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S T U D Y I N G  N E U T R I N O  O S C I L L AT I O N S  

• Where the mixing matrix has 3 mixing angles and one phase (ignoring Majorana): 
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As in the quark case, the CP phase can be non-zero if all 3 angles are non-zero.

Solar + 
Reactor  
L/E 15,000 km/GeV

Atmospheric +  
Accelerator 
L/E 500 km/GeV

Reactor +  
Accelerator 
L/E 500 km/GeV

✓ Δm232~2.5 x 10-3 eV2 ✓ δm221~8 x 10-5 eV2

✓ θ12 ~ 34o
✓ θ13 ~ 9o

✓ θ23 ~ 45o δCP = ? 

What do we know?
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As in the quark case, the CP phase can be non-zero if all 3 angles are non-zero.
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H O W  W E L L  D O  W E  K N O W  I T ?

4

S. Parke 2014!

Unitarity Envy?! 3 neutrino paradigm
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Figure 4. Six leptonic unitarity triangles. After scaling and rotating each triangle so that two of
its vertices always coincide with (0, 0) and (1, 0) (see text for details) we plot the 1�, 90%, 2�, 99%,
3� CL (2 dof) allowed regions of the third vertex. Note that in the construction of the triangles
the unitarity of the U matrix is always explicitly imposed.

and then we have plot the 1�, 90%, 2�, 99%, 3� CL (2 dof) allowed regions of the third

vertex of the triangle as the real and imaginary parts of z. For convenience in each panel

we have chosen the normalization side (the one which lies on the horizontal (0, 0) ! (0, 1)

segment) as the best determined of the two longer sides of each triangle. In this way all the

triangles have more or less the same size, and the uncertainty in the position of the third

vertex is not too much a↵ected by the uncertainty of the normalization side. Note that the

most common unitarity triangle in the quark sector is the one based on the d-quark and

b-quark columns [7], which corresponds to the 1st and 3rd column in the leptonic matrix,

i.e., to the triangle in the middle-right panel in Fig. 4.

In this kind of diagrams the absence of CP violation implies a flat triangle, i.e., Im(z) =

0. As can be seen, in all the panels the horizontal axis marginally crosses the 1� allowed

region, which for 2 dof corresponds to ��

2 ' 2.3. This is consistent with the present
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its vertices always coincide with (0, 0) and (1, 0) (see text for details) we plot the 1�, 90%, 2�, 99%,
3� CL (2 dof) allowed regions of the third vertex. Note that in the construction of the triangles
the unitarity of the U matrix is always explicitly imposed.

and then we have plot the 1�, 90%, 2�, 99%, 3� CL (2 dof) allowed regions of the third

vertex of the triangle as the real and imaginary parts of z. For convenience in each panel

we have chosen the normalization side (the one which lies on the horizontal (0, 0) ! (0, 1)

segment) as the best determined of the two longer sides of each triangle. In this way all the

triangles have more or less the same size, and the uncertainty in the position of the third

vertex is not too much a↵ected by the uncertainty of the normalization side. Note that the

most common unitarity triangle in the quark sector is the one based on the d-quark and

b-quark columns [7], which corresponds to the 1st and 3rd column in the leptonic matrix,

i.e., to the triangle in the middle-right panel in Fig. 4.

In this kind of diagrams the absence of CP violation implies a flat triangle, i.e., Im(z) =

0. As can be seen, in all the panels the horizontal axis marginally crosses the 1� allowed

region, which for 2 dof corresponds to ��

2 ' 2.3. This is consistent with the present

– 9 –

M.C. Gonzalez-Garcia — arxiv:1409.5439

S O L A R

AT M O S P.

S O L A R

AT M O S P.

R E A C T.

Precision era in neutrino oscillation phenomenology
Standard 3! mass-mixing framework parameters
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Most angles and masses have been measured 
using more than one experimental techniques 
including accelerator-based experiments. A. Marrone (Neutrino 2016)
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N E U T R I N O S  M A S S E S  A N D  M I X I N G

CP violation in the lepton sector has NOT been measured. 
๏May	explain	ma,er-an/ma,er	asymmetry	through	leptogenesis.	
๏Measuring	δCP	precisely	is	needed	to	understand	structure	of	PMNS	matrix	and	underlying	
symmetries.	

Mass hierarchy or ordering is NOT known for atmospheric 
neutrinos. 
๏ Important	to	be	able	to	understand	reach	of	experiments	that	study	if	neutrinos	are	
Majorana	or	Dirac	par/cles.	

The octant of the large mixing angle is NOT known! 
๏ In	the	case	non-maximal	mixing	this	uncertainty	impacts	our	knowledge	of	mass	hierarchy	
and	CP	viola/on.		

๏ Precision	measurements	of	θ23	are	important	for	tes/ng	PMNS	unitarity	and	for	model	
building.

5

T H E  N E U T R I N O  A C C E L E R AT O R  E X P E R I M E N TA L  P R O G R A M   
S E E K S  T O  A N S W E R  T H E S E !

What we do not know in 3-flavor neutrino mixing?
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Apologies short-baseline  
not in this talk!

• Neutrino oscillation experiments have 
been built using neutrino beams produced 
by accelerators around the World: US 
(NuMI and Booster), Europe (CNGS) and 
Japan (JPARC).   

• The baseline of these experiments go from 
few hundreds of meters (short-baseline) to 
hundreds (300-1300) of km (long-baseline). 

6

M. Toups First Results From MicroBooNE

Short Baseline Neutrino (SBN) Program

5

MicroBooNE
T600

ICARUS-T600 MicroBooNE Short Baseline Near Detector 
(SBND)

ν target
SBND

110 m470 m600 m

ν beam

Trio of 100-ton-scale LArTPCs 
on the Booster Neutrino Beam

Aerial view of Fermilab

See talk by D. Schmitz

NOνA MINOS810 km
735 km

3

T2K (Tokai to Kamioka)  experiment

� High intensity �� beam from J-PARC MR to Super-Kamiokande @ 
295km

� Discovery of �e appearance � Determine �13
� Last unknown mixing angle
� Open possibility to explore CPV in lepton sector

� Precise meas. of �� disappearance � �23, �m23
2

� Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse 


	� ��� � prob.  in term odd CP sin�12~0.5, sin�23~0.7, 
sin���<0.2)

Opera

U S I N G  A C C E L E R AT O R S  F O R  N E U T R I N O S

T2K SBN
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14 mrad

7 mrad

On-axis

P (⌫µ ! ⌫e), L = 810 km

on axis

NOvA simulation

• Protons from an accelerator impinge on a 
target, producing pions and kaons to be 
focused by horn system. The mesons then 
decay into mostly muon neutrinos.  

• On axis spectrum is broad with higher 
energy neutrinos arising from very 
forward mesons.  

• Off-axis meson decay kinematics select a 
narrow band spectrum with energy peak 
depending on the angle at which the 
detector(s) is (are) located. 

7

π
- 

π
+ 

Target
 Focusing Horns


2 m 

675 m


νµ 

15 m
 30 m


120 GeV 
p’s from MI


675 m
15 m
 30 m


U S I N G  A C C E L E R AT O R S  F O R  N E U T R I N O S
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• The neutrino spectrum is measured at the ND (before oscillations), this is a 
combination of neutrino flux, cross section and efficiency.  

• The measured spectrum is used to make a prediction of the expectation at the 
FD before considering oscillations.  

• In the case of functionally similar detectors the flux combined with the cross 
sections uncertainties largely cancel. 

8

L O N G - B A S E L I N E  E X P E R I M E N T S

8

• Even with a near detector, critical reliance on model !

• 2p2h feed-down to oscillation peak from [Ref 4]
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Why is ν-A important for oscillation expts?!

Far detector!
Eν - EνQE 
smearing for 
Eν=0.8 GeV

Near detector !
Eν - EνQE 
smearing for 
Eν=0.8 GeV

ND(⌫µ) = �(E⌫)⇥ �(E⌫ , A)⇥ ✏ND

FD(⌫µ) = �(E⌫)⇥ �(E⌫ , A)⇥ ✏FD ⇥ P (⌫µ ! ⌫e)osc

NOνA Near Detector

• Precision is achieved by 
placing a detector close to the 
source (Near Detector) and one 
at or close to the oscillation 
maximum (Far Detector). 

U N D E R S TA N D I N G  T H E  F L U X ,  C R O S S  S E C T I O N S  A N D  D E T E C T O R  
E F F I C I E N C I E S  I S  E S S E N T I A L  F O R  H I G H  P R E C I S I O N  
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U N D E R S TA N D I N G  F L U X  A N D  N E U T R I N O  
I N T E R A C T I O N S
• Significant efforts by all long-

baseline experiments on a 
program of understanding the flux 
and the cross sections.  

• The MINERvA experiment is 
designed to study neutrino 
interactions. They have produced a 
wide variety of results on this topic.  

• T2K has also pursued this topic 
aggressively significantly reducing 
their systematic uncertainties.  

• High statistic samples continues to 
provide evidence for the need for 
better modeling/data.

9
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FIG. 9: The predicted thick target ⌫µ flux at the MINERvA detector for the low energy, ⌫µ

focused, beam configuration. The ratio plot shows the e↵ect of correcting the flux simulation using

thick and thin target hadron production and attenuation data as described in the text. The error

band includes uncertainties due to hadron interactions, beam geometry and beam focusing.

the �

2 between the two predictions:

�

2
tt =

NX

i,ij

(�thick
i � �

thin
i )(�thick

j � �

thin
j )[V�1

tt ]ij (4)

where �

thick,thin refers to the flux predictions in the bins i, j and Vtt is the bin-to-bin co-
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A N A LY S I S  S T R AT E G Y
Far  (L=295 km)

νµ→νe (θ23 , θ13, δCP)

νµ→νµ/τ  (2θ23, Δm2

32)

νµ, νe backgrounds

N =φν · σν · εFAR · Posc

φν

MC simulation of neutrino beamline 
tuned with external data (NA61) + 
beam monitor measurements

σν

NS61CH15-Gallagher ARI 17 September 2011 7:22

4.3. Experimental Results
With a known neutrino flux, having selected the QE events, assessed the efficiency of their iden-
tification, and removed backgrounds, an experiment can then obtain physics results. Such mea-
surements include a value for MA from the observed Q2 distribution of the events, the neutrino
QE interaction cross section, and differential cross sections. A comparison between modern mea-
surements of these quantities and the theory discussed in Section 3 immediately reveals several
discrepancies.

4.3.1. Low Q2. The first discrepancy is a suppression of events at low Q2 (Q2 < 0.2 GeV2)
when the events’ Q2 shape is compared with standard predictions. This effect is best illustrated
in MiniBooNE data because of their high statistics (Figure 4b), but it has also been observed
in multiple low-energy neutrino experiments (7, 8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q2, discrepancies in this region naturally draw
much attention. An initial attempt to better describe the experimental data at low Q2 included
rescaling the amount of Pauli blocking in the impulse-approximation calculations (25). Although
naı̈ve Pauli blocking adjustments were successful, recently improved modeling of the non-QE
backgrounds, which are large in this region, also greatly improves the agreement at low Q2 (26).
Regardless of the chosen remedy, the discrepancy at low Q2 should not have been surprising, given
that at these low values of Q2, the exchanged boson probes a region significantly larger than a

Eν (GeV)
1 10

0

0.5

1

1.5

2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts

Q2 (GeV2)

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

ν μ
 Q

E 
σ 

(1
0–3

8  c
m

2 )

MiniBooNE
NOMAD
Free nucleon (MA = 1.03 GeV)
RFG (MA = 1.03 GeV)
RFG (MA = 1.35 GeV)

Martini - 1p1h only (66, 75)
Spectral function [(Benhar & Meloni (2007),
Ankowski & Sobczyk (2008), Boyd et al. (2009)]
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Figure 4
Quasi-elastic (QE) scattering results. (a) Measurements of the absolute νµ QE scattering cross section on carbon as a function of
neutrino energy from the MiniBooNE (26) and NOMAD (27) experiments. Also shown is a representative collection of theoretical
calculations from a recent complication (66). The theoretical curves are from References 46, 48, and 89 (spectral functions) and from
References 67 and 76 (Martini et al.). (b) An earlier measurement of the Q2 distribution of νµ QE events from the MiniBooNE
experiment (25). The dotted line indicates the contribution from non-QE backgrounds to the sample. The dashed line is the prediction
of a relativistic Fermi Gas Model (RFG) (57) with MA = 1.03 GeV as input. The solid line is the same prediction but with
MA = 1.23 GeV and an adjustment to the amount of Pauli blocking in the simulation (25). Both predictions have been relatively
normalized to the data.
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Detector simulation to 
determine efficiencies/
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Near detectors observe the 
neutrinos prior to oscillations 
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P1.036 M. Posiadala 
P1.043 L. Zambelli

P3.032 W. Ma 
P4.029 C. WretWed. Talk by L. Zambelli
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NOvA Preliminary

• New measurement from NOvA for νe interactions on 
scintillator (carbon) [Ref 13] 

• Measurement also from MINERvA [Ref 14]: Sets scale of 
different νe/νμ nuclear effects of <15-30% 17

Electron Neutrino Interactions!



N E W  R E S U LT S  O N   
M U O N  N E U T R I N O  D I S A P P E A R A N C E
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M U O N  N E U T R I N O  D I S A P P E A R A N C E

• In long-baseline experiments, neutrino oscillations deplete rate 
and distort the energy spectrum.

11
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Monte Carlo
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N O VA :  A N  O F F - A X I S  N E U T R I N O  
E X P E R I M E N T  I N  T H E  N U M I  B E A M  

• Expect 473 events before oscillations. 

• Observe 78 events (expect 82 at best fit oscillated prediction).
1212
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S E L E C T E D  𝝂 𝛍

• NOvA is on a high intensity off-axis beam (14 mrad) with a 14 kiloton 
scintillator-filled calorimeter in a 810 km baseline. Running for 2 years. 
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N O VA  M U O N  N E U T R I N O  
D I S A P P E A R A N C E  R E S U LT S

• Dominant systematic effects:  

• Normalization, NC 
background, flux, muon 
and hadronic energy scales, 
cross section, detector 
response and noise. 

• Parameter measurements:

13

M A X I M A L  M I X I N G  E X C L U D E D  AT  2 . 5𝜎  

13

⌫µ disappearance results
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NOvA 2016
NOvA 2015
T2K 2014
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I Expect 473 FD ⌫µ CC events with no oscillation
I Observe 82 (inc. 3.7 beam bkg. and 2.9 cosmic)
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I Maximal mixing excluded at 2.5� (FC corrections in progress)
C. Backhouse (Caltech) NOvA 26 / 43
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• A 3-flavor fit to the νμ selected spectrum provides the allowed parameter space.
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vw/vw	Disappearance Analysis
- CPT test by comparing "# → "# and "# → "# modes
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T 2 K :  A N  O F F - A X I S  
N E U T R I N O  E X P E R I M E N T  
I N  T H E  J PA R C  B E A M

• T2K uses an off-axis beam 
(2.5º) with large water 
Cherenkov detector of 
SuperK in a 295 km baseline. 

• It has run in both neutrino 
and anti-neutrino modes. 

• They observe:  

• 135 neutrino events with 135.8 
expected after oscillations 

• 66 antineutrino events with 64.2 
expected after oscillations 
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T 2 K  M U O N  N E U T R I N O  
A N D  A N T I N E U T R I N O  
D I S A P P E A R A N C E  R E S U LT S

• T2K results are consistent with 
maximal mixing for both neutrinos 
and antineutrinos.  

• No hint of CPT violation within 
errors.  

• The best fit for antineutrinos is 
slightly non-maximal.  

• This result agrees with previous 
MINOS results in 
Phys. Rev. Lett. 110, 251801 (2013) . 
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WXY and pqYX
X Comparison

- No hint of CPT violation
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Super-KNOvA (2016)
MINOS+

IceCube

Normal Hierarchy

WXY and pqYX
X

NH IH

sinXWXY 0.532mO.OÇÉkO.OÑÇ 0.534mO.OÇÇkO.OÑ.

|pqYX
X |[dÄmYeVX] 2.545mO.OÉÑkO.OÉ3 2.510mO.OÉ.kO.OÉ3

- Consistent with maximal mixing
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Daya Bay: 
pÜÅÅ

X = X. Z[ ±Ä. Äá ×dÄmYÅàX
90% CL (NH)

K. Iwamoto - ICHEP 2016
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M I N O S :  A N  O N -
A X I S  E X P E R I M E N T  
O N  T H E  N U M I  B E A M

• MINOS/MINOS+ (2005-2016) 
collected neutrino beam data 
using  an 5.4-kton iron-calorimeter 
detector in a 735 km baseline.  

• Using muon neutrino 
disappearance as well as 
electron neutrino appearance 
data and atmospheric 
neutrinos, they observe a slight 
octant preference.  

• Small amount of tension between 
T2K’s maximal and NOvA’s non-
maximal result. More data should 
resolve this.
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O P E R A :  A N  O N - A X I S  TA U  
A P P E A R A N C E  
E X P E R I M E N T  O N  T H E  
C E R N  B E A M

• Most muon neutrinos oscillate to tau 
neutrinos. However there is a 3.4 GeV 
threshold to produce a τ that must be 
met by the neutrino beam energy. 

• With a baseline from CERN to Gran 
Sasso of 730 km and a higher energy 
beam, OPERA uses the high 
resolution of emulsion to find τs.   

• In OPERA 5 candidates have been 
observed.  

• Claim discovery of ντ appearance  
at 5.1 σ. 
(Phys. Rev. Lett. 115 (2015) 121802) 
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OPERA 
τ-® h- ντ→

D. Duchesneau - ICHEP 2016
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E L E C T R O N  N E U T R I N O  A P P E A R A N C E

Searching for νe  appearance in a νμ beam, we can access sin
2
(2θ13). 

Probability depends not only on θ13 but also on δCP  which enhances or suppresses it. 

Probability is enhanced or suppressed due to matter effects which depend on the 
mass hierarchy as well as neutrino vs anti-neutrino running. 

In addition, the probability depends on the octant of θ23.  

19

The probability of νe appearance in a νμ  beam:  
 
 
 
 
 
 

A � GfneL⇤
2�

⇥ E
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sin2(A� 1)�
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+2� sin ⇤13 cos ⇥ sin 2⇤12 sin 2⇤23
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�2� sin ⇤13 sin ⇥ sin 2⇤12 sin 2⇤23
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sin(A� 1)�
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sin �
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31L
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P R O B E  T H E  M A S S  H I E R A R C H Y,  C P  V I O L AT I O N  A N D  O C TA N T  S PA C E

M. Freund, Phys.Rev. D64 (2001) 053003 

α = ∆m212/∆m231 ;

+ O(α2)
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T 2 K  E L E C T R O N  
N E U T R I N O  
A P P E A R A N C E  R E S U LT S

• T2K has observed 32 
neutrinos and 4 antineutrinos.  

• There are 29 and 6 expected 
at NH, 𝜹CP = -π/2 (or 3π/2) 
which is the largest 
asymmetry.  

• More νe candidates than 
predicted and fewer νe 
candidates than predicted. 

Full Joint Fit Analysis
"= "=

32 events observed 4 events observed
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T 2 K  E L E C T R O N  
N E U T R I N O  
A P P E A R A N C E  R E S U LT S

• Results consistent with the 
amount of appearance 
expected from information in 
reactors.  

• Combining with reactor and 
T2K’s own muon neutrino 
disappearance data. 

• Claim a 90% exclusion of  
δcp = 0 and 𝝅.  

• Exclusion depends on T2K’s 
observed maximal mixing 
angle.  

21

WdY and STU
- T2K result with reactor constraint (sin+ 2-3. = 0.085 ± 0.005)
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T2K Result with Reactor Constraint
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- T2K-only result consistent with the reactor measurement
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N O VA  E L E C T R O N  
N E U T R I N O  
A P P E A R A N C E  R E S U LT S
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• Observe 33 events for 8.2 
expected background events. 

• Range of expectation  
(for maximal mixing): 
 
 

• Electron neutrino appearance 
observed at > 8 σ. 

Prediction 

Total BG NC Beam νe νµ CC  ντ CC Cosmics 

8.2 3.7 3.1 0.7 0.1 0.5 

NH, 3π/2,  IH, π/2,  

28.2 11.2 

Signal events 
(±5% systematic uncertainty): 
 

Background by component  
(±10% systematic uncertainty): 

¨  Extrapolate each component in 
bins of energy and CVN output 

¨  Expected event counts depend 
on oscillation parameters  
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N O VA  E L E C T R O N  
N E U T R I N O  
A P P E A R A N C E  R E S U LT S

• Fitting the electron neutrino 
appearance spectrum with muon 
neutrino disappearance data 
which for NOvA hints at a non 
maximal mixing angle.  

• Both octants and hierarchies are 
allowed at 1σ.  

• Very small 𝝌2 difference 
between IH and NH and both 
octants.  

• NOvA sees a 3σ exclusion at IH, 
lower octant around 𝜹CP=π/2. 

23
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B E Y O N D  3  
N E U T R I N O S
• Evidence for additional neutrinos, that do not 

interact via the weak current, comes from 
accelerator short-baseline experiments: LSND 
(decay at rest) and MiniBooNE (decay in 
flight). No evidence from long-baseline 
experiments.  

• A short-baseline program (SBN) has begun 
construction at Fermilab using the booster 
beam. A 3-detector system (all liquid argon-
based) will explore the anomalous hints with 
coverage of the LSND allowed oscillation 
parameters in neutrinos at >5σ. 

• In Japan, JSNS
2 
will seek to use a decay at 

rest beam to reproduce LSND results directly. 
Expecting exclusion at 3σ of the allowed 
LSND region.

25

David	Schmitz,	UChicago	 The	SBN	Program	at	Fermilab		-		Neutrino	2016	 14	

SBN νµ à νe Oscillation Sensitivity 

5σ

SBND	

Sensitivity of JSNS2 

10 

5 years x MW 

IceCube+SBL allowed (90%) 
99%   from arXiv 1607.00011v2 

If we could see the hints ~ 3σ, we consider the phase2 experiment (w/ a bigger detector )  

D. Schmitz - Neutrino 2016

T. Maruyama - ICHEP 2016
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N E X T  G E N E R AT I O N  E X P E R I M E N T S

Higher intensity 
beams can provide 
more neutrinos and 
allow for a longer 
baseline. 
Similarly larger mass 
can allow to collect 
more neutrinos.  
Finally higher 
detector resolution 
can allow for better 
background 
rejection. 

26

NOνA Far Detector
MINOS Far Detector 810 km
735 km

You are 

Primary Proton Transport for

FNAL-Homestake beamline

Mary Bishai, BNL 3 – p.3/15

DUNE Far Detector 

•  40-kt liquid argon TPC, at 4850L of SURF; four 10-kt modules 
•  First module will be a single phase LArTPC 
•  Modules installed in stages; later modules may not be identical 

ICHEP 2016: DUNE Physics Program 4 

See A. Himmel talk 

Getting from signals on wires to reconstructed 
events is non-trivial. See T. Yang talk.  

• In the US a new experiment (DUNE) is being 
planned with a baseline of 1300km, a new beam 
to reach 2.3 MW and  high resolution liquid 
argon detectors.  

• In Japan, an upgrade to the beam to 1.3 MW 
and a new 500 kton scale detector system is also 
being planned as part of the T2HK program. 
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T H E  F U T U R E :  
D U N E  I N  T H E  U S

• The US program plans to build:   

• 40 kton liquid argon underground 
detector in four 10-kton (fiducial) 
modules. Far Site construction begins 
next year.  

• A wide-band beam from Fermilab 
(1300km baseline) at 2.3 MW by 2026. 

• The mass hierarchy can be determined 
above  5σ  for all values of δCP.  

• CPV at 5σ (δCP = -π/2 or 3π/2 ) where 
the uncertainty in the νe appearance 
sample normalization has an impact on 
reach.

2017: Far Site 
Construction 

Begins

2018: 
protoDUNEs 

at CERN

2021: Far 
Detector 

Installation 
Begins

2024: Physics 
Data Begins 

(20 kt)

2026: Neutrino 
Beam Available

Systematic Uncertainty 

ICHEP 2016: DUNE Physics Program 13 

DUNE CDR: 

•  CPV measurement statistically 
limited for ~100 kt-MW-years 

•  Sensitivities in DUNE CDR are 
based on GLoBES calculations in 
which the effect of systematic 
uncertainty is approximated using 
uncorrelated signal normalization 
uncertainties. 

•  νµ = νµ = 5% 
•  νe = νe = 2% 

•  Uncertainty in νe appearance sample 
normalization must be ~5% � 2% to 
discover CPV in a timely manner. Exposure (kt-MW-years)
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DUNE Sensitivity

Normal Hierarchy

 = 0.08513θ22sin

 = 0.4523θ
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CDR Reference Design

Optimized Design

1%⊕5%

2%⊕5%

3%⊕5%

50% CP Violation Sensitivity

E. Worcester - ICHEP 2016 27
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T H E  F U T U R E :  
T 2 H K  I N  J A PA N

• Current T2K program expects 7.8 x 1021 

Protons on Target (POT) by 2020.  

• Potential extension (T2K-II)  would 
have 20 x 10 21 POT by 2026.  

•  ∼3𝜎 sensitivity to 𝜹CP. 

• Requires accelerator and beam-line 
upgrades to reach 1.3 MW. Currently at 
420 kW.  

• While T2K-II is running, construction of 
the next generation detector (Hyper-
Kamiokande) begins:  

• By 2026 build 2 large Water 
Cherenkov of  260 kton each. 

• >5𝜎 sensitivity to 𝜹CP.

28

Physics Potential of T2K-II
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24K. Iwamoto & M. Gonin - ICHEP 2016

Physics performance for CPV  studies      
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S U M M A R Y
• Many new results have been released from the accelerator experiments this 

summer: 

• NOvA observes hints of non maximal mixing.  

• T2K does not find evidence of CPT.  

• T2K excludes CP conservation at 90%.  

• NOvA excludes a CP region of inverted hierarchy for the lower octant.  

• The next generation of long-baseline experiments with more mass, more 
baseline and more detector resolution is being planned.  

• Better precision will allow us to test the 3-flavor neutrino oscillation 
framework.  

• Outside of the 3-flavor framework, tests in long-baseline accelerator 
experiments find no evidence so far for sterile neutrinos beyond LSND and 
MiniBooNE.  A new program using short baseline and decay at rest 
techniques to study these neutrinos is in progress. 

29

Stay tuned for more data!



B A C K U P  
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B E Y O N D  3  N E U T R I N O S
• Some evidence for additional neutrinos, that do not interact via the weak current comes 

from accelerator experiments: LSND (decay at rest) and MiniBooNE (decay in flight). 

G. S. Davies (Indiana U.), NOvA 9 / 50

3+1 model analysis
� Assume there is an additional sterile neutrino (νs) and an 

additional mass scale (Δm2
34); θ14, θ24,θ34 and CP phases δ14, δ24

JETP seminar, Fermilab - 07/29/2016

ν𝑒
νμ
ντ
ν𝑠

= 

𝑈𝑒1 𝑈𝑒2 𝑈𝑒3 𝑈𝑒4
𝑈μ1 𝑈μ2 𝑈μ3 𝑈μ4
𝑈τ1 𝑈τ2 𝑈τ3 𝑈τ4
𝑈𝑠1 𝑈𝑠2 𝑈𝑠3 𝑈𝑠4

ν1
ν2
ν3
ν4

|Ue4|2 = sin2θ14
|Uµ4|2 = cos2θ14 sin2θ24

4 |Ue4|2 |Uµ4|2 = sin2θ14sin2θ24 ≡ sin22θμ𝑒
|Uτ4|2 = cos2θ14 cos2θ24 sin2θ34

1 − P νμ → νs ≈ 1 − cos144 cos342 sin22θ24sin2Δ41 − sin342 sin22θ23sin2Δ31
−
1
2
sinδ24sin24sin2θ34sin2θ23sin2Δ31 Δ𝑖𝑗 ≡

Δ𝑚𝑗𝑖
2𝐿

4𝐸

𝛎𝛍 → 𝛎𝐞 at short baselines (LSND)

νμ → ν𝜇 at short/long baselines

νμ → νe at short baselines (reactor)

νμ → ν𝑠 at long baselines (NCs)

G. S. Davies (Indiana U.), NOvA 6 / 50

The LSND anomaly

JETP seminar, Fermilab - 07/29/2016

� Antineutrinos from an accelerator seem 
to appear

� LSND (1993-1998) observed a (~3.8σ) 
excess of νμ → ν𝑒

�If due to oscillations: 
◦ L/E → high Δm2 ~ 1 eV2

◦ Can be accommodated  by a NEW and 
STERILE neutrino

◦ Oscillations into a sterile neutrino are one 
of the possible explanations, and one that 
we can test

Phys. Rev. D64 (2001) 112007

G. S. Davies (Indiana U.), NOvA 10 / 50

What did MiniBooNE say?

JETP seminar, Fermilab - 07/29/2016

�Neutrinos and antineutrinos from an accelerator seem to appear

�Data consistent with antineutrino oscillations for 0.01 < Δm2 < 1.0 eV2

� Some overlap with the evidence for antineutrino oscillations from the LSND

MiniBooNE Phys. Rev. Lett. 110, 161801 (2013)

L/E ~ 450 m/450 MeV ~ 1 eV2

G. S. Davies (Indiana U.), NOvA 10 / 50

What did MiniBooNE say?

JETP seminar, Fermilab - 07/29/2016

�Neutrinos and antineutrinos from an accelerator seem to appear

�Data consistent with antineutrino oscillations for 0.01 < Δm2 < 1.0 eV2

� Some overlap with the evidence for antineutrino oscillations from the LSND

MiniBooNE Phys. Rev. Lett. 110, 161801 (2013)

L/E ~ 450 m/450 MeV ~ 1 eV2

Status of the sterile neutrino search 

• Anomalies, which cannot be explained by standard 

neutrino oscillations for 15 years are shown;  

 

 

 

 

 

 

 

• Excess or deficit does really exist? 

• The new oscillation between active and inactive (sterile) 

neutrinos?  

Experiments Neutrino source  signal significance 

LSND µ Decay-At-Rest νµ Æ νe 3.8σ 

MiniBooNE  π Decay-In-Flight νµ Æ νe 3.4σ 

νµ Æ νe 2.8σ 

combined 3.8σ 

Ga (calibration) e capture  νe Æ νx 2.7σ 

Reactors Beta decay νe Æ νx 3.0σ 
• In order to accommodate this 

evidence within neutrino 
oscillations, sterile neutrinos have 
been proposed expanding the the 
3x3 mixing matrix.

31
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L O O K I N G  F O R  
S T E R I L E S  T O D AY

• Sterile neutrinos can be 
searched for using short as well 
as long-baseline experiments.  

• In long-baseline the observation 
of neutral current below 
expectation and energy 
distortions of the 3-flavor  
oscillations would be tell tale 
signs. MINOS and NOvA have 
done these measurements.    

• Other results from non- 
accelerators:  reactors, 
atmospherics can be combined 
with these results. 

32
2|4µU|2|e4U = 4|eµθ22sin
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 (e

V
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m
∆
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3−10

2−10

1−10

1

10

210
90% C.L. Allowed

LSND
MiniBooNE

 mode)νMiniBooNE (

90% C.L. Excluded
NOMAD
KARMEN2
MINOS and Daya Bay/Bugey-3

Parameter space allowed by LSND and MiniBooNE is excluded for 
Δm241 < 0.8 eV2 at 95% C.L.

!  Will appear on the arXiv tomorrow
15 

MINOS, Daya Bay and Bugey-3

EXCLUDED 

Æ Is it time to check the 
 LSND result directly without  
 any excuses?   
Æ JSNS2  

Mauro Mezzetto’s   
(experimental  summary) 
  talk in Neutrino2016 

νµ Æ νµ 

νe Æ νe 
     + 
νµ Æ νµ 

νe Æ νe 

3+1 model checking 

A dual-baseline experiment

νµ disappearance on top of that from standard oscillations
!  At both the Near and Far Detectors

!  Seen in both NC and CC νµ events

Look at the Far-to-Near Detector ratio
11 

3+1 model 

J. Evans - Neutrino 2016
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F U T U R E  S T E R I L E  
S E A R C H E S
• A short-baseline program (SBN) 

has begun construction at Fermilab 
using the booster beam.  

• A 3-detector system (SBND, 
MicroBooNE and ICARUS - all 
liquid argon-based) will explore the 
anomalous hints of new physics in 
the neutrino sector with coverage 
of the LSND allowed oscillation 
parameters in neutrinos at >5σ. 

• In Japan, JSNS
2 
will seek to use a 

decay at rest beam to reproduce 
LSND results directly. Expecting 
exclusion at 3σ of the allowed 
LSND region.

33

David	Schmitz,	UChicago	 The	SBN	Program	at	Fermilab		-		Neutrino	2016	 14	

SBN νµ à νe Oscillation Sensitivity 

5σ

SBND	

Sensitivity of JSNS2 

10 

5 years x MW 

IceCube+SBL allowed (90%) 
99%   from arXiv 1607.00011v2 

If we could see the hints ~ 3σ, we consider the phase2 experiment (w/ a bigger detector )  

D. Schmitz - Neutrino 2016

T. Maruyama - ICHEP 2016
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I M P R O V I N G  O U R  
U N D E R S TA N D I N G  
O F  T H E  B E A M

• While most of the uncertainties cancel for 
functionally identical Near/Far detectors, 
experiments must be able to measure cross 
sections and this requires knowledge of the 
flux.  

• A new method to constraint the NUMI flux 
to 5.4% overall errors and  ~7% at the peak 
for numi (arXiv:1607.00704) 

• For non-identical detector like T2K a program 
that disentangles beam flux and cross sections 
is even more essential.  

• T2K has been able to reduce errors from 
12-15% to 5-8%.   

• Next generation needs few % uncertainties.
34

PO
T)

6
 /G

eV
 / 

10
2

/ mν
Fl

ux
(

Thick Target Flux

µν

NuMI Low Energy Beam

10

20

30

40

50

60

70

80

90

100

 energy (GeV)ν
0 2 4 6 8 10 12 14 16 18 20

Fl
ux

 R
at

io

0.6
0.8

1
1.2
1.4 corrected/uncorrected

FIG. 9: The predicted thick target ⌫µ flux at the MINERvA detector for the low energy, ⌫µ

focused, beam configuration. The ratio plot shows the e↵ect of correcting the flux simulation using

thick and thin target hadron production and attenuation data as described in the text. The error

band includes uncertainties due to hadron interactions, beam geometry and beam focusing.

the �

2 between the two predictions:

�

2
tt =

NX

i,ij

(�thick
i � �

thin
i )(�thick

j � �

thin
j )[V�1

tt ]ij (4)

where �

thick,thin refers to the flux predictions in the bins i, j and Vtt is the bin-to-bin co-
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A N A LY S I S  S T R AT E G Y
Far  (L=295 km)

νµ→νe (θ23 , θ13, δCP)

νµ→νµ/τ  (2θ23, Δm2

32)

νµ, νe backgrounds

N =φν · σν · εFAR · Posc

φν

MC simulation of neutrino beamline 
tuned with external data (NA61) + 
beam monitor measurements

σν

NS61CH15-Gallagher ARI 17 September 2011 7:22

4.3. Experimental Results
With a known neutrino flux, having selected the QE events, assessed the efficiency of their iden-
tification, and removed backgrounds, an experiment can then obtain physics results. Such mea-
surements include a value for MA from the observed Q2 distribution of the events, the neutrino
QE interaction cross section, and differential cross sections. A comparison between modern mea-
surements of these quantities and the theory discussed in Section 3 immediately reveals several
discrepancies.

4.3.1. Low Q2. The first discrepancy is a suppression of events at low Q2 (Q2 < 0.2 GeV2)
when the events’ Q2 shape is compared with standard predictions. This effect is best illustrated
in MiniBooNE data because of their high statistics (Figure 4b), but it has also been observed
in multiple low-energy neutrino experiments (7, 8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q2, discrepancies in this region naturally draw
much attention. An initial attempt to better describe the experimental data at low Q2 included
rescaling the amount of Pauli blocking in the impulse-approximation calculations (25). Although
naı̈ve Pauli blocking adjustments were successful, recently improved modeling of the non-QE
backgrounds, which are large in this region, also greatly improves the agreement at low Q2 (26).
Regardless of the chosen remedy, the discrepancy at low Q2 should not have been surprising, given
that at these low values of Q2, the exchanged boson probes a region significantly larger than a
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Figure 4
Quasi-elastic (QE) scattering results. (a) Measurements of the absolute νµ QE scattering cross section on carbon as a function of
neutrino energy from the MiniBooNE (26) and NOMAD (27) experiments. Also shown is a representative collection of theoretical
calculations from a recent complication (66). The theoretical curves are from References 46, 48, and 89 (spectral functions) and from
References 67 and 76 (Martini et al.). (b) An earlier measurement of the Q2 distribution of νµ QE events from the MiniBooNE
experiment (25). The dotted line indicates the contribution from non-QE backgrounds to the sample. The dashed line is the prediction
of a relativistic Fermi Gas Model (RFG) (57) with MA = 1.03 GeV as input. The solid line is the same prediction but with
MA = 1.23 GeV and an adjustment to the amount of Pauli blocking in the simulation (25). Both predictions have been relatively
normalized to the data.
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I M P R O V I N G  O U R  
U N D E R S TA N D I N G  O F  
N E U T R I N O  I N T E R A C T I O N S
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The inferred cross section will allow model comparisons
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Phys. Rev. Lett. 
116, 071802

What does calorimetric energy really mean?

p

⇡+

n

⇡0

Kinetic energy

Kinetic energy

0

Total energy

On average, we see available hadronic energy E
avail

6= q
0

:

E
avail

=
X

(Proton and ⇡± KE) + (Total E of other particles except neutrons)

��••••• 31 Adding in 
models of RPA 

(a charge 
screening effect) 

and 2p2h 
improves 

agreement in 
some regions, 

but not in others 
— excess in 

similar kinematic 
region to excess 
in antineutrino 

CCQE

RPA/2P2H models:
Nieves, et al. 

PRC 70, 055503 
PRC 83, 045501

Muon Neutrino CC Inclusive w/ Low Recoil 

• The MINERvA experiment runs on the 
NUMI beam studying neutrino 
interactions.  

• High statistic samples puts in evidence 
the need for better modeling/data.  

• MINERvA has found disagreement in 
muon neutrino charged selected 
events as a function of momentum 
transfer.  

• NOvA has observed a similar effect.  

• A part of this observed disagreement 
is explained by the absence of meson 
exchange currents or 2p2h processes 
in the simulation. 
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I M P R O V I N G  O U R  
U N D E R S TA N D I N G  O F  
N E U T R I N O  I N T E R A C T I O N S
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Muon Neutrino CC Inclusive w/ Low Recoil 

• The MINERvA experiment runs on the 
NUMI beam studying neutrino 
interactions.  

• High statistic samples puts in evidence 
the need for better modeling/data.  

• MINERvA has found disagreement in 
muon neutrino charged selected 
events as a function of momentum 
transfer.  

• NOvA has observed a similar effect.  

• A part of this observed disagreement 
is explained by the absence of meson 
exchange currents or 2p2h processes 
in the simulation. 
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I M P R O V I N G  T H E  
S I G N A L  
P R E D I C T I O N
• Large statistics for the appearance 

signal implies that we need to keep the 
systematic uncertainties at the few 
percent level.   

• In long-baseline appearance 
experiments, signal at FD is νe (for a νμ 
beam), so cross-section uncertainties 
do not cancel out between ND and FD. 

• MINERvA, T2K and NOvA have 
presented results.  

• MINERvA recently encountered 
additional background from neutral 
current diffractive pion production. 

37

• New measurement from NOvA for νe interactions on 
scintillator (carbon) [Ref 13] 

• Measurement also from MINERvA [Ref 14]: Sets scale of 
different νe/νμ nuclear effects of <15-30% 17

Electron Neutrino Interactions!

Laura Fields I Recent Results from MINERvA 05/07/16

• Can also directly compare electron neutrino and muon 
neutrino CCQE, using MINERvA’s earlier νμ results: 

25

Electron Neutrino Quasi-elastic Scattering

νμ

νe
Events with reconstructed lepton and hadron are another powerful handle for 

understanding Quasi-Elastics — see poster by Xianguo Lu tonight! 

Phys. Rev. Lett. 116, 081802 (2016)

Laura Fields I Recent Results from MINERvA 05/07/16

Neutral Current Diffractive Pion Production

27

… we also find 
alligators!

arXiv:1604.01728,
Phys. Rev. Lett. 116, 081802 (2016)

Laura Fields I Recent Results from MINERvA 05/07/16

Neutral Current Diffractive Pion Production

27

… we also find 
alligators!

arXiv:1604.01728,
Phys. Rev. Lett. 116, 081802 (2016)
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T 2 K  M U O N  N E U T R I N O  
A N D  A N T I N E U T R I N O  
D I S A P P E A R A N C E  R E S U LT S

• T2K results are consistent with maximal 
mixing for both neutrinos and 
antineutrinos.  

• No hint of CPT within errors.  

• The best fit for antineutrinos is 
slightly non-maximal.  

• This result agrees with previous MINOS 
results.  

• Small amount of tension between T2K’s 
maximal and NOvA’s non-maximal 
result. More data should resolve this.
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M I N O S :  A N  O N -
A X I S  E X P E R I M E N T  
O N  T H E  N U M I  B E A M

• MINOS and MINOS+ combines data 
from low energy and high energy 
beam running to fill-in the spectrum 
observed by the iron-calorimeter.  

• Using additional atmospheric and 
electron neutrino appearance data, 
they observe a slight octant 
preference.  

• Best fit is in the lower octant (IH).  
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E L E C T R O N  N E U T R I N O  A P P E A R A N C E

40

The probability of νe appearance in a νμ  beam:  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N O VA  E L E C T R O N  
N E U T R I N O  
A P P E A R A N C E  R E S U LT S
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Electron Neutrino FD Data 

¨  Observe 33 events in FD 
¤ background 8.2±0.8 

>8σ electron neutrino appearance signal 

Alternate selectors from 2015 analysis show consistent results 
LID: 34 events, 12.2±1.2 BG expected 
LEM: 33 events, 10.3±1.0 BG expected 

CVN=0.991 
E=1.63 GeV 
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• Range of expectation  
(for maximal mixing): 
 
 

• Observe 33 events for 8.2 
expected background 
events.  

• Electron neutrino appearance 
observed at > 8 σ. 

Prediction 

Total BG NC Beam νe νµ CC  ντ CC Cosmics 

8.2 3.7 3.1 0.7 0.1 0.5 

NH, 3π/2,  IH, π/2,  

28.2 11.2 

Signal events 
(±5% systematic uncertainty): 
 

Background by component  
(±10% systematic uncertainty): 

¨  Extrapolate each component in 
bins of energy and CVN output 

¨  Expected event counts depend 
on oscillation parameters  
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T 2 K  E L E C T R O N  
N E U T R I N O  
A P P E A R A N C E  R E S U LT S

• T2K has observed 32 neutrinos 
and 4 antineutrinos.  

• There are 29 and 6 expected 
at NH, 𝜹CP = -π/2 (or 3π/2) 
which is the largest asymmetry.  

• More νe candidates than 
predicted and fewer νe 
candidates than predicted. 
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O F F - A X I S  B E A M  N E U T R I N O S :   
T 2 K  A N D  N O VA

• Combining results from 
T2K and NOvA we have 
the potential for 
improved sensitivities. 
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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
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90%CL sensitivity to CPVSignificance of CPV

• The combined 
sensitivities can achieve 
2.5-3 sigma for some 
values of the CP phase. 
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• Global analysis presented by A. Marrone 
at Neutrino 2016 (before new results).  

• This fit combines the World’s data from 
solar, reactor, atmospheric and long 
baseline neutrinos. 

N E U T R I N O S  M A S S E S  A N D  M I X I N G
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N� =
p

��2

"23 octant: unstable, fragile

hierarchy: negligible sensitivity

!CP : intriguing preference for sin!CP ≃-1

�m2     2.6  %    
�m2     2.6  %   
sin2�12    5.4  %  
sin2�13     5.8  %   
sin2�23   ~10  % 

Accuracy (2014):

12θ 2sin
0.25 0.30 0.35

23θ 2sin
0.3 0.4 0.5 0.6 0.7

13θ 2sin
0.01 0.02 0.03 0.04

2 eV-5/102mδ
6.5 7.0 7.5 8.0 8.5
0

1

2

3

4

2 eV-3/102mΔ
2.0 2.2 2.4 2.6 2.8

σN

π/δ
0.0 0.5 1.0 1.5 2.0

NH
IH

adding T2K   and NO#A LID —>⌫̄

E X P E R I M E N TA L  P I C T U R E  E V O LV I N G  Q U I C K LY !

S O L A R

AT M O S P.

S O L A R

AT M O S P.

R E A C T.

Precision era in neutrino oscillation phenomenology
Standard 3! mass-mixing framework parameters

⌫1
⌫2

⌫3

⌫3

+�m2

��m2

�m2

Unknown 

�CP-violating phase 
✓23Octant of

sign(�m2)Mass Ordering —>

In this talk
�m2 = (�m2

13 +�m2
23)/2

Mass Ordering = sign of �m2

Normal 
Ordering

Inverted 
Ordering

(pre-!2016)

�m2

�m2

sin2 ✓12

sin2 ✓13

sin2 ✓23

2.4%

1.8%

5.8%

4.7%

⇠ 9%

Known
0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

2
 eV

-5
/10

2
mδ

6.5 7 7.5 8 8.5

2
 eV

-3
/10

2
m∆

2 2.2 2.4 2.6 2.8

π/δ

0 0.5 1 1.5 2

12
θ

2
sin

0.25 0.3 0.35

23
θ

2
sin

0.3 0.4 0.5 0.6 0.7

13
θ

2
sin

0.01 0.02 0.03

σ
N

0

1

2

3

4

σ
N

0

1

2

3

4

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

NH

IH

Bounds on single oscillation parameters

Nearly Gaussian uncertainties for

and to a lesser extent for

Squared mass differences and  
mixing angles have both lower  
and upper bounds at more than  
3# with the exception of $ (C.L. 
for $ might be higher since it is 
cyclic, see JHEP 1509 (2015) 016)

The best fit of %23 flips from the first 
to the second octant by changing from 
NO to IO (weak indication for non 
maximal mixing). Maximal mixing 
allowed at < 2#

(�m2, sin2 ✓13)

(�m2, sin2 ✓12)

(pre-!2016, BARI group)

Normal Ordering slightly favoured over 
Inverted Ordering at ～1# level 

(*)

(*) KL reanalysed by including “bump feature” ��2
IO�NO = +0.98

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

2
 eV

-5
/10

2
mδ

6.5 7 7.5 8 8.5

2
 eV

-3
/10

2
m∆

2 2.2 2.4 2.6 2.8

π/δ

0 0.5 1 1.5 2

12
θ

2
sin

0.25 0.3 0.35

23
θ

2
sin

0.3 0.4 0.5 0.6 0.7

13
θ

2
sin

0.01 0.02 0.03

σ
N

0

1

2

3

4

σ
N

0

1

2

3

4

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

NH

IH

Bounds on single oscillation parameters

Nearly Gaussian uncertainties for

and to a lesser extent for

Squared mass differences and  
mixing angles have both lower  
and upper bounds at more than  
3# with the exception of $ (C.L. 
for $ might be higher since it is 
cyclic, see JHEP 1509 (2015) 016)

The best fit of %23 flips from the first 
to the second octant by changing from 
NO to IO (weak indication for non 
maximal mixing). Maximal mixing 
allowed at < 2#

(�m2, sin2 ✓13)

(�m2, sin2 ✓12)

(pre-!2016, BARI group)

Normal Ordering slightly favoured over 
Inverted Ordering at ～1# level 

(*)

(*) KL reanalysed by including “bump feature” ��2
IO�NO = +0.98

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

2
 eV

-5
/10

2
mδ

6.5 7 7.5 8 8.5

2
 eV

-3
/10

2
m∆

2 2.2 2.4 2.6 2.8

π/δ

0 0.5 1 1.5 2

12
θ

2
sin

0.25 0.3 0.35

23
θ

2
sin

0.3 0.4 0.5 0.6 0.7

13
θ

2
sin

0.01 0.02 0.03

σ
N

0

1

2

3

4

σ
N

0

1

2

3

4

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

NH

IH

Bounds on single oscillation parameters

Nearly Gaussian uncertainties for

and to a lesser extent for

Squared mass differences and  
mixing angles have both lower  
and upper bounds at more than  
3# with the exception of $ (C.L. 
for $ might be higher since it is 
cyclic, see JHEP 1509 (2015) 016)

The best fit of %23 flips from the first 
to the second octant by changing from 
NO to IO (weak indication for non 
maximal mixing). Maximal mixing 
allowed at < 2#

(�m2, sin2 ✓13)

(�m2, sin2 ✓12)

(pre-!2016, BARI group)

Normal Ordering slightly favoured over 
Inverted Ordering at ～1# level 

(*)

(*) KL reanalysed by including “bump feature” ��2
IO�NO = +0.98



Mayly Sanchez - ISU

G L O B A L  A N A LY S I S  F O R  C P  V I O L AT I O N  
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A .  M A R R O N E  ( N E U T R I N O  2 0 1 6 )
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CP phase trend: 
• δ ∼ 1.4 π at best fit	
• CP-conserving cases	(δ = 0, π)	

disfavored at	∼2σ level or more 
• Significant fraction of the [0,π] 

range disfavored at	>3σ

(preliminary update)

%23 trend: 
• maximal mixing disfavored at 
about ∼2σ level 

• best-fit octant flips with mass 
ordering 

inverted ordering slightly disfavored
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Bounds on single oscillation parameters

Nearly Gaussian uncertainties for

and to a lesser extent for

Squared mass differences and  
mixing angles have both lower  
and upper bounds at more than  
3# with the exception of $ (C.L. 
for $ might be higher since it is 
cyclic, see JHEP 1509 (2015) 016)

The best fit of %23 flips from the first 
to the second octant by changing from 
NO to IO (weak indication for non 
maximal mixing). Maximal mixing 
allowed at < 2#
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(pre-!2016, BARI group)

Normal Ordering slightly favoured over 
Inverted Ordering at ～1# level 

(*)

(*) KL reanalysed by including “bump feature” ��2
IO�NO = +0.98

• Combining all the World’s 
data mass squared differences 
and the 12 and 13 mixing 
angles are well defined. 

• Delta CP conserving cases are 
disfavored about 2 sigma and 
some regions [0, Pi] are 
disfavored at more than 3 
sigma.  

• Slight preference for a non 
maximal 23 angle goes from 1 
to 2 sigma.   

• Slight preference as well for 
Normal Hierarchy (less than 2 
sigma). 
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G L O B A L  A N A LY S I S  F O R  C P  V I O L AT I O N  
I N C L U D E S  N E W  R E S U LT S A .  M A R R O N E  ( N E U T R I N O  2 0 1 6 )
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Bounds on single oscillation parameters

CP phase trend: 
• δ ∼ 1.4 π at best fit	
• CP-conserving cases	(δ = 0, π)	

disfavored at	∼2σ level or more 
• Significant fraction of the [0,π] 

range disfavored at	>3σ

(preliminary update)

%23 trend: 
• maximal mixing disfavored at 
about ∼2σ level 

• best-fit octant flips with mass 
ordering 

inverted ordering slightly disfavored
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IO�NO = 3.1

• Combining all the World’s 
data mass squared differences 
and the 12 and 13 mixing 
angles are well defined. 

• Delta CP conserving cases are 
disfavored about 2 sigma and 
some regions [0, Pi] are 
disfavored at more than 3 
sigma.  

• Slight preference for a non 
maximal 23 angle goes from 1 
to 2 sigma.   

• Slight preference as well for 
Normal Hierarchy (less than 2 
sigma). 
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T H E  R A C E  T O  T H E  M A S S  H I E R A R C H Y

• An independent mass hierarchy measurement is required to take the bite off 
the CP violation measurement (in the wrong half of the phase space). 

• Experiments like PINGU (an IceCube upgrade), JUNO (a second generation 
Daya Bay), INO (an atmospheric neutrino experiment) could provide this 
measurement. 
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NOvA, LBNE:  G
PINGU, INO:  T23=40-50q

JUNO:  3%-3.5%

M. Blennow et al., JHEP 1403 (2014) 028

Other Exp/Proposals for MH

JUNO: Competitive in schedule and Complementary in physics

2015-3-4 11

∆𝑚31
2 and ∆𝑚32

2

Interference (I)
∆𝑚𝑒𝑒

2 and ∆𝑚𝜇𝜇
2

difference
Matter Effect

atmosphericReactor
Accelerator



Mayly Sanchez - ISU

A  N O T E  A B O U T  T H E  S E N S I T I V I T Y  T O  
T H E  M A S S  H I E R A R C H Y
• In the mass hierarchy determination, only two discrete results are considered, as the 

true mass hierarchy: either normal (NH) or inverted (IH). 

• The T = Δχ
2
(θ) test metric we typically use does not follow a χ

2
 distribution for mass 

ordering (i.e. Wilks' theorem not valid) 

• Instead, T is approximately gaussian, with mean T0 and width 2(T0)
½
, where T0 is the 

value for the data set without statistical fluctuations  

• Need to check gaussianity using MC for each experiment. Quote median sensitivity 
instead of (T0)

½
. 
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NOνA LBNE

From arxiv:1311.1822 


