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Questions Addressed 

  The issue of the sterile neutrino 
 Can we continue to do precision 3 flavor oscillation 

physics without solving the mystery of the sterile? 
 How do we go about solving the mystery? 

  How can we over-constrain the three flavor 
oscillation system? 

  What do we do, now we know θ13=0.09 
 What role will systematics play? 
 Are there better ways to optimize existing plans? 
 Are there better plans? 
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The Sterile Question 
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  P. Huber—Many 3 sigma-ish hints that there’s something 
unexpected going on 
  Reactor Anomaly—6% deficit of anti-nue at short distances 

  Gallium Anomaly—25% deficit of nue from radioactive sources at short distances 

  Cosmology—relativistic energy density suggests 4 neutrinos 

  Caution: A lot of hidden, hard to control systematic and 
theory errors 
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Z. Pavlovic Miniboone and LSND 



No appearance without 
Disappearance 
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  There is tension between appearance and 
disappearance observations 

--P. Huber 



Global Fits 
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G. Karagiorgi 

Reviewed Anomalies 
Null experiments with sensitivity to sterile neutrinos 
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G. Karagiorgi 

In (3+1) model: 

In (3+2) model: 

In (3+3) model: 
PG(nu,antinu)=53% 
PG(app,dis)=0.0081% 

“Appearance and disappearance data sets still incompatible even under a (3+3) scenario” 



Cosmological Constraints 
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  High sterile mass has tension with cosmological 
constraints  

  2 different modifications to cosmology can evade 
the bounds, at least in the 3+1 models 
  time varying dark energy 
  sterile neutrino mass proportional to density of the 

medium 

  (3+3) fits prefer dm2’s>10 eV2—difficult to allow 
such high masses even with these modifications? 

J. Evslin 
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J. Lopez-Pavon 



Effect of Steriles on 3flavor phys 
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  Theory motivated global fits reduce the degrees of 
freedom 

  Relate new mixing angles to the standard 3 mixing 
angles 

  Goodness of fits from theory motivated models are 
comparable to best phenomenological fits 

  Best fits can pull standard mixing angles 
 e.g. Value of theta_13 changes by 20% in the MM 

model compared to 3 flavor fits. 

--J. Lopez-Pavon 



Where to from here? 
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  Measure reactor rates at really Near Detectors 
 7 experiments proposed, 1 taking data now (NUCIFER 

at Saclay) 

  Measure rates from sources inserted in neutrino 
detectors 
 another 7 proposals 

  Spallation sources 

--B. Fleming 



Microboone+LAr1 
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--B. Fleming 



IsoDAR 
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  Use 60 MeV protons from cyclotron to make 
isotopes that beta decay at rest 

J. Conrad 



IsoDAR 
14 

J. Conrad 

IsoDAR is a stepping stone on the way to Daedulus which can study CP 
violation via anti-numu to anti-nue oscillations 
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MINOS+ and GLADE @ NuFact2012 by Ryan Nichol

Sterile Neutrino 
Search

• Sterile mixing is a proxy for any 
new physics

• Shows up as a distortion to the 
(oscillated) CC and NC Far 
Detector spectra

12

FD sterile example 
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R. Nichol 
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MINOS @ Neutrino 2012 by Ryan Nichol

The MINOS+ vs LSND 
vs MiniBooNE Plot

• Can not have appearance without 
disappearance

• MINOS+ will (most likely) place limits 
on:

• Bugey (and other reactor experiments) 
placed limits on:

• LSND/MiniBoone measure:

• Combine Bugey&MINOS+
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R. Nichol 
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Constraining Theories—testing sum 
rules 
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MC Chen 



Tribimaximal Mixing 
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  Is Tribimaximal Mixing still appealing now that we 
know theta13 is large? 

  In short, it can still be accommodated by “Kahler 
Corrections” 

  In general, predictions 
based on symmetries of 
subsectors are subject 
to sizeable corrections 

  There are large 
theoretical uncertainties 
in classes of popular 
constructions 

M. Ratz 



Precision 
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Now that we know that 
theta13 is large, its not 
just about discovery, but 
precision 



Precision of facilities 
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P. Coloma 



Systematics matter 
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  Large theta 13 
mean we have to 
be careful of 
systematics 

P. Coloma 



Systematics 
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P. Coloma 



Systematics 
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P. Coloma 



Systematics 
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  Conclusion: one can 
get away without a 
ND if one uses 
disappearance 
measurements in FD 
to constrain 
systematics 

  Some of us were 
very surprised by 
this conclusion… 

P. Coloma 



MINOS systematics 
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  Hadronization and 
FSI uncertainties 
cause sizeable 
systematic errors in 
MINOS ND nue 
selected sample… 

M. Sanchez 



FD Prediction Systematics 
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  …But they largely cancel in the extrapolation 

M. Sanchez 



T2K ND and systematics 
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K. Mann 
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K. Mann 

Action Item for experimentalists: Review systematics  
inputs for future facilities and the implications of having no ND 



New nufact optimization 
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R. Bayes 



Rethinking MIND 
P. Vahle, NuFACT 2012 31 

R. Bayes 



MIND Sensitivity 
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R. Bayes 



Combos 
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Glade 
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MINOS+ and GLADE @ NuFact2012 by Ryan Nichol

Mass Hierarchy

• Physics reach of GLADE is 
similar to NOvA

• NOvA+GLADE = 2 NOvA

• Sensitivities assume we know 
sin22!23 to 0.01 by 2020

• The (less sensitive) lower 
octant is assumed

• Extends the three sigma 
reach of NOvA+T2K, but need 
to get lucky

19
R. Nichol 
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MINOS+ and GLADE @ NuFact2012 by Ryan Nichol

CP Violation 

• Physics reach of GLADE is 
similar to NOvA

• NOvA+GLADE = 2 NOvA

• Sensitivities assume we know 
sin22!23 to 0.01 by 2020

• The (less sensitive) lower 
octant is assumed

•Addition of GLADE provides 
some 90% sensitivity in the 
less favourable sectors

20
R. Nichol 



Daya Bay2 
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  Requires careful 
baseline selection 
 1-2 km window 
 multiple baselines 

need to be 
understood 

  Requires good 
energy resolution 
~3% 

Y. Wang 



HyperK 
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Daya Bay 1 T2K 1 Daya Bay 1 T2K 1

Neutrino physics in HK 1 ~ Determination of CP 
Neutrino beam from J-PARC ( 0.75 MW )

10 yrs of running ( 
 

3 yrs. +
 

7 yrs., 1 yr 107 sec. ) 

• CP phase parameter precision ( w/ hierarchy info. ) 18

 
vs sin22 13 Mass Hierarchy

• Chance to determine the mass hierarchy ~ 43%

Y. Hayato 



INO 
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A. Dighe 



Deep Core 
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  30 Mton effective 
mass (yes, Mega) 

  ~10 GeV threshold 
  Enriched cascade 

(read nue+NC) 
sample 

  Observes 
atmospheric 
oscillations 

D. Cowen 
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Doug Cowen NuFact 2012

Second Result from DeepCore

• Looked for 
(expected) 
atmospheric !µ 
oscillations at highest 
energies ever

• Oscillations seen

• Analysis was not 
designed to measure 
oscillation 
parameters

• Ruled out no-
disappearance 
hypothesis
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Next step—Pingu   
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  Increase string 
density 

  Lower threshold to 
~1GeV 

  Effective volume 10 
Mton at 10 GeV 

  Sensitivity to matter 
effects 

D. Cowen 



Doug Cowen NuFact 2012

The Hierarchy with PINGU + !–Beam

24

• Assumptions:

• 20% !µ CC misID

• No energy resolution
• A counting experiment!

• Include irreducible 
backgrounds 

• intrinsic beam, NC 
events, !" 

• signal & bkgd. 
systematics 
uncorrelated 

• Conclusions:

• 18# effect (stat. only)

• With particle ID, might 
be also sensitive to CP

Table courtesy W. Winter.  See also Tang and Winter, JHEP 1202 (2012) 028.

Normal hier. Inv. hierarchy

Signal 1560 54

Backgrounds: 
!e beam 39 59
Disapp./track mis-ID 511 750

!" appearance 3 4

Neutral currents 2479 2479

Total backgrounds 3032 3292

Total signal+backg. 4592 3346

NUMI beam at 1021 PoT

Even better 
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  Beam from FNAL has to point down 66 degrees…   

D. Cowen 



Lar Development 
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ArgoNeuT: Physics

12

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

45.2. Quasi-elastic scattering

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

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

In many of these initial measurements of the neutrino QE cross section, bubble
chamber experiments typically employed light targets (H2 or D2) and required both the
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The composition of the selected signal samples in both
distributions is predicted to be 95% pure.

After subtracting the expected 18 event background
contribution, the selected θµ and Pµ distributions are effi-
ciency corrected on a bin-by-bin basis according to Eq. 1.5

A νµ CC event that originates in the ArgoNeuT fiducial
volume enters the signal sample after ArgoNeuT-MINOS
reconstruction, track matching, and selection 57.6% of
the time in the θµ measurement range and 49.5% in
the Pµ range. These values receive contributions from10

muon acceptance between ArgoNeuT and MINOS, ver-
tex reconstruction inefficiencies in ArgoNeuT, track re-
construction inefficiencies in both detectors, and selection
efficiency. Inefficiencies due to acceptance arise from low-
energy or large-angle muons that do not enter the active15

region of MINOS. The poor acceptance of θµ> 36◦ muons
accords the Pµ sample with a lower detection efficiency
than that of the θµ sample.

The flux-integrated differential cross sections in θµ and
Pµ from νµ CC events on an argon target are shown in20

Figs. 2 and 3, respectively, and are tabulated in Tables II
and III. The data and GENIE expectation agree well
across most of the measurement ranges. More data are
needed to confirm the apparent discrepancies at low an-
gles and momenta. The cross sections correspond to the25

neutrino flux in Table IV; the energy-integrated flux from
0-50 GeV is (2.91±0.46)×105 ν/m2/109 POT.

The data were taken in neutrino-mode, with the down-
stream end of the target placed 10 cm from the neck of
the first focusing horn, a horn current of 185 kA, and the30

polarity set to focus positively charged mesons [1]. For
the 3-50 GeV NuMI neutrino energy range, the MINOS
flux prediction utilizes a low hadronic energy transfer (ν)
subset of neutrino events to estimate the shape of the
neutrino energy spectrum. As the differential cross sec-35

tion (dσdν ) is independent of neutrino energy in the limit
of ν → 0, the shape is predicted simply based on the
number of events at low-ν in bins of neutrino energy.
The flux shape is then normalized to the 1% precision
world average cross section measured from 30-50 GeV.40

The “low-ν” method is described in detail in Ref. [1].
For the 0-3 GeV range, the flux prediction is determined
using a Monte Carlo simulation of the NuMI beamline
and is independent of MINOS near detector data and
neutrino cross section assumptions.45

The uncertainties in the differential cross section mea-
surements are statistics-limited as shown in Figs. 2 and
3. However, systematic uncertainties due to knowledge
of the flux as well as measurement resolution contribute
significantly. The 15.7% uncertainty on the energy-50

integrated flux leads the systematic error contributions.
The uncertainties associated with measurement resolu-
tion are determined by recalculating the differential cross
sections after adjusting the measured θµ and Pµ by ±1σ,
where σ comes from the reconstructed variable’s resolu-55

tion as determined by simulation and reconstruction in
each measurement bin. The muon angular resolution over
the majority of the measurement range is 1-1.5◦ and the

momentum resolution is 5-10%. The uncertainty is con-
servatively set equal to the largest deviation from the cen-60

tral value, due to either the plus or minus 1σ adjustment
and the resulting bin weight redistribution. Other possi-
ble sources of systematic uncertainty have been found to
be negligible.
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FIG. 2: The νµ CC differential cross section (per argon nu-
cleus) in muon angle.
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FIG. 3: The νµ CC differential cross section (per argon nu-
cleus) in muon momentum.

Differential cross sections on an isoscalar target are65

useful for a simple comparison of these results to other
measurements on different nuclei. The correction for
transforming the argon target measurement reported
here into an isoscalar one is arrived at by reweighting
each GENIE simulated νµ CC interaction based on its70

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon differential cross
section measurement bin in order to obtain the differen-
tial cross sections on an isoscalar target. This correction
factor is model-dependent as it relies on GENIE’s under-75

Inclusive CC cross-section
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Refs:
1.) First Measurements of Inclusive Muon Neutrino Charged Current Differential Cross Sections on Argon, C. Anderson et al.,  PRL 108 (2012) 161802, arXiv:1111.0103
2.) Neutrino cross section measurements, J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012)
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ArgoNeuT

M. Soderberg 



Questions for next year 
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  For how long do we need to run T2K+Nova to reach 
the systematic/background limit? How much significance 
can they provide when they reach that limit? 

  Evaluate the sensitivity of facilities for the different 
sources of systematic errors at future facilities. Which of 
these sources are uncorrelated between neutrino and 
antineutrinos?  Are these systematic errors reasonable 
assumptions?   

  Can we do precision experiments without a ND? 
  How much significance for the mass hierarchy can we 

expect from atmospheric neutrinos and cosmology? Do 
we need a dedicated accelerator experiment to reach 
the 5 sigma level for any value of delta? 



More questions 
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  What can we learn about the Majorana nature of 
neutrinos from a measurement of the mass hierarchy 
combined with neutrinoless double beta decay probes? If 
the hierarchy is inverted and we don’t find 0nubb decays 
are neutrinos Dirac particles? 

  Can we reoptimize the design of future facilities for large 
theta_13? 

  Are off axis beams still interesting for large theta_13? 
  Evaluate expected sensitivity to deviations of theta_23 

from maximality and to its octant at different facilities. 
  What are target precisions in each of the mixing 

parameters that could usefully constrain/rule out different 
theories? 



Backup 
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J. Lopez-Pavon 



P. Vahle, NuFACT 2012 49 

!"#$ %& '$

()*+,-./$
%)-0*12,*13$*,2,-4$56.-17,)8$
$$$$$5,-"9" ":;<=>?@A$ ":B CD$
&6E1-E$7.5)3F./!"#!$% &!'#(!
)*+,"#-(!)'.-.!'/!01 !!
%)E.8!/2".!"#)34(-.!/2-! !(".'55-'6'#)-!
)*#./6'"#/.!*#! 17!

G,*H3E1-.)H5$ A$ ":A$1-/$I,.7176IJ$,-K)7*1E,)-$
.2L.6E./$1E$EI.$.-/$)K$"=M?>$$NF.-$5L3,E$)K$ "# $>$

O)7$5E177./$L),-E$5I)P-$
1-/$5,-"9" M:;<=>=?@$

8 !'#(!1 !19!'33*:-(!6'#;-.!

!"#$%&#''()*+$,%-#.'(/0% 12%



P. Vahle, NuFACT 2012 50 

!"#$ %& '$

()*+,-./$%)-0*12,*13$*,2,-4$56.-17,)8$
$$$$$5,-"9" ":;<=>?@A$ ":B CD$

$EF,5$E,*.$
&6E1-E$5E,33$7.5)3G./!"#!$% &!'()*+#(!

!
!"#$%#$%&%'()(*&+%,-#)./!"#$%&$!
'($()*+&%$+"&!+,!-%).(-/!+&,(&,+$+0(!
$"!1+()%)#1/!%&'! !

H,*I3E1-.)I5$ A$ ":A$1-/$F,.7176FJ$,-K)7*1E,)-$
.2L.6E./$1E$EF.$.-/$)K$"=M?>$$NG.-$5L3,E$)K$ !" $>$

O)7$5E177./$L),-E$5F)P-$
1-/$5,-"9" M:;<=>=?@$

, !"-'!% !%.!"//01('!2"-3()!

!"#$%&#''()*+$,%-#.'(/0% 12%



INO 
P. Vahle, NuFACT 2012 51 



P. Vahle, NuFACT 2012 52 

G. Karagiorgi 


