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Outline

• We prefer that under the present financial constraint the 
highest priority is to preserve the 1300 km option, and 
development of a complete phasing plan.  

-  Current scientific landscape regarding neutrino 
oscillations.

-  Why the preference for a longer baseline ? 

- Options that may fit within the understanding of 
affordability.  

- Comparison of options from phasing perspective. 
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LBNE phased approach

• As the first priority the phased approach in which all 
phases for LBNE are examined must be considered. So 
far we have not seen any true phasing approach.  

• The phased approach needs to be considered by this 
committee !

Brinkman/DOE:
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LBNE configuration 

• LBNE configuration:1300 km, 34 
kTon of LAr @ 4850 ft with 
broadband 700 kW beam.  

• This configuration is 
scientifically superb. 

• With the value of θ13 as known, 
this configuration will deliver 
stunning, unambiguous science. 

We promised θ13 by 2012, and we have delivered !

The investment in LBNE over the last 4 yrs was absolutely the 
correct scientific decision. Further investment was predicated on a 
non-zero θ13.  It is important to make decisions that use this physics 
in the best possible way.  
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Chapter 6: Experimental Capabilities 6–35
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Figure 6–8: The expected spectrum of ‹e or ‹e oscillation events in a 34-kton LArTPC for 5 years
of neutrino (left) and antineutrino (right) running with a 700 kW beam, assuming sin2(2◊

13

) =
0.1 for normal hierarchy (top) and inverted hierarchy (bottom). Backgrounds are displayed as
stacked histograms.

[LABEL: “fig:lar-event-spectrum”]

In Figure 6–12, the result from fits of the expected spectrum of ‹µ/‹̄µ CC in the LBNE LAr-1

FD is shown for di�erent values of �m2

32

and sin2 2◊
23

for neutrinos and antineutrinos. A2

‹µ/‹̄µ CC reconstruction e�ciency of 85% and a NC contamination rate of 0.5% is assumed3

for these measurements. The variation on the precision of the parameters for di�erent values4

of the NC contamination is shown in Figure 6–13. The LAr-FD can achieve <1% precision5

on these parameters.6

6.2.3 Observation of ‹· Appearance7

The LBNE baseline at 1,300 km will be longer than any long-baseline experiment currently8

in operation. As a result, ‹µ oscillations occur at higher energy and in particular the energy9

LBNE Conceptual Design Report

1074

477

279

440

LBNE ultimate performance 

This result is now guaranteed. And there is virtually no 
competition of comparable quality. We need to find a 

phased approach to get to this. 
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Why long baseline ?

Apparent CPT Violation in Neutrino Oscillation Experiments

Netta Engelhardt(1,2), Ann E. Nelson2, and Jonathan R. Walsh2
1
Department of Physics, Brandeis University, 415 South St., Waltham, MA 02454

2
Department of Physics, Box 1560, University of Washington, Seattle, WA 98195

We consider searching for light sterile fermions and new forces by using long baseline oscillations of
neutrinos and antineutrinos. A new light sterile state and/or a new force can lead to apparent CPT
violation in muon neutrino and antineutrino oscillations. As an example, we present an economical
model of neutrino masses containing a sterile neutrino. The potential from the Standard Model
weak neutral current gives rise to a di↵erence between the disappearance probabilities of neutrinos
and antineutrinos, when mixing with a light sterile neutrino is considered. The addition of a B �L
interaction adds coherently to the neutrino current potential and increases the di↵erence between
neutrino and antineutrino disappearance. We find that this model can improve the fit to the results
of MINOS for both neutrinos and antineutrinos, without any CPT violation, and that the regions
of parameter space which improve the fit are within experimental constraints.

I. INTRODUCTION

Non-collider experiments and astronomical observations have given us our first hints of physics beyond the Standard
Model, via the discoveries of neutrino oscillations, dark energy, and dark matter. The implication of these discoveries
for fundamental physics is still unknown. The energy scale of the new degrees of freedom giving rise to neutrino
oscillations could be as high as 1016 GeV, as in Grand Unified theories, or as low as 0.05 eV, as in Dirac neutrino
mass models. Even more mysterious is the nature of dark energy and dark matter, and the associated energy scale
or scales. If the new physics is light, it must be very weakly coupled to the Standard Model, or it would already
have been discovered. Neutrino oscillation measurements o↵er an unmatched portal into any new nonstandard sectors
containing light fermions, because neutrinos can mix with neutral spin 1/2 particles, and because oscillations over
long baselines are extraordinarily sensitive to extremely tiny e↵ects.

The long baseline experiment MINOS, which uses similar near and far detectors to reduce systematic errors,
has observed the disappearance of both muon neutrinos and muon antineutrinos in the far detector [1–4]. The
antineutrino data comes from a 7% antineutrino contamination of the beam and is severely statistics limited [5].
Nonetheless, it is interesting to note that the antineutrino disappearance rate is larger than the rate expected from
neutrino disappearance by almost 2 sigma [4]. Currently MINOS is running in antineutrino mode, o↵ering a unique
opportunity to precisely measure the parameters governing the long baseline oscillations of muon antineutrinos. It is
the purpose of this paper to o↵er a framework for searching for new physics in the antineutrino data. Most recent
analyses [4, 6–8, 8–10] of anomalies in antineutrino data have focussed on CPT violation in the neutrino mass matrix
[11–16]. However there is no theoretical motivation for CPT violation, and CPT violation requires Lorentz violation
which is complicated to incorporate in a complete theory that is consistent with other data. In contrast, in this paper
we propose a simple, renormalizable, Lorentz invariant field theory, which is consistent with other experiments and
which allows a significant di↵erence between muon neutrino and antineutrino disappearance in the MINOS experiment.

Many other papers have analyzed the consistency of neutrino oscillation data with sterile neutrinos [17–22] and
new forces [23]. Our model di↵ers from those considered previously in three ways. First, we consider a relatively long
range but weakly coupled new force for which the size of the matter e↵ect can be considerably larger than the usual
MSW e↵ect, in a theory which is nevertheless consistent with precision electroweak constraints. Second, we consider
smaller neutrino mass squared di↵erences that primarily a↵ect long baseline experiments for muon neutrinos. Thirdly,
many previous analyses were concerned with the e↵ects of sterile neutrinos on electron neutrino oscillations, while
we are not attempting to address any anomalies involving electron neutrinos and are considering a model where the
sterile neutrino has no electron neutrino component.

II. REVIEW OF THE STANDARD PICTURE OF NEUTRINO OSCILLATIONS

A standard picture of 3 flavor neutrino oscillations has been successful in explaining phenomena observed by many
diverse long baseline experiments [24, 25]. The e, µ, and ⌧ flavor eigenstates are related to the mass eigenstates via
a unitary transformation, parameterized by three angles, neglecting a CP-violating phase:
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Current terrestrial evidence

Daya Bay Atmospheric and Solar 
data is also important. 

Total amount of data 
is rather sparse. 

3

TABLE II: Estimated backgrounds after selection efficiencies.

Background Contribution
Accidentals 80.5± 0.1
9Li/8He 13.6± 1.0
Fast neutron & Atmospheric ν <9.0
13C(α,n)16Ogs, np → np 157.2± 17.3
13C(α,n)16Ogs, 12C(n,n′)12C∗ (4.4 MeV γ) 6.1± 0.7
13C(α,n)16O 1st exc. state (6.05 MeV e+e−) 15.2± 3.5
13C(α,n)16O 2nd exc. state (6.13 MeV γ) 3.5± 0.2
Total 276.1± 23.5

the scattered neutron but the cross sections are not known
precisely. A 210Po13C source was employed to study the
13C(α,n)16O reaction and tune a simulation using the cross
sections from Ref. [10, 11]. We find that the cross sections for
the excited 16O states from Ref. [10] agree with the 210Po13C
data after scaling the 1st excited state by 0.6; the 2nd excited
state requires no scaling. For the ground-state we use the cross
section from Ref. [11] and scale by 1.05. Including the 210Po
decay-rate, we assign an uncertainty of 11% for the ground-
state and 20% for the excited states. Accounting for ε(Ep),
there should be 182.0± 21.7 13C(α,n)16O events in the data.

To mitigate background arising from the cosmogenic beta
delayed-neutron emitters 9Li and 8He, we apply a 2 s veto
within a 3-m-radius cylinder around well-identified muon
tracks passing through the LS. For muons that either deposit
a large amount of energy or cannot be tracked, we apply a 2 s
veto of the full detector. We estimate that 13.6± 1.0 events
from 9Li/8He decays remain by fitting the time distribution of
identified 9Li/8He since the prior muons. Spallation-produced
neutrons are suppressed with a 2 ms full-volume veto after a
detected muon. Some neutrons are produced by muons that
are undetected by the OD or miss the OD but interact in the
nearby rock. These neutrons can scatter and capture in the LS,
mimicking the νe signal. We also expect background events
from atmospheric neutrinos. The energy spectrum of these
backgrounds is assumed to be flat to at least 30 MeV based on
a simulation following [12]. The atmospheric ν spectrum [13]
and interactions were modeled using NUANCE [14]. We ex-
pect fewer than 9 neutron and atmospheric ν events in the
data-set. We observe 15 events in the energy range 8.5 –
30 MeV, consistent with the limit reported previously [15].

The accidental coincidence background above 0.9 MeV is
measured with a 10-ms-to-20-s delayed-coincidence window
to be 80.5± 0.1 events. Other backgrounds from (γ,n) inter-
actions and spontaneous fission are negligible.

Anti-neutrinos produced in the decay chains of 232Th and
238U in the Earth’s interior are limited to prompt ener-
gies below 2.6 MeV. The expected geo-neutrino flux at the
KamLAND location is estimated with a geological reference
model [9], which assumes a radiogenic heat production rate
of 16 TW from the U and Th-decay chains. The calculated νe

fluxes for U and Th-decay, including a suppression factor of
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FIG. 1: Prompt event energy spectrum of νe candidate events.
All histograms corresponding to reactor spectra and expected back-
grounds incorporate the energy-dependent selection efficiency (top
panel). The shaded background and geo-neutrino histograms are cu-
mulative. Statistical uncertainties are shown for the data; the band on
the blue histogram indicates the event rate systematic uncertainty.

0.57 due to neutrino oscillation, are 2.24×106 cm−2s−1 (56.6
events) and 1.90×106 cm−2s−1 (13.1 events), respectively.

With no νe disappearance, we expect 2179± 89 (syst)
events from reactors. The backgrounds in the reactor energy
region listed in Table II sum to 276.1± 23.5; we also expect
geo-neutrinos. We observe 1609 events.

Figure 1 shows the prompt energy spectrum of selected
νe events and the fitted backgrounds. The unbinned data is
assessed with a maximum likelihood fit to two-flavor neu-
trino oscillation (with θ13 = 0), simultaneously fitting the geo-
neutrino contribution. The method incorporates the abso-
lute time of the event and accounts for time variations in
the reactor flux. Earth-matter oscillation effects are included.
The best-fit is shown in Fig. 1. The joint confidence in-
tervals give ∆m2

21 = 7.58+0.14
−0.13(stat)+0.15

−0.15(syst) × 10−5 eV2

and tan2 θ12 = 0.56+0.10
−0.07(stat)+0.10

−0.06(syst) for tan2 θ12<1. A
scaled reactor spectrum with no distortion from neutrino os-
cillation is excluded at more than 5σ. An independent anal-
ysis using cuts similar to Ref. [2] gives ∆m2

21 = 7.66+0.22
−0.20 ×

10−5 eV2 and tan2 θ12 = 0.52+0.16
−0.10.

The allowed contours in the neutrino oscillation parame-
ter space, including ∆χ2-profiles, are shown in Fig. 2. Only
the so-called LMA-I region remains, while other regions pre-
viously allowed by KamLAND at ∼2.2σ are disfavored at
more than 4σ. For three-neutrino oscillation, the data give
the same result for ∆m2

21, but a slightly larger uncertainty on
θ12. Incorporating the results of SNO [16] and solar flux ex-
periments [17] in a two-neutrino analysis with KamLAND as-
suming CPT invariance, gives ∆m2

21 = 7.59+0.21
−0.21 × 10−5 eV2

and tan2 θ12 = 0.47+0.06
−0.05.

To determine the number of geo-neutrinos, we fit the nor-
malization of the νe energy spectrum from the U and Th-
decay chains simultaneously with the neutrino oscillation pa-

An inclusive !" CC measurement in the off-axis near
detector is used to constrain the expected event rate at the
far detector. From a data sample collected in run 1 and
corresponding to 2:88! 1019 p.o.t. after detector quality
cuts, neutrino interactions are selected in the FGDs with
tracks entering the downstream TPC. The most energetic
negative track in the TPC is chosen and we require its
ionization loss to be compatible with a muon. To reduce
background from interactions outside the FGDs, there must
be no track in the upstream TPC. The analysis selects 1529
data events (38% !" CC efficiency for 90% purity, esti-
mated from MC calculations). The momentum distribution
of the selected muons (Fig. 3) shows good agreement
between data and MC calculations. The measured data/
MC ratio is

R";Data
ND =R";MC

ND ¼ 1:036# 0:028ðstatÞþ0:044
'0:037ðdet : systÞ

# 0:038ðphys: systÞ; (1)

where R";Data
ND and R";MC

ND are the p.o.t. normalized rates of
!" CC interactions in data and MC. The detector system-
atic errors mainly come from tracking and particle identi-
fication efficiencies, and physics uncertainties are related
to the interaction modeling. Uncertainties that effectively
cancel between near and far detectors were omitted.

At the far detector, we extract a fully contained
fiducial volume (FCFV) sample by requiring no event
activity in either the OD or in the 100 "s before the event
trigger time, at least 30 MeV electron-equivalent energy
deposited in the ID (defined as visible energy Evis), and the
reconstructed vertex in the fiducial region. The data have
88 such FCFVevents that are within the timing range from
'2 to 10 "s around the beam trigger time. The accidental
contamination from beam unrelated events is determined
from the sidebands to be 0.003 events. A Kolmogorov-
Smirnov (KS) test of the observed number of FCFVevents

as a function of accumulated p.o.t. is compatible with the
normalized event rate being constant (p' value ¼ 0:32).
The analysis relies on the well-established reconstruction
techniques developed for other data samples [4]. Forty-one
events are reconstructed with a single ring, and eight of
those are e-like. Six of these events have Evis > 100 MeV
and no delayed-electron signal. To suppress misidentified
#0 mesons, the reconstruction of two rings is forced by
comparison of the observed and expected light patterns
calculated under the assumption of two showers [35], and a
cut on the two-ring invariant mass Minv < 105 MeV=c2 is
imposed. No events are rejected (Fig. 4). Finally, the
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FIG. 3 (color online). Measured muon momentum of !" CC
candidates reconstructed in the FGD target. The data are shown
using points with error bars (statistical only) and the MC
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Complete picture assembled 

• This elaborate picture of interference from the 
current data set needs to be tested in an oscillation 
experiment that is optimized properly.    
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1300 km expectation

• With 1300 km the full structure of oscillations is visible in the energy 
spectrum. This spectral structure provides the unambiguous 
parameter sensitivity in a single experiment. 

Long Baseline
Physics with

LBNE-
Homestake vs.

NuMI
Alternatives

Mary Bishai,
Sam Zeller

(for the LBL
Physics
Working
Group)

Oscillation
Basics

Experimental
Assumptions

Spectra and
Event Rates

Sensitivities

Physics
beyond PMNS

Summary and
Conclusions

Disappearance Spectra (Z. Isvan)

L=1300km, LBNE LE
⌫, normal hierarchy ⌫̄, normal hierarchy

Bimodal structure at 1300km = best constraint on �m2
32, sin2 2✓23.
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These events 
are very 

important 

For each bin, 
conversion fraction of 

electrons can be 
calculated. Matter 

effect can be 
substracted to obtain 

explicit CP signal. 

Potential surprises:

Matter effect is not 
what is expected !

CPV does not have the 
proper energy 1/E 

dependence. 
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735 km expectation

• No oscillations, larger backgrounds. Smaller asymmetries 
due to smaller distance and energy spectrum. 
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Technical misunderstanding

• The event rate for electron neutrino appearance at 
shorter distance is NOT higher.  For very short 
distances it actually decreases per unit mass. 

• A large θ13 does not mean it is better to perform a 
shorter baseline experiment. 

• If nature has handed you a gift such as  θ13, the best 
way to use it is to send the beam as far as you can. 

• A large θ13 does not mean we can make the detector 
smaller for a CP measurement. The asymmetry gets 
smaller for larger θ13. 
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LBNE approach

• CP violation measurement in neutrinos is monumental science 
and we should demonstrate  the CP violation phenomena.

• A neutrino oscillation experiment should see oscillations ! 

• The parameters should be measured unambiguously in a single 
experiment.  

• Must lead to a facility with a long future. Therefore the 
emphasis on underground physics and proton decay. 

• Motivate future intensity upgrades including Project-X.  Should 
have scientific reason and the capability to use the increased 
intensity.  

• Has more potential for international participation because it is 
unique compared to any other setup. 
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NuMI based approach

• The beam exists and works. 

• The NuMI beam spectrum is not well matched to 735 km.  No 
oscillations. 

• The appearance signal spectrum does not have enough dynamic 
range leading to ambiguities. 

• 735/810 km is not far enough to get sufficient separation of mass 
hierarchies leading to poor resolution of MH, which affects CP 
phase. 

• Ambiguity resolution needs both the T2K data and Reactor  θ13  
data to extract the CP phase. In combination, the parameter 
sensitivity is roughly equal. 

• This is not a true demonstration of CP violation as a phenomena. 
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Two choices 

• The two choices for phase I that could fit the 
understanding of funding and the beam physics 
constraints are:

• A new beam with a 10 kTon detector at Homestake. 

• A detector at Soudan/Ash River of ~20kTon mass.  

• The option for building only the detector at Homestake 
at 4850 first also is possible. It has many advantages, 
but it requires a phase II with a beam. 
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Comparison of choices
Beam+10kTon at 

Homestake
20kTon at Soudan/Ash 

River
MH

(without T2K) >2.5 sigma 2-4 sigma for half of 
phase space. 

δ resolution
(with θ13 constraint)

20o at 0o 
30o at 90o

25o at 0o 
30o at 90o

δ resolution
(no θ13 constraint)

20o at 0o 
30o at 90o

25o at 0o 
50o at 90o

sin22θ13 resolution 0.008 at δ = 0, 90o 0.008 at δ = 0,
0.012 at δ = 90o

Oscillations Sees Oscillations ! No oscillations 

Future physics
Second oscillation for 
appearance has huge 

CP effects 

Will never get to the 
second oscillation. 

The Ue3 matrix element is a single complex number. Must consider 
resolution of both real and imaginary parts in an appearance measurement. 
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Further comparisons
Beam+10kTon at Homestake 20kTon at Soudan/Ash River

Needs a new beamline Has an existing beamline 

Does not need external constraints. Needs constraints from T2K and 
reactor data to get MH and δ

Large investment in the deep site 
already made by the community.

If detector is to be deep, this will 
require large investment.

Will lead to a better beam matched 
to intensity upgrades. 

NuMI beam is constrained for 
future intensity upgrades

1300 km is unmatched.  More likely 
to attract foreign contribution. 

730 km beam exists in Europe. 
Capability could be matched. 
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How to get there

• Phase I 

• Build a beam and a 10 kTon detector at Homestake. 

• Phase II

• Increase the detector mass at Homestake, put it 
underground if not done in phase I. 

• Or build Project-X (Phase I) to supply more intensity. 

• Phase III 

• Enlarge the detector if Project-X was chosen in phase-II 

The committee will only have ballpark cost 
figures at this point. 
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Conclusion
• Committee must include a true phasing plan for LBNE 

as the charge letter asked.  

• There are two options that might fit:  Beam+10kTon at 
Homestake or 20 kTon at Soudan/Ash River. 

• The longer baseline (1300 km) offers more flexibility 
and opportunity for growth. The 1300 km baseline 
enables the possibility of seeing unexpected physics in 
oscillations.  

• A NuMI based approach is not optimal. The results need 
global fit of data.  This will make it vulnerable to 
criticism from outside HEP community.  

• A phasing plan for 1300 km baseline is possible with the 
current understanding of funding. 
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