389

‣ Measurement of νe component of the Beam, Phys Rev D 89 092003 (2014)

• Preliminary cross sections results have  been also presented on a number of topics 

including νμ CC quasi-elastic cross section on C, NC elastic scattering cross section, 
and CC coherent pion production

21

 Measured/Predicted 
= 1.01±0.1

As far as the nuisance parameters are concerned, the
fitted values are in good agreement with the expectations.
The out of FGD electron component is reduced in the
fit by 0.64! 0.10, compatible with the prior systematic
uncertainty of 30%. This reduction might point to the fact

that the simulation does not properly reproduce the amount
of π0 produced in neutrino interactions in the materials
surrounding the ND280 tracker region. Those interactions
are mainly high energy deep inelastic scattering events
for which the π0 multiplicity is not well measured. This
reduction does not have a large impact on the measure-
ments presented here because of the presence of the photon
conversion sample used to evaluate this background.

IX. SUMMARY

In summary, a selection of νe CC interactions has been
performed using the T2K off-axis near detector combining
the PID capabilities of the TPC and ECal. The combination
of these two detectors allows the selection of a clean
sample of electrons with a purity of 92% and a muon
misidentification probability smaller than 1%.
The selected sample is mainly composed of electrons

coming from νe CC interactions but a non-negligible
component comes from photon conversions in the FGD.
This background is constrained in the analysis using
a sample of eþe− pairs coming from photon conversions
in which both outgoing particles are reconstructed in
the TPC.
To extract the beam νe component from the data a

likelihood fit is performed. The expected number of νe
interactions is predicted by the same model used for the
T2K oscillation analyses where the neutrino fluxes and the
neutrino cross sections are evaluated by the νμ CC samples
selected at ND280.
The observed number of events is in good agreement

with the prediction, providing a direct confirmation of this
method. This measurement is still statistically limited but
when additional data is collected it will be possible to
further improve the measurement of the intrinsic νe
component in the T2K beam and perform measurements
of νe cross sections and of the νe=νμ cross section
differences that have not been measured at T2K energies.
This measurement is particularly important because the

intrinsic νe component is the main background for all the
proposed long-baseline neutrino oscillation experiments
aiming to measure CP violation in the leptonic sector. In
this paper it is shown that, although the component is small,
it is possible to measure it with a properly designed near
detector.
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FIG. 16 (color online). Reconstructed electron momentum
distribution for the events selected in the three samples after
the fit to extract the beam νe component: CCQE-like selection
(top), CCnonQE-like selection (center) and γ selection (bottom).
The last bin contains all the events with reconstructed electron
momentum larger than 3.5 GeV=c. The signal is divided into νe
produced by muon and kaon decays. The background is divided
into the same categories as Fig. 8. The error on the points is the
statistical error on the data.

MEASUREMENT OF THE INTRINSIC ELECTRON … PHYSICAL REVIEW D 89, 092003 (2014)
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e CCQE-like  



PIC 2014 Marino

Near Detector Samples

• 3 ND samples used as 
constraints for oscillation 
analyses

‣CC0π
‣CC1π+

‣CC Other

22

CC0π"

FGD     TPC     FGD      TPC"

μ"#

CC1π+"

FGD    TPC   FGD      TPC"

μ"#

π+#

CCOther!

FGD     TPC    FGD      TPC!
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Constraints for Oscillation Analysis
23

ND280 CC0π, 

CC1π+, and CC other 
events binned in (p, 

cos(θ) )

Flux prediction
(constrained by NA61 and 

other measurements)

Cross Sections
NEUT generator + 

uncertainties from MiniBooNE

Fit to ND280 data to constrain flux 
and cross section uncertainties

Predicted flux and correlated 
cross section at SK

events in SK SK Uncertainties
detector and uncorrelated 

cross sectionOscillation 
Parameter Fit
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Constraints and Uncertainties

• Fractional error on # νe events: 6.8% ;  on # νμ  events: 7.7%

• After constraint, largest sys uncertainty due to difference in nuclear 
targets 

24

νe νμ
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Event Selection in Super-K
25

νe sample 

Fully-contained event with 
single electron-like ring, 
E<1250 MeV

νμ sample

Fully-contained event with single 
muon-like ring
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value of 7.3σ. These significances were calculated using a
test statistic having fixed values for θ23 and δCP. For any
values for these parameters, consistent with their present
uncertainties, the significance remains above 7σ.
As the precision of this measurement increases, the

uncertainty from other oscillation parameters becomes
increasingly important. The uncertainties on θ23 and
Δm2

32 are taken into account in the fit by adding a Lconst
term and marginalizing the likelihood over θ23 and Δm2

32.
The Lconst term is the likelihood as a function of sin2θ23 and
Δm2

32, obtained from the T2K νμ disappearance measure-
ment [30]. The value of δCP and the hierarchy are held
fixed in the fit. Performing the fit for all values of δCP,
the allowed 68% and 90% C.L. regions for sin22θ13 are
obtained as shown in Fig. 5. For δCP ¼ 0 and normal
(inverted) hierarchy case, the best-fit value with a 68% C.L.
is sin22θ13 ¼ 0.136þ0.044

−0.033 (0.166þ0.051
−0.042). With the current

statistics, the correlation between the νμ disappearance and
νe appearance measurements in T2K is negligibly small.
Constraints on δCP are obtained by combining our results

with the θ13 value measured by reactor experiments. The
additional likelihood constraint term on sin22θ13 is defined
as expf−ðsin22θ13 − 0.098Þ2=½2ð0.0132Þ&g, where 0.098
and 0.013 are the averaged value and the error of sin22θ13
from PDG2012 [9]. The −2Δ ln L curve as a function of
δCP is shown in Fig. 6, where the likelihood is marginalized
over sin22θ13, sin2θ23, and Δm2

32. The combined T2K and
reactor measurements prefer δCP ¼ −π=2. The 90% C.L.
limits shown in Fig. 6 are evaluated by using the Feldman-
Cousins method [31] in order to extract the excluded
region. The data exclude δCP between 0.19π and 0.80π
(−π and−0.97π, and−0.04π and π) with normal (inverted)
hierarchy at 90% C.L.
The maximum value of −2Δ ln L is 3.38 (5.76) at

δCP ¼ π=2 for the normal (inverted) hierarchy case. This
value is compared with a large number of toy MC experi-
ments, generated assuming δCP ¼ −π=2, sin22θ13 ¼ 0.1,

sin2θ23 ¼ 0.5, and Δm2
32 ¼ 2.4 × 10−3 eV2. The MC aver-

aged value of −2Δ ln L at δCP ¼ π=2 is 2.20 (4.10) for the
normal (inverted) hierarchy case, and the probability of
obtaining a value greater or equal to the observed value is
34.1% (33.4%). With the same MC settings, the expected
90% C.L. exclusion region is evaluated to be between
0.35π and 0.63π (0.09π and 0.90π) radians for the normal
(inverted) hierarchy case.
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PRL 112, 061802 (2014) P HY S I CA L R EV I EW LE T T ER S week ending
14 FEBRUARY 2014

061802-7

νe Appearance and νμ Disappearance

• Best Fit

‣NH:Δm2
32=(2.51±0.10)x10-3 eV2, 

sin2θ23=0.514±0.055
0.056

‣ IH: Δm2
32=(2.48±0.10)x10-3 ev2, 

sin2θ23=0.511±0.055

• Most precise measurement of θ23

26
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muon momentum and angle relative to the beam direction
for the CC-0π sample and the improvement in data and MC
agreement when using the best-fit parameters. The fit uses
the neutrino interaction model to extrapolate ND280
measurements, primarily covering cosðθμÞ > 0.5, over
SK’s 4π angular acceptance.
The fit gives estimates for 16 beam flux parameters at

SK, the seven common cross section parameters, and their
covariance. Using the ND280 data reduces the uncertainty
on the expected number of events at SK due to these
parameters from 21.6% to 2.7%.
SK measurements.—An enriched sample of νμ CCQE

events, occurring within −2 μs to þ10 μs of the expected
neutrino arrival time, is selected in SK. We require low
activity in the outer detector to reduce entering backgrounds.
We also require: visible energy > 30 MeV, exactly one
reconstructed Cherenkov ring, μ-like particle identification,
reconstructed muon momentum > 200 MeV, and ≤ 1
reconstructed decay electron. The reconstructed vertexmust
be in the fiducial volume (at least 2 m away from the ID
walls) and we reject “flasher” events (produced by inter-
mittent light emission inside phototubes). More details
about the SK event selection and reconstruction are found
in [22].
The neutrino energy for each event is calculated under

the quasielastic assumption as in [2] using an average
binding energy of 27 MeV for nucleons in 16O. The Ereco
distribution of the 120 selected events is shown in Fig. 2.
The MC expectation without oscillations is 446.0$ 22.5
(syst.) events, of which 81.0% are νμ þ ν̄μ CCQE, 17.5%
are νμ þ ν̄μ CC non-QE, 1.5% are NC, and 0.02% are νe þ
ν̄e CC. The expected resolution in reconstructed energy for
νμ þ ν̄μ CCQE events near the oscillation maximum
is ∼0.1 GeV.
Systematic uncertainties in the analysis are evaluated

with atmospheric neutrinos, cosmic-ray muons, and their

decay electrons. Correlated selection efficiency parameters
are assigned for six event categories: νμ þ ν̄μ CCQE in
three energy bins, νμ þ ν̄μ CC non-QE, νe þ ν̄e CC, and
NC events. An energy scale uncertainty of 2.4% comes
from comparing reconstructed momenta in data andMC for
cosmic-ray stopping muons and associated decay electrons,
and from comparing reconstructed invariant mass in data
and MC simulations for π0’s produced by atmospheric
neutrinos. Systematic uncertainties in pion interactions in
the target nucleus (FSI) and SK detector (SI) are evaluated
by varying pion interaction probabilities in the NEUT
cascade model. These SK detector and FSIþ SI uncer-
tainties produce a 5.6% fractional error in the expected
number of SK events (see Table I).
Oscillation fits.—We estimate oscillation parameters

using an unbinned maximum likelihood fit to the SK
spectrum for the parameters sin2ðθ23Þ and either Δm2

32

or Δm2
13 for the normal and inverted mass hierarchies,

respectively, and all 45 systematic parameters. The fit uses
73 unequal-width energy bins, and interpolates the spec-
trum between bins. Oscillation probabilities are calculated
using the full three-flavor oscillation framework. Matter
effects are included with an Earth density of ρ ¼ 2.6 g=cm3

[45], δCP is unconstrained in the range ½−π; π', and other
oscillation parameters are fit with constraints sin2ðθ13Þ ¼
0.0251$ 0.0035, sin2ðθ12Þ ¼ 0.312$ 0.016, and Δm2

21 ¼
ð7.50$ 0.20Þ × 10−5 eV2=c4 [46]. Figure 2 shows the
best-fit neutrino energy spectrum. The point estimates of
the 45 nuisance parameters are all within 0.25 standard
deviations of their prior values.
Two-dimensional confidence regions in the oscillation

parameters are constructed using the Feldman-Cousins
method [47], with systematics incorporated using the
Cousins-Highland method [48]. Figure 3 shows 68% and
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PRL 112, 181801 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
9 MAY 2014

181801-5

Run 1–4

νμ Disappearance

•Best Fits at δcp=o, Δm2
32=2.51x10-3 

eV2,  sin2θ23=0.5

‣NH: sin22θ13=0.140±0.038
0.032

‣ IH: sin22θ13=0.170±0.045
0.037 

•7.3σ significance compared to bkg

Phys Rev Lett 112 061802 (2014)

Run 1–4

νe Appearance
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T2K Combined 3-flavor Fit

• Combined 3-flavor fit 

for T2K  νμ 

disappearance and νe 
appearance data

27

T2K Preliminary
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Hierarchy and δCP

28

• Includes reactor constraint on θ13

• Preference for negative δ
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Comparison of Masses and Angles

• Simultaneous appearance/disappearance 3-flavor fits for each 
experiment

• Allowed regions for mixing angles and mass splitting overlap very 
well

29

NH IH
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Anti-Neutrinos in T2K

• In June 2014 began data taking with anti-ν beam

• In future will take similar amounts of anti-ν and ν data

30

Super-Kamiokande IV
T2K Beam Run 560041 Spill 2343442
Run 72739 Sub 623 Event 150503351 
14-06-08:12:21:36

T2K beam dt =  2820.7 ns

Inner: 1355 hits, 4920 pe

Outer: 3 hits, 2 pe

Trigger: 0x80000007

D_wall: 312.3 cm

Evis: 445.6 MeV
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Tau Appearance

• OPERA 2008–2012 data in Phys Rev D 89 051102 (2014)

• A 4th τ appearance event discovered in more recent data, no 

oscillation now excluded at the 4.2σ CL

• Super-K in Phys Rev Lett 110 181802 (2013) also reported 3.8σ CL 
evidence for tau appearance in events resulting from hadronic tau 
decays.

31

4th candidate,
S. Dusini,

Neutrino 2014

Neutrino)2014).)Boston)(USA)) S.Dusini).)INFN)Padova) 11)

Z (cm)400 500 600 700

X 
(c

m
)

-350

-300

-250

2

3

4 daughter

Track 2 from neutrino interaction 
vertex, p = 1.9 GeV stopping in 
first iron slab of the magnet 

4th �� candidate (!→h)  (2014)  

γ1�

γ2�

3�
4�

2�

J
H
E
P
1
1
(
2
0
1
3
)
0
3
6

variable ⌃ � 1h ⌃ � 3h ⌃ � µ ⌃ � e

lepton-tag No µ or e at the primary vertex

zdec (µm) [44, 2600] < 2600 [44, 2600] < 2600

pmiss
T (GeV/c) < 1⇥ < 1⇥ / /

⌥lH (rad) > ⌅/2⇥ > ⌅/2⇥ / /

p2ryT (GeV/c) > 0.6(0.3)* / > 0.25 > 0.1

p2ry (GeV/c) > 2 > 3 > 1 and < 15 > 1 and < 15

⇥kink (mrad) > 20 < 500 > 20 > 20

m,mmin (GeV/c2) / > 0.5 and < 2 / /

Table 3. Kinematic selection. The meaning of the variables is defined in the text. The cut on p2ryT

for the 1-prong hadronic decay is set at 0.3GeV/c in the presence of � particles associated to the
decay vertex and to 0.6 otherwise. Cuts marked with a � are not applied in the case of a QE event.
Only long decays are considered for the ⌃ � µ and ⌃ � h channels due to a large background
component in short decays from charmed particles and hadronic re-interactions respectively.
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Figure 6. MC distributions of the DTFD variable (section 3.6) used to combine the information
on momentum and range to separate muons from hadrons. The red (gray) histograms refers to
genuine muons (hadrons). The vertical line denotes the used cut.

background in the hadronic channels due to hadron re-interactions in ⇤CC
µ events where

the electronic detectors alone do not allow the primary µ to be identified unambiguously.

Momentum-range correlations are characterised by a discriminating variable defined

as: DTFD = L
R(p)

�
��⇥ where L is the track length, R(p) is the range in lead of a muon with

momentum p, ⇥⇧⇤ is the average density along the path and ⇧ is the lead density. The MC

distributions of DTFD for hadrons and muons are reported in figure 6. If DTFD > 0.8 the

track is classified as a muon. Among all the criteria used to separate muons from hadrons,

momentum-range correlations and energy loss close to the stopping point, are those having

a lower purity in the muon-tagging. For this reason, TLD tracks which are classified by the

TFD as hadrons only by one of the above criteria are not included in the calculation of ⌥lH .

– 14 –

D =
L

Rlead(p)

�average

�lead
= 0.40+0.04

�0.05
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Near Future Accelerator-
Based Neutrino Experiments

32
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MINOS+
33

• MINOS+ : Operate MINOS detectors in NOvA-era NuMI beam

� �-��#*&�9��"�+�%&�'.�#����"��""�(�	��;�	��K9���*'%�"#�CABE

MINOS (2005-2012)

( MINOS+ 

(

BA

��%&'��	��K����!���'�
� �*!,������2
����'�,�.2,(���#(���*.H�\F�ZXY[�

� �2,,�(.�O�2,,�(.�O��&��"��&��"P����'�,2((#(!�

� ZH\5YXZH\5YXY[�OOF-BAF-BABDBDP�*,).)(-L*2&-��

� Z`X�%��OZ`X�%��OHAA���HAA���P����'�*)4�,�

� ���'�-*#&&��3�,6�YH_�-�O���'�-*#&&��3�,6�YH_�-�OB:DD�&B:DD�&P�


���e��#,-.����B���(�#��.�

B:H���BACA�����"�5�%*""�"��
BA:H���BACA�����"�5�%*""�"��
D:E���BACA�����"�50�%*""�"��

A. Souza, 
Nu2014

MINOS+



PIC 2014 Marino

MINOS+ Physics

• Beam is higher in energy and has a greater flux per POT

• Goals include precision 3-flavor mixing tests, sterile neutrinos, 
non-standard interactions, neutrino cross section measurements

34

Preliminary Far CC spectrum
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NOνA

35

• active scintillator detectors, 14 kton far det

• Off-axis from NuMI beam, 810 km from source

• First beam April 2013

• Near and Far Detectors complete in April 2014
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NOvA Candidate Events
36

Candidate FD Event
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Hierarchy Sensitivity

• NOvA has 2σ resolution of hierarchy over 1/3rd of δ space

• NOvA+T2K have better than 1σ resolution over all space

37

NOvA NOvA+T2K



PIC 2014 Marino

δCP Sensitivity

• Assumes hierarchy is 
unknown

• Dashed lines include 
systematics

• T2K+NOvA have more than 

1σ sensitivity over 75% of 

the δCP range 

38
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Summary

• We are moving into an era of precision measurements of neutrino 
oscillation parameters in the 1–3 and 2–3 sector with accelerator-
based neutrino experiments.

• MINOS and T2K have observed the disappearance of νμ and the 

appearance of νe

• MINOS operations have concluded, joint 3-flavor analysis performed 

of beam (ν+anti-ν) + cosmics

• T2K began taking anti-ν data in 2014

• MINOS+ and NOvA have started data collection and will present 
physics result in the near future
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