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 Unravelling the Neutrino Mysteries:
Present & Future

Stephen Parke
Fermilab



Summary of the Important Issues:

• Confirming ν’s are Majorana

(seesaw → tiny masses, Leptogenesis)
0νββ decays

• Absolute ν Mass: quasi-degenerate OR hierarchical

Tritium decay, 0νββ decays, cosmology

• If hierarchical What is Mass of Lightest ν?

• Is the Spectrum Normal or Inverted ?

• How close is the Mixing Matrix to Tri-Bi-Maximal???

νe component in ν3: sin2 θ13 ⇐
νµ component in ν3: (sin2 θ23 − 1

2)
νe component in ν2: (sin2 θ12 − 1

3)

• What is the size and sign of CPV? sin δ · · · Long Baseline Experiments
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Leptogenesis

δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
atm| ≈ 30 ∗ |δm2

sol|
�

δm2
atm = 0.05 eV <

�
mνi < 0.5 eV = 10−6 ∗me

�
mνi =

f1 ∼ cos2 θ⊙ ≈ 68%

f2 ∼ sin2 θ⊙ ≈ 32%
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• Is the Mixing Matrix Unitarity ?

sterile neutrinos, Non-Standard Interactions, ......

• Neutrinos in Supernova

Neutrino Properties ⇔ Supernova Dynamics

• High Energy Neutrino Astronomy

source of cosmic rays etc

• How can we detect the Cosmic Neutrino Background ?

• Use of Neutrinos for other things:

geo-neutrinos, reactor monitoring, ....., making euros
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Rupees
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Masses and Mixings
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|δm2
sol|/|δm2
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�
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sin2 θ12 ∼ 1/3
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sin2 θ13 < 3%

0 ≤ δ < 2π
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sin2 θ13 ≡ |Ue3|2, sin2 θ12 ≡
|Ue2|2

(1− |Ue3|2), sin2 θ23 ≡
|Uµ3|2

(1− |Ue3|2)

Note: if sin2 θ13 = 0.03 and sin2 θ23 = 1
2

then |Uµ3|2(1− |Uµ3|2) = sin2 2θatm = 0.999

In numerous models:

sin2 θ13, (sin2 θ12 − 1
3 ), (sin2 θ23 − 1

2 ) ∼
�

δm2
21

δm2
31

�n

Experiment has probed down to n ≈ 1/2 to 1 !!!

|Ue3|2, (|Ue2|2 − 1
3 ), (|Uµ3|2 − 1

2 ) ∼
�

δm2
21

δm2
31

�n
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Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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Masses and Mixings
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“The” ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⇒ only 2 δm2

• Only Active flavors (no steriles): e, µ, τ

• Unitary Mixing Matrix:

3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases (α2,α3)

|νe, νµ, ντ�Tflavor = Uαi |ν1, ν2, ν3�Tmass

Uαi =




1

c23 s23

−s23 c23








c13 s13e−iδ

1
−s13eiδ c13








c12 s12

−s12 c12

1








1

eiα

eiβ





Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ 0νββ decay

500km/GeV 15km/MeV
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Mixing Matrix:

Neutrino Mixing Matrix:

Like the Quark Sector:
The Neutrino Mass Eigenstates, |νi�, are a Mixture of Flavor States, |να�:

|να� = Uαi|νi�. (using sij = sin θij and cij = cos θij)

Uαi =




1

c23 s23

−s23 c23








c13 s13e−iδ

1
−s13eiδ c13








c12 s12

−s12 c12

1





=




c13c12 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c23c12 − s13s23s12eiδ c13s23

s23s12 − s13c23c12eiδ −s23c12 − s13c23s12eiδ c13c23





Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ

For Majorana Nu’s

U → U

0

@
1

eiα2

eiα3

1

A
Phases α2, α3 are unobservable in oscillation

phenomena, (UαiU
∗
βi).

Important in neutrinoless double beta decay.
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SNO/KamLAND

Masses
Label the Neutrino mass eigenstates such that:

νe component of ν1 > νe component of ν2 > νe component of ν3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 − |Ue3|2)

|Uµ3|2(1 − |Uµ3|2)

Masses and Mixings

At 2σ we have the following limits:

sin2 θ13 < 0.04 ≈
�

δm2
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31
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| sin2 θ12 −
1
3
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�
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δm2
31
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Reactor/LBL
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CC
NC

|sno ≈ |Ue2|2
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Unitarity Triangle:

U∗
µ1Ue1 + U∗

µ2Ue2 + U∗
µ3Ue3 = 0

|J | = 2×Area

J = s12c12s23c23s13c2
13 sin δ

ω = δ or 2π − δ
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BRIEF ARTICLE

THE AUTHOR

when sin(aL)/(aL) ≈ 1
Neutrino Physics disparately needs to go beyond Megawatt traditional neutrino beams

and Megaton water Cerenkov detectors: Neutrino Factory is an excellent possibility.
For large sin2 2θ13 (≥ 0.003-0.01 say) the low energy option could provide precision

measurements of the mixings to give meaningful tests to various sum rules coming from
models and also explore the possibility of new physics as sub-leading effects.

For smaller values of sin2 2θ13 the higher energy option provides unpresident sensitivity
to small values sin2 2θ13 and has the capability to untangle neutrino mixings from other
new physics.
∼ 1√

3
= sin θ13/

√
2

1

Three Main things we are looking for are:

Surprises! Surprises!! SURPRISES!!!

We all have prejudices
about how Nature has organized

the Neutrino/Lepton Sector:

She has SURPRISES in store for us

Let’s go Find Them !!!!!!

≈ 1/3
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Masses and Mixings
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The leptonic, or Pontecorvo-Maki-Nakagawa-Sakata (PMNS), mixing matrix U can be
written as

U =





c12 c13 s12 c13 s13 e−iδ

−s12 c23 − c12 s23 s13 eiδ c12 c23 − s12 s23 s13 eiδ s23 c13
s12 s23 − c12 c23 s13 eiδ −c12 s23 − s12 c23 s13 eiδ c23 c13



P , (1)

where cij = cos θij , sij = sin θij and δ is the unknown Dirac CP-violating phase. The two
equally unknown Majorana phases [1,2] appear in P = diag(1, eiφ2, eiφ3). We will focus on
the implications of δ in this letter. Namely, we discuss some aspects of unitarity of U and
Dirac-like CP violation in the form of unitarity triangles and boomerangs [3–5].
In the standard parametrization given above, U is obtained by three consecutive rotations:

U = R23(θ23) R̃13(θ13; δ)R12(θ12) ,where e.g.,

R12(θ12) =





c12 s12 0
−s12 c12 0
0 0 1



 , R̃13(θ13; δ) =





c13 0 s13 e−iδ

0 1 0
−s13 eiδ 0 c13



 .
(2)

One notes that at zeroth order lepton mixing is well described (see Table 1) by tri-
bimaximal mixing (TBM) [6]

UTBM =











√

2
3

√

1
3 0

−
√

1
6

√

1
3

√

1
2

√

1
6 −

√

1
3

√

1
2











, (3)

or UTBM = R23(π/4)R12(θTBM), where sin2 θTBM = 1
3 . Accepting this rather economic

scheme as the zeroth order description, makes possible to parameterize the PMNS matrix
around UTBM, i.e. [7]

U = R23(π/4)UεR12(θTBM) , where Uε = R23(ε23) R̃13(ε13; δ)R12(ε12) . (4)

The commonly used neutrino mixing observables are then obtained as zeroth order terms
given by their TBM-values, and corrections in terms of the small εij :

sin2 θ12 =
1

3

(

cos ε12 +
√
2 sin ε12

)2
#

1

3

(

1 + 2
√
2 ε12 + ε212

)

, (5)

sin2 θ23 =
1

2
(1 + sin 2ε23) #

1

2
(1 + 2 ε23) , (6)

Ue3 = sin ε13 e
−iδ , (7)

JCP =
1

24
(2
√
2 cos 2ε12 + sin 2ε12) cos 2ε23 sin 2ε13 cos ε13 sin δ (8)

#
(

1 +
ε12√
2

)

ε13
3
√
2
sin δ . (9)

2

Masses and Mixings
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∼ 3× 10−5 and smaller.
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The leptonic, or Pontecorvo-Maki-Nakagawa-Sakata (PMNS), mixing matrix U can be
written as

U =





c12 c13 s12 c13 s13 e−iδ

−s12 c23 − c12 s23 s13 eiδ c12 c23 − s12 s23 s13 eiδ s23 c13
s12 s23 − c12 c23 s13 eiδ −c12 s23 − s12 c23 s13 eiδ c23 c13



P , (1)

where cij = cos θij , sij = sin θij and δ is the unknown Dirac CP-violating phase. The two
equally unknown Majorana phases [1,2] appear in P = diag(1, eiφ2, eiφ3). We will focus on
the implications of δ in this letter. Namely, we discuss some aspects of unitarity of U and
Dirac-like CP violation in the form of unitarity triangles and boomerangs [3–5].
In the standard parametrization given above, U is obtained by three consecutive rotations:

U = R23(θ23) R̃13(θ13; δ)R12(θ12) ,where e.g.,

R12(θ12) =





c12 s12 0
−s12 c12 0
0 0 1



 , R̃13(θ13; δ) =





c13 0 s13 e−iδ

0 1 0
−s13 eiδ 0 c13



 .
(2)

One notes that at zeroth order lepton mixing is well described (see Table 1) by tri-
bimaximal mixing (TBM) [6]

UTBM =











√

2
3

√

1
3 0

−
√

1
6

√

1
3

√

1
2

√

1
6 −

√

1
3

√

1
2











, (3)

or UTBM = R23(π/4)R12(θTBM), where sin2 θTBM = 1
3 . Accepting this rather economic

scheme as the zeroth order description, makes possible to parameterize the PMNS matrix
around UTBM, i.e. [7]

U = R23(π/4)UεR12(θTBM) , where Uε = R23(ε23) R̃13(ε13; δ)R12(ε12) . (4)

The commonly used neutrino mixing observables are then obtained as zeroth order terms
given by their TBM-values, and corrections in terms of the small εij :

sin2 θ12 =
1

3

(

cos ε12 +
√
2 sin ε12

)2
#

1

3

(

1 + 2
√
2 ε12 + ε212

)

, (5)

sin2 θ23 =
1

2
(1 + sin 2ε23) #

1

2
(1 + 2 ε23) , (6)

Ue3 = sin ε13 e
−iδ , (7)

JCP =
1

24
(2
√
2 cos 2ε12 + sin 2ε12) cos 2ε23 sin 2ε13 cos ε13 sin δ (8)

#
(

1 +
ε12√
2

)

ε13
3
√
2
sin δ . (9)

2

Near term goal to push to =⇒
�

δm2
21

δm2
31

�2

∼ 0.001
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�3

∼ 3× 10−5 and smaller.
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• Different models can accommodate the data on ! mixing

• is TB mixing accidental or a hint?

discrete groups

Anarchy
Lopsided models
U(1)FN, 
••••••

Value of "13 important
for deciding

no supporting
evidence from
quarks

The main question is

from Altarelli’s talk at NuTheme’s CERN last month:
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Given this end game:
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Given this end game:

Deduce the rules of chess!!!
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Current Anomalies!!
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CPT violation ?
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interference term between the standard and non-standard Feynman amplitudes can be differentfor neutrinos and anti-neutrinos and CP-violating phenomena can emerge. The modifications tothe far detector event spectra observed in MINOS can be induced by (i) operators leading to amodified flux of νµ at the far detector, but not at the near detector, and (ii) by operators leadingto the production of muons in interactions of ντ . (We neglect the possibility of non-standard inter-actions of νe since their flux at the far detector is between one and two order of magnitude smallerthan that of νµ because of the low νe contamination of the NuMI beam and the smallness of themixing angle θ13.) The only way of realizing case (i) in a three-flavor framework is to postulatea ντ contamination in the NuMI beam, which would be invisible to the near detector, but wouldhave partly oscillated into νµ when reaching the far detector. However, results from the NOMADexperiment [83] constrain the ντ contamination of a NuMI-like neutrino beam at short baselineto be less than 1.7 × 10−4 at 90% confidence level, much too small to be relevant to MINOS. Wetherefore neglect case (i) in the following, and focus on case (ii), a non-standard interaction of thetype

ντ + N → X + µ , (14)where N is a nucleon and X stands for the hadronic interaction products. The operator generatingthis process has the structure

LNSI ⊃ −2
√

2GF �d
τµVud [ūγρd] [µ̄γρPLντ ] + h.c. , (15)where u and d denote the up- and down-quark fields, GF is the Fermi constant, PL = (1− γ5)/2,and �d

τµ gives the strength of the non-standard interaction compared to Standard Model weakinteractions. (In the notation from ref. [76], this coefficient would be called �ud V
µτ .) In principle,one could also consider the axial-vector operator [ūγργ5d] [µ̄γρPLντ ], but, being parity-odd, thisoperator would lead to the decay π → µντ , which is strongly constrained by NOMAD, as discussedabove. We will therefore neglect axial-vector NSI. We will also not consider scalar, pseudo-scalar,and tensor operators, since they could lead to the required interference between standard- andnon-standard Feynman amplitudes only if the outgoing muon in the detector undergoes a helicityflip [46]. ForO(GeV) muons, this would correspond to a suppression of the non-standard interactionrate by mµ/E ∼ 0.1.

If �d
τµ is non-zero, the counting rate in MINOS is no longer proportional to the standard survivalprobability P (νµ → νµ), but rather to an apparent νµ survival probability P̃ (νµ → νµ), defined bythe number of muons produced in the detector in interactions of neutrinos with a given energy E,divided by the number of muons that would be produced in the absence of neutrino oscillations andnon-standard interactions. Thus, P̃ (νµ → νµ) includes the possibility that the neutrino flavor haschanged into ντ during propagation, but non-standard interactions still lead to a final state muon,normally associated with νµ interactions. Since the amplitudes for the processes νµ + N → X + µand νµ
osc.−−→ ντ + N → X + µ can interfere, P̃ (νµ → νµ) can be larger than unity and is thereforenot a survival probability in the usual sense.In the two-flavor approximation we find for P̃ (νµ → νµ) [46]:

P̃ (νµ → νµ) = 1−
�
1 + 2 |�d

τµ| cot 2θ23 cos
�
arg(�d

τµ)
�
− |�d

τµ|
2

�
sin2 2θ23 sin2

�
∆m2

32L
4E

�

+ 2 |�d
τµ| sin 2θ23 sin

�
arg(�d

τµ)
�
sin

�
∆m2

32L
4E

�
cos

�
∆m2

32L
4E

�
. (16)

For anti-neutrinos, the sign of arg(�d
τµ) has to be reversed, and thus

P̃ (νµ → νµ) �= P̃ (ν̄µ → ν̄µ) . (17)
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the number of muons produced in the detector in interactions of neutrinos with a given energy E,
divided by the number of muons that would be produced in the absence of neutrino oscillations and
non-standard interactions. Thus, P̃ (νµ → νµ) includes the possibility that the neutrino flavor has
changed into ντ during propagation, but non-standard interactions still lead to a final state muon,
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and νµ
osc.−−→ ντ + N → X + µ can interfere, P̃ (νµ → νµ) can be larger than unity and is therefore

not a survival probability in the usual sense.
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Vector only; not axial vector!
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µτ .) In principle,
one could also consider the axial-vector operator [ūγργ5d] [µ̄γρPLντ ], but, being parity-odd, this
operator would lead to the decay π → µντ , which is strongly constrained by NOMAD, as discussed
above. We will therefore neglect axial-vector NSI. We will also not consider scalar, pseudo-scalar,
and tensor operators, since they could lead to the required interference between standard- and
non-standard Feynman amplitudes only if the outgoing muon in the detector undergoes a helicity
flip [46]. ForO(GeV) muons, this would correspond to a suppression of the non-standard interaction
rate by mµ/E ∼ 0.1.

If �d
τµ is non-zero, the counting rate in MINOS is no longer proportional to the standard survival

probability P (νµ → νµ), but rather to an apparent νµ survival probability P̃ (νµ → νµ), defined by
the number of muons produced in the detector in interactions of neutrinos with a given energy E,
divided by the number of muons that would be produced in the absence of neutrino oscillations and
non-standard interactions. Thus, P̃ (νµ → νµ) includes the possibility that the neutrino flavor has
changed into ντ during propagation, but non-standard interactions still lead to a final state muon,
normally associated with νµ interactions. Since the amplitudes for the processes νµ + N → X + µ

and νµ
osc.−−→ ντ + N → X + µ can interfere, P̃ (νµ → νµ) can be larger than unity and is therefore

not a survival probability in the usual sense.
In the two-flavor approximation we find for P̃ (νµ → νµ) [46]:

P̃ (νµ → νµ) = 1−
�
1 + 2 |�d

τµ| cot 2θ23 cos
�
arg(�d

τµ)
�
− |�d

τµ|
2

�
sin2 2θ23 sin2

�
∆m2

32L

4E

�

+ 2 |�d
τµ| sin 2θ23 sin

�
arg(�d

τµ)
�
sin

�
∆m2

32L

4E

�
cos

�
∆m2

32L

4E

�
. (16)

For anti-neutrinos, the sign of arg(�d
τµ) has to be reversed, and thus

P̃ (νµ → νµ) �= P̃ (ν̄µ → ν̄µ) . (17)
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Figure 5: Constraints on the parameter space of charged current non-standard interactions between ντ and
muons from MINOS νµ and ν̄µ data. We have used a full three-flavor fit, marginalizing over the standard
oscillation parameters. The discrete and continuous symmetries from eqs. (18) and (19) are clearly visible in
the plot. The thin dash-dotted black curves indicate the positions of the approximately degenerate best fit
points. We explicitly indicate the parameter regions corresponding to a normal mass hierarchy (NH, blue)
and to an inverted mass hierarchy (IH, red). See text for comments on existing constraints on CC NSI.

lepton universality considerations in weak decays of parity-even hadrons, but that it would not
be stronger than O(0.1). Also, atmospheric neutrinos are sensitive to |�d

τµ|, but since CC NSI are
not enhanced by the long baselines of atmospheric neutrinos, we expect these constraints to be
relatively weak as well.

4. TESTING THE NSI INTERPRETATION OF MINOS DATA IN FUTURE
EXPERIMENTS

To corroborate or refute the hypothesis of large non-standard interactions as an explanation
for the apparent discrepancy between neutrino and anti-neutrino results in MINOS, it will be
mandatory to gather more statistics in MINOS itself, and to look for possible NSI signals in future
experiments like T2K and NOνA. In the following, we will neglect neutral-current NSI since we have
seen in sec. 3.1 that they are disfavored as an explanation for the MINOS data by atmospheric
neutrinos. Instead, we will focus on CC NSI. We have computed the expected event spectrum
in MINOS, T2K, and NOνA assuming the values of the standard and non-standard oscillation
parameters to be given by the MINOS best fit point eq. (21). We have then attempted a standard
oscillation (no NSI) fit to this simulated data. If this fit is incompatible with the simulated data
at a given confidence level, we say that the existence of a non-standard effect can be established
experimentally at this confidence level. Our simulation of T2K follows [88–90], while that of NOνA
is based on [81, 91]. We include only the νµ and ν̄µ disappearance channels.

In fig. 6, we show the predicted discovery potential in MINOS, T2K, and NOνA as a function of
the integrated luminosity in neutrino mode and the integrated luminosity in anti-neutrino mode.
We also indicate how the number of protons on target (pot) translates into a time of running at
nominal luminosity (2.5×1020 pot/year for MINOS, 6×1020 pot/year for NOνA, and 1021 pot/year
for T2K). We see that optimal sensitivity is achieved if slightly more time is spent on running in anti-
neutrino mode than on running in neutrino mode. This is easily understandable since the assumed

J. Kopp, P. Machado and SP arXiv:1009.0014
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•! 6.5E20 POT collected in neutrino mode  

•! E > 475 MeV data in good agreement with 
background prediction 

"!    energy region has reduced backgrounds and maintains 

high sensitivity to LSND oscillations. 

"!   A two neutrino fit rules out LSND at the 90% CL 

assuming CP conservation. 

•! E < 475 MeV, statistically large (6!) excess 

"!   Reduced to 3! after systematics, shape inconsistent 
with two neutrino oscillation interpretation of LSND. 

Excess of 129 +/- 43 (stat+sys) events is consistent 
with magnitude of LSND oscillations. 

(E>475 MeV) 

Published PRL 102,101802 (2009) 

Neutrino Exclusion Limits: 6.5E20 POT 
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"!   Reduced to 3! after systematics, shape inconsistent 
with two neutrino oscillation interpretation of LSND. 

Excess of 129 +/- 43 (stat+sys) events is consistent 
with magnitude of LSND oscillations. 
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ν distribution for data (points with statistical errors) and backgrounds (histogram

with systematic errors).
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FIG. 1: Top: The EQE
ν distribution for ν̄e CCQE data (points

with statistical errors) and background (histogram with sys-
tematic errors). Bottom: The event excess as a function of
EQE

ν . Also shown are the expectations from the best oscilla-
tion fit with EQE

ν > 475 MeV, (∆m2, sin2 2θ) = (0.064 eV2,
0.96), where the fit is extrapolated below 475 MeV, and from
two other oscillation parameter sets in the allowed region. No
correction has been made for the low-energy excess of events
seen in neutrino mode below 475 MeV. All known systematic
errors are included in the systematic error estimate.

previous neutrino run analysis, event totals were consid-
ered in two energy regions: 200 - 475 MeV and 475 -
3000 MeV, where the latter region was the energy range
for the neutrino oscillation search. For the antineutrino
data, the excess for 475 < EQE

ν < 3000 MeV is 24.7±18.0
events.) In the energy range from 475 < EQE

ν < 1250
MeV, the observed ν̄e events, when constrained by the
ν̄µ data events, have a χ2/DF = 18.5/6 and a proba-
bility of 0.5% for a background-only hypothesis. (This
compares to the 40% probability that is observed in neu-
trino mode [3] for the same energy range.) DF is the
effective number of degrees of freedom from frequentist
studies. The number of data, fitted background, and ex-
cess events for different EQE

ν ranges are summarized in

TABLE II: The number of data, fitted (constrained) back-
ground, and excess events in the ν̄e analysis for different EQE

ν

ranges. The uncertainties include both statistical and con-
strained systematic errors. All known systematic errors are
included in the systematic error estimate.

EQE
ν Range Data Background Excess

200− 475 MeV 119 100.5 ± 10.0 ± 10.2 18.5± 14.3
475− 675 MeV 64 38.3± 6.2± 3.7 25.7 ± 7.2
475− 1250 MeV 120 99.1± 10.0 ± 9.8 20.9± 14.0
475− 3000 MeV 158 133.3 ± 11.5 ± 13.8 24.7± 18.0
200− 3000 MeV 277 233.8 ± 15.3 ± 16.5 43.2± 22.5

FIG. 2: The Evis (top panel) and cos(θ) (bottom panel) dis-
tributions for data (points with statistical errors) and back-
grounds (histogram with systematic errors) for EQE

ν > 200
MeV.

Table II.

Fig. 2 shows the observed and predicted event distri-
butions as functions of reconstructed Evis and cos(θ) for
200 < EQE

ν < 3000 MeV. Evis is the measured visible en-
ergy, while θ is the scattering angle of the reconstructed
electron with respect to the incident neutrino direction.
The background-only χ2 values for the ν̄e and ν̄µ data
are χ2/DF = 23.8/13 and χ2/DF = 13.6/11 for Evis

and cos(θ), respectively.

Many checks have been performed on the data to en-
sure that the backgrounds are estimated correctly. Beam
and detector stability checks show that the neutrino
event rate is stable to < 2% and that the detector energy
response is stable to < 1%. In addition, the fractions of
neutrino and antineutrino events are stable over energy
and time, and the inferred external event rates are similar
in both neutrino and antineutrino modes. Furthermore,
any single background would have to be increased by
more than 3 σ to explain the observed excess of events.
An additional check comes from the data in neutrino
mode, which has a similar background to antineutrino
mode and where good agreement is obtained between the
data and Monte Carlo simulation for EQE

ν > 475 MeV.
As a final check, the event rate of candidate ν̄e events in
the last 2.27× 1020 POT is found to be 1.9σ higher than
the candidate event rate in the first 3.39×1020 POT [14];

4
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FIG. 3: MiniBooNE 68%, 90%, and 99% C.L. allowed regions
for events with EQE

ν > 475 MeV within a two neutrino ν̄µ →

ν̄e oscillation model. Also shown are limits from KARMEN
[15] and Bugey [25]. The Bugey curve is a 1-sided limit for
sin2 2θ corresponding to ∆χ2 = 1.64, while the KARMEN
curve is a “unified approach” 2D contour. The shaded areas
show the 90% and 99% C.L. LSND allowed regions. The black
dot shows the best fit point.

however, the ν̄µ event rates are found to be similar for
the two running periods.

Fig. 1 (bottom) shows the event excess as a function of
EQE

ν . Using a likelihood-ratio technique, the best Mini-
BooNE oscillation fit for 475 < EQE

ν < 3000 MeV occurs
at (∆m2, sin2 2θ) = (0.064 eV2, 0.96). The energy range
EQE

ν > 475 MeV has been chosen for the fit as this is the
energy range MiniBooNE used for searching for neutrino
oscillations. Also, this energy range avoids the region of
the unexplained low-energy excess in neutrino mode [3].
This best-fit point has only a slightly lower χ2 than other
points in the allowed band. The χ2 for the best-fit point
in the energy range of 475 < EQE

ν < 1250 MeV is 8.0 for
4 DF, corresponding to a χ2-probability of 8.7%. The
probability of the background-only fit relative to the best
oscillation fit is 0.6%. Fig. 3 shows the MiniBooNE 68%,
90%, and 99% C.L. closed contours for ν̄µ → ν̄e oscilla-
tions in the 475 < EQE

ν < 3000 MeV energy range, where
frequentist studies were performed to determine the C.L.
regions. The allowed regions are in agreement with the

)θ(22sin
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FIG. 4: MiniBooNE 90% and 99% C.L. allowed regions for
events with EQE

ν > 200 MeV within a two neutrino ν̄µ → ν̄e
oscillation model. The solid (dashed) curves are without
(with) the subtraction of the expected 12 event excess in the
200 < EQE

ν < 475 MeV low-energy region from the neutrino
component of the beam. Also shown are limits from KAR-
MEN [15] and Bugey [25]. The shaded areas show the 90%
and 99% C.L. LSND allowed regions. The black dots show
the best fit points.

LSND allowed region. The MiniBooNE closed contours
for ν̄µ → ν̄e oscillations in the 200 < EQE

ν < 3000 MeV
energy range are similar, as shown in Fig. 4. The solid
(dashed) curves are without (with) the subtraction of the
expected 12 event excess in the 200 < EQE

ν < 475 MeV
low-energy region from the neutrino component of the
beam. The best oscillation fits without and with this sub-
traction occur at (∆m2, sin2 2θ) = (4.42 eV2, 0.0066) and
(4.42 eV2, 0.0061), respectively, while the corresponding
χ2-probabilities in the 200 < EQE

ν < 1250 MeV energy
range are 10.9% and 7.5%.

A further comparison between the MiniBooNE and
LSND antineutrino data sets is given in Fig. 5, which
shows the oscillation probability as a function of L/Eν

for ν̄µ → ν̄e candidate events in the L/Eν range where
MiniBooNE and LSND overlap. The data used for LSND
and MiniBooNE correspond to 20 < Eν < 60 MeV and
200 < EQE

ν < 3000 MeV, respectively. The oscillation
probability is defined as the event excess divided by the

CP violation ???
Sterile Neutrinos PLUS CC NSI   Akhmedov and Schwetz   arXiv:1007.4171
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•! The MiniBooNE !e and !e appearance picture starting to emerge is the 

following: 

1) ! Neutrino Mode:  

a)! E < 475 MeV: An unexplained 3" electron-like excess. 

b)! E > 475 MeV: A two neutrino fit is inconsistent with LSND at the 
90% CL. 

2) Anti-neutrino Mode:  

a)! E < 475 MeV: A small 1.3" electron-like excess.  

b)! E > 475 MeV: An excess that is 3.0% consistent with null.  Two 

neutrino oscillation fits consistent with LSND at 99.4% CL relative 

to null. 

•! Clearly we need more statistics!  

–! MiniBooNE is running to double antineutrino data set for a total of ~10x1020 POT. 

–! If signal continues at current rate, statistical error will be ~4" and two neutrino best fit will 

be >3". 

MiniBooNE’s summary 

42 

Robertson: Nu 2010

Asked for total 15e20 POT about double current exposure
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NOW what? 

43 

If your experiment needs better statistics, you 
need a better experiment. 

  -- Sir Ernest Rutherford 

Fine, but Rutherford isn’t paying the bills.  The experiment 

exists and needs more antineutrino running on MiniBooNE.  

Maybe it IS just statistics? 

There are opportunities with ICARUS, the near detectors at 

T2K, and with a new proposal for gallium by V. Gavrin, to 

address the anomalies. 



Summary of the Important Issues:

• Confirming ν’s are Majorana

(seesaw → tiny masses, Leptogenesis)
0νββ decays

• Absolute ν Mass: quasi-degenerate OR hierarchical

Tritium decay, 0νββ decays, cosmology

• If hierarchical What is Mass of Lightest ν?

• Is the Spectrum Normal or Inverted ?

• How close is the Mixing Matrix to Tri-Bi-Maximal???

νe component in ν3: sin2 θ13 ⇐
νµ component in ν3: (sin2 θ23 − 1

2)
νe component in ν2: (sin2 θ12 − 1

3)

• What is the size and sign of CPV? sin δ · · · Long Baseline Experiments

– Typeset by FoilTEX – 20
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For L = 1200 km
and sin2 2θ13 = 0.04
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“Magic” Baseline

Psol = 0 when aL = π, 2π, . . .

in earth this happens for L≈7500 km

then Pµe ≈ Patm = sin2 θ23 sin2 θ13
sin2(∆31∓aL)
(∆31∓aL)2 ∆2

31

No sensitivity to CPV (δ)

Good for measuring sin2 θ13 and Mass Hierarchy
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CERN to INO

JPARC to INO



32 NUFACT 2010, TIFR,  
Mumbai , 22 October 2010 

!  Indian Neutrino Observatory is the great opportunity for a 
50 kton magnetised detector (Indumathi) 
!  Main purpose: sign selected atmospheric neutrinos 
!  Can be used for beam neutrinos (magic baseline for Europe, Japan)  

!  Detector size: 48 m x 16 m x 14.4 m 
!  5.6 cm plate thickness 
!  Readout: RPCs 
!  B=1.5 T 
!  Far detector at magic                                                    

baseline of neutrino factory: 
̶  CERN to INO: distance = 7152 km 
̶  JPARC to INO: distance = 6556 km 
̶  RAL to INO: distance = 7653 km 

!  Scope for collaboration on R&D: software, testbeam, technology 
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“Bi-Magic” Baseline and Energy

Choose L such that

Patm|IH = 0 and Patm|NH is max. at EIH

and

Patm|NH = 0 and Patm|IH is max. at ENH

L=2540 km and EIH=3.3 GeV and ENH=1.9 GeV
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positive for normal hierarchy and negative for inverted
hierarchy. Â picks up an extra negative sign for anti-
neutrinos. The last term in Eq. (1) clearly mixes the de-
pendence on hierarchy and δCP, leading to a degeneracy
between them [3], which can be overcome if one man-
ages to have either sin(Â∆) = 0 or sin[(1 − Â)∆] = 0.
The first condition is achieved at the magic baseline
(L ∼ 7500 km) for all Eν and for both the hierarchies.
The second condition, on the other hand, is sensitive
to hierarchy. This sensitivity can be maximized if one
has sin[(1 − Â)∆] = 0 for one of the hierarchies and
sin[(1 − Â)∆] = ±1 for the other. In such a situation,
only the O(α2) term in Eq. (1) survives for the hierarchy
for which sin[(1 − Â)∆] = 0, making Peµ independent
of both δCP and θ13. At the same time, for the other
hierarchy the first term in Eq. (1) enhances the number
of events as well as θ13 sensitivity, and the third term
enhances the sensitivity to δCP.

If we demand “IH-noCP” (no sensitivity to CP phase
in IH), these conditions imply

(1 + |Â|) · |∆| = nπ for IH , (3a)

(1 − |Â|) · |∆| = (m − 1/2)π for NH , (3b)

where n, m are integers, n > 0. These two conditions
are exactly satisfied at a particular baseline and energy,
given by

ρL(km g/cc) ≈ (n − m + 1/2)× 16300 , (4a)

Eν(GeV) =
4

5

∆m2
31(eV

2)L(km)

(n + m − 1/2)
. (4b)

Note that the relevant L is independent of any oscillation
parameters. A viable solution for these set of equations
(with n = 1 and m = 1) is L ≈ 2540 km, ρ = 3.2 g/cc
and Eν ≡ EIH ≈ 3.3 GeV, as was first pointed out in
[6]. On the other hand, one may demand “NH-noCP”
(no sensitivity to CP phase in NH), which leads to the
conditions

(1 − |Â|) · |∆| = nπ for NH , (5a)

(1 + |Â|) · |∆| = (m − 1/2)π for IH , (5b)

with n, m integers, n &= 0 and m > 0. These lead to the
same condition on L as in Eq. (4a) except for an overall
negative sign, while Eν continues to be given by Eq. (4b).
These conditions are also satisfied at L = 2540 km (for
n = 1 and m = 2) at Eν ≡ ENH ≈ 1.9 GeV. The magic
energies EIH and ENH would be suitable for a neutrino
factory with a parent muon energy of ∼ 5 GeV.

Eqs. (4a, 4b) indicate that many combinations of
n and m are possible for a given baseline. Indeed, the
2540 km baseline also satisfies IH-noCP at EIH2 ≈ 1.3
GeV (n = 2, m = 2) and NH-noCP at ENH2 ≈ 0.9 GeV
(n = 2, m = 3). However the flux at these energies would
be small, so we do not consider these in this Letter.

Fig. 1 shows the probability Peµ for sin2 θ13 = 0, 0.01.
In this and all other plots, we have solved the exact neu-
trino propagation equation numerically using the Prelim-
inary Reference Earth Model [11]. Clearly the IH-noCP

P e
µ

ENH

EIH

E(GeV)

FIG. 1: Conversion probability Peµ for L = 2540 km. The
bands correspond to δCP ∈ (0, 2π). Other parameters are
taken as ∆m2

21 = 7.65 × 10−5 eV2, |∆m2
31| = 0.0024 eV2,

sin2 θ12 = 0.3 and sin2 θ12 = 0.5. The red (solid) line corre-
sponds to θ13 = 0.

and NH-noCP conditions are satisfied at the energies EIH

and ENH, respectively. At EIH, the probabilities Peµ for
NH and IH are distinct, hence a measurement of the neu-
trino spectrum around this energy would be a clean way
of distinguishing between the hierarchies. The oscillatory
nature of Peµ for non-zero θ13 vis-a-vis the monotonic be-
havior for θ13 = 0 helps in the discovery of a nonzero θ13.
Finally, the significant widths of the bands (near EIH for
NH, and near ENH for IH) imply sensitivity to δCP.

The simplified forms of probabilities at the magic ener-
gies offer insights into the CP sensitivity at this baseline.
At EIH, we have

Peµ(IH) ≈ 18α2s2
12c

2
12c

2
23 ,

Peµ(NH) ≈ 18α2s2
12c

2
12c

2
23 + 9s2

13s
2
23

−18
√

2αs12c12s23c23s13 cos(δCP + π/4) , (6)

while at ENH, we have

Peµ(NH) ≈ 50α2s2
12c

2
12c

2
23 ,

Peµ(IH) ≈ 50α2s2
12c

2
12c

2
23 + (25/9)s2

13s
2
23

−(50
√

2/3)αs12c12s23c23s13 cos(δCP + π/4) . (7)

Near the magic energies, where the CP sensitivity is the
highest, the δCP values giving the highest and the lowest
probabilities would be 3π/4 and 7π/4, respectively.

Experimental setup and numerical simulation.— We
use a magnetized totally active scintillator detector
(TASD) which is generally used in the context of a low
energy neutrino factory [7]. We use a 25 kt detector with
a energy threshold of 1 GeV. We choose a typical Neu-
trino factory setup with 5 GeV parent muon energy and
5 × 1021 useful muon decays per year, which is of the
same order as in the setup considered in [12, 14]. We
consider the running with only one polarity µ+ of the
parent muon, so that we have a neutrino flux consisting
of ν̄µ and νe. We assume a muon detection efficiency of
94% for energies above 1 GeV, 10% energy resolution for

CERN to Pyhasalami     and    BNL to DUSEL

Max for one Hierarchy and 0 other



Proposed Accelerator/Detector Combination:
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IC-2 scope 

•  Warm cw front end (H- ion source, RFQ, MEBT, chopper) 
•  3-GeV cw SCRF linac, 1-mA ave. beam current 
•  Transverse beam splitter for 3-GeV experiments 
•  3-8 GeV: pulsed linac (5% duty cycle) or an RCS (10Hz) 
•  Recycler and MI upgrades 
•  Various beam transport lines 

S. Nagaitsev, Project X Collaboration Meeting  Sep  8-9, 2010 18 

Pulsed dipole 

Project X @ Fermilab
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Project X @ Fermilab

India is involved in this Project
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Beta Beam scenario 6He/18Ne 

Neutrino 
Source  

Decay 
Ring 

ISOL target 

Decay ring 

B! ~ 500 Tm  
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Beta Beam scenario 8Li/8B 

Neutrino 
Source  

Decay 
Ring 

ISOL target, 
Collection 

Decay ring 

B! ~ 500 Tm  

B = ~6 T          
C = ~6900 m     
Lss= ~2500 m  

8Li:   " = 100 
18B:   " = 100 

SPS 

RCS, 1.7 GeV 

#-beam to GranSasso/Canfranc 

Linac, 100 MeV 

60 GHz pulsed ECR 
Existing!!! 

280 GeV 

Ion production PR 

Ion Linac 25 MeV, 7 Li and 6 Li) 

8B/8Li 

14/04/10 

PS 

High Energy:
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IDS-NF-002: https://www.ids-nf.org/wiki/FrontPage/Documentation?action=AttachFile&do=view&target=IDS-NF-002-v1.1.pdf

Also Low Energy Nu Factory option.
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Performance comparison 

Generation 1: 
Double Chooz 

Daya Bay 
T2K 

NOvA 

Generation 2: 
LBNE 
T2HK 
SPL 

BB100? 

Generation 3: 
NuFact 

BB !>350 

Best beta beam: 
Four ions, 

all at 1019 usef.   
decays/year !>350, 

650 km (500kt water)+ 
7000 km (50kt MIND) 
! Theorists‘ dream? 

„Downgraded“ 
NuFact ~ 
high end 

beta beam? 

In 
construction 

! will 
happen! 

Probably 
not fantastic; 

cost? 
??? 

+ Systematics too  
conservative? 

+ Detector re-opt.  
not included yet 

Cost estimate by  
NuFact 2012? 

? 

What will happen when we have knowledge of sin2 θ13?

• SuperBeams (WC, LAr,....)

• Beta Beams (WC, LAr,.....)

• Neutrino Factories (MIND, TASD,....)

We will need at least one of each!!!

WHY?

For the Surprises Neutrinos have in store for us!!!

Such as NSI, sterile neutrinos, etc etc.

– Typeset by FoilTEX – 25
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1966

``And yet the
nothing-particle 

is not a 
nothing at all’’

Far from it!!!
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∆Time = 20 − 30 msec

Communications via Neutrinos:


