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Overview of Neutrino Physics and Motivation:

1

•Nu Standard Model

•Beyond Nu SM

•Summary & Conclusions

Stephen Parke
Fermilab
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Unanswered Questions !

•Nature of the Nu: Majorana v Dirac (2 v 4 components)

•CPV in the neutrino sector (determining Dirac phase)

•Ordering of mass eigenstates (atmospheric or [31] mass 
hierarchy)

•Octant of theta_23 (|U_mu3|^2 < or  > |U_tau3|^2)

•Majorana phases

•Absolute Neutrino Mass;  m_lite

•What is the mass of Sterile neutrinos? light? superheavy?

•What is the size of the Non-Standard Interactions?

•Where are the true Surprises?

2

credibility of 
Leptogenesis!
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Nu Standard Model:
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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 or |Ue2|2(1 − |Ue2|2)

|Ue3|2(1 − |Ue3|2)

|Uµ3|2(1 − |Uµ3|2)

Masses and Mixings

– Typeset by FoilTEX – 8

SNO determined the 
solar mass hierarchy 
(1 <-> 2) !!!
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Nu Standard Model:
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Masses & Mixings:
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Are the deviations from TBM or BM or ...  related?
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Masses & Mixings (conti.)

6

 BM, TBM, GR might only apply to neutrino 
mixing and                            implies

                     

 Bimaximal                                             

Tri-bimaximal

Golden ratio

UPMNS = UeU
†
ν

θ12 = 32o + θ13 cos δ

θ12 = 34o ± 1o θ13 = 9o ± 1oExperiment

θ12 = 45o + θ13 cos δ → δ ≈ π

θ12 = 35o + θ13 cos δ → δ ≈ ±π

2

θ13 ≈ θe12√
2

Large Charged Lepton 
Corrections to the rescue

Solar Sum 
Rules

Sum Rule: King (’05); Masina (’05); 
Antusch, King (’05)

Charged Lepton Corrections: King (‘02), Frampton, Petcov, Rodejohann (‘04), 
Altarelli, Feruglio, Masina (‘04), Antusch, King (’04), Ferrandis, Pakvasa (‘04), 
Feruglio (‘05), Datta, Everett, Ramond (‘05), Mohapatra, Rodejohann (‘05) 
Antusch, Maurer (’11) Mazocca, Petcov, Romanino, Spinrath (’11)

5 Summary and Conclusion

To summarise, recent data from the Daya Bay and RENO reactor experiments is con-
sistent with a remarkable relationship between the smallest lepton mixing angle, θ13,
and the largest quark mixing angle, θC , namely θ13 ≈ θC/

√
2. We have proposed a

new mixing ansatz called Tri-Bimaximal-Cabibbo (TBC) mixing which combines this
relation with TB atmospheric and solar mixing. We then discussed two ways to achieve
TBC mixing, summarised as follows:

(i) The first approach is based on Cabibbo-like charged lepton corrections θe12 ≈ θC ,
starting from a zero neutrino mixing angle θν13 ≈ 0. The desired empirical factor of

√
2 in

Eqs.4, 6 then arises automatically from Eq.11, assuming maximal atmospheric neutrino
mixing. The suitable mixing patterns are therefore those with θν13 = 0 and θν23 = 45o.
We have considered three such mixing patterns, namely tri-bimaximal (TB) neutrino
mixing, bi-maximal (BM) neutrino mixing, and the Golden Ratio (GR) neutrino mixing,
which each lead to the Sum Rule in Eq.14 where θν12 = 35.26o, 45o, 31.7o, respectively.
Given the prediction θ13 ≈ 9.2o, the Sum Rule then yields a favoured range of cos δ in
each case, namely δ ≈ ±90o,±180o,±75o, respectively. These predictions are testable
in future neutrino accelerator experiments [24]. We have indicated how such scenarios
may be realised in Family Symmetry Models with Pati-Salam symmetry.

(ii) The second approach generates a neutrino mixing angle directly (with no charged
lepton corrections), θν13 ≈ θC/

√
2, using the type I see-saw mechanism with sequential

dominance (SD), assuming a particular form of the Dirac neutrino Yukawa couplings in
Eqs.31 and 38. The desired empirical factor of

√
2 in this case arises automatically from

Eq.32, assuming maximal atmospheric neutrino mixing, and ∆θ13 = 0 in Eq.37, which
is satisfied if solar mixing is trimaximal as follows from Eq.38. The conditions Eqs.31
and 38 may be justified using family symmetry breaking flavons with particular vacuum
alignments in the neutrino sector. The appearance of θC in the flavon ϕ3 misalignment
is justified by the fact that ϕ3 is responsible for Cabibbo mixing in the quark sector.
The main prediction of the second approach is that, unlike the first approach, TBC
mixing in Eqs. 7-9 is realised accurately, up to corrections of order λ2 multiplied by
small coefficients. However, as usual, there will be additional renormalisation group and
canonical normalisation effects which will give additional corrections.

In conclusion, we have proposed the TBC mixing pattern in Eqs.7 and 8 and shown
how it can be realised in two very different approaches to quark and lepton mixing, with
distinctive experimental predictions.

Acknowledgements

SFK acknowledges partial support from the STFC Consolidated ST/J000396/1 and EU
ITN grants UNILHC 237920 and INVISIBLES 289442 .
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Masses & Mixings (conti.)

7

Quark-Lepton Complementarity

Solar sum rules

Atm. sum rules

θ12 = 45o + θ13 cos δ

θ12 = 35o + θ13 cos δ

θ12 = 32o + θ13 cos δ

θ12 + θC = 45o

Bimaximal

Golden Ratio

Tri-bimaximal

Tri-bimaximal-
Cabibbo

θ23 = 45o

Trimaximal1 θ23 = 45o +
√
2θ13 cos δ

Trimaximal2 θ23 = 45o − θ13√
2
cos δ

Now that      is measured these predict   θ13 cos δ

θ12 = 35o

θ13 = θC/
√
2 = 9.2o

Summary of Sum Rule Predictions 

Plus Charged 
Lepton Corrections... 

Plus HO 
corrections...   
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Non-Maximal Theta_23

8

MINOS @ Neutrino 2012 by Ryan Nichol
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Adding in the extra 
data and the 
atmospherics

New MINOS neutrino 
oscillation parameters:
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Sausages!
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Global Fits:

10

Global Fits 2012 Schwetz talk

Forero, Tortola, 
Valle, Vanegas ’12

Fogli, Lisi, Marrone, 
Montanino, Palazzo, 

Rotunno ’12
REFERENCES 5

parameter best fit ±1σ 2σ 3σ

∆m2
21 [10

−5eV2] 7.59+0.20
−0.18 7.24–7.99 7.09–8.19

∆m2
31 [10

−3eV2]
2.50+0.09

−0.16

−(2.40+0.08
−0.09)

2.25− 2.68

−(2.23− 2.58)

2.14− 2.76

−(2.13− 2.67)

sin2 θ12 0.312+0.017
−0.015 0.28–0.35 0.27–0.36

sin2 θ23
0.52+0.06

−0.07

0.52± 0.06

0.41–0.61

0.42–0.61
0.39–0.64

sin2 θ13
0.013+0.007

−0.005

0.016+0.008
−0.006

0.004–0.028
0.005–0.031

0.001–0.035
0.001–0.039

δ

(

−0.61+0.75
−0.65

)

π
(

−0.41+0.65
−0.70

)

π
0− 2π 0− 2π

Table 1. Neutrino oscillation parameters summary. For ∆m2
31, sin

2 θ23, sin
2 θ13, and

δ the upper (lower) row corresponds to normal (inverted) neutrino mass hierarchy. See
Ref. [1] for details and references.

programme. This work was partly supported by the Transregio Sonderforschungsbereich
TR27 “Neutrinos and Beyond” der Deutschen Forschungsgemeinschaft.
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parameter best fit ±1σ 2σ 3σ

∆m2
21 [10

−5eV2] 7.62 ± 0.19 7.27–8.01 7.12–8.20

∆m2
31 [10

−3eV2]
2.53+0.08

−0.10

−(2.40+0.10
−0.07)

2.34 − 2.69

−(2.25 − 2.59)

2.26 − 2.77

−(2.15− 2.68)

sin2 θ12 0.320+0.015
−0.017 0.29–0.35 0.27–0.37

sin2 θ23
0.49+0.08

−0.05

0.53+0.05
−0.07

0.41–0.62

0.42–0.62
0.39–0.64

sin2 θ13
0.026+0.003

−0.004

0.027+0.003
−0.004

0.019–0.033

0.020–0.034

0.015–0.036

0.016–0.037

δ

(

0.83+0.54
−0.64

)

π

0.07π a
0− 2π 0− 2π

aNote that in this case the full (0,2π) range is allowed.

TABLE I: Neutrino oscillation parameters summary. For ∆m2
31, sin

2 θ23, sin
2 θ13, and δ the upper (lower) row corresponds to

normal (inverted) neutrino mass hierarchy.

and therefore, no significant preference can be extracted from the data. This applies also to alternative analyses prior

to the new reactor data [32, 33].

We now turn to the atmospheric squared mass splitting parameter ∆m2
31. Similarly to the case of the atmospheric

mixing angle we find that for the normal hierarchy case, the best fit value and lower bounds for ∆m2
31 are slightly

shifted upwards as a result of the new reactor data. As before, this is due to a mismatch between the best fit values

for sin2 θ13 coming from the analysis of atmospheric plus long-baseline data for normal hierarchy and the constraints

on θ13 coming from the remaining data samples.

Finally, for the solar neutrino oscillation parameters we find that the new reactor neutrino data do not change

the best fit values given by the analysis of solar plus KamLAND data, which determine these parameters. The

difference between the results in Table I and those in Table I in [2] are due to the different treatment of reactor data.

Indeed, motivated by the so-called “reactor antineutrino anomaly” [34], old short-baseline reactor experiment data

were included in the analysis in [2]. The dependence of the sin2 θ12 and ∆m2
21 determination upon the details of the

reactor data analysis has already been already discussed in detail in Ref. [1].

IV. CONCLUSION AND OUTLOOK

We have updated the global fit of neutrino oscillation parameters including the recent measurements of reactor

antineutrino disappearance reported by the Double CHOOZ, Daya Bay and RENO experiments. We have found that

the preferred global fit value of θ13 is sin2 θ13 = 0.026(0.027) for normal (inverted) neutrino mass hierarchy, while

sin2 θ13 = 0 is now excluded at 8σ. The impact of the new θ13 measurements over the other neutrino oscillation

parameters is marginal, the results are summarized in Table I.

During the summer this year the Daya Bay Collaboration will complete the designed number of detectors by adding

one detector in the far hall and other one in one of the near halls, re-starting the data taking after summer with eight

neutrino detectors. After 3 years of operation the uncertainties on sin2 2θ13 will be reduced from 20% to 4-5% [35].

Needless to say that a good determination of a sizeable θ13 value will be a crucial ingredient towards a new era of CP

violation searches in neutrino oscillations [36, 37] and will also help determining the neutrino mass hierarchy.

7.54+0.26
−0.22

2.43+0.07
−0.09

0.398+0.030
−0.026

0.408+0.035
−0.030

0.0245+0.0034
−0.0031

0.0246+0.0034
−0.0031

(0.89+0.29
−0.44)π

(0.90+0.32
−0.43)π

−(2.42+0.07
−0.10)

0.307+0.018
−0.016
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θ23, Mass Ordering, δCP

• θ23 determination in global analysis:
– Maximal θ23 = 45 Disfavoured at 1.6–2 σ level

Now mostly driven by MINOS νµ DIS
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θ23, Mass Ordering, δCP

• θ23 determination in global analysis:
– Maximal θ23 = 45 Disfavoured at 1.6–2 σ level

Now mostly driven by MINOS νµ DIS
– First octant θ23 < 45 Favoured at 1.6–2 σ level

Driven by SK I–III ATM Sub-GeV νe excess
It seems to be reduced in SK-IV analysis
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θ23, Mass Ordering, δCP

• θ23 determination in global analysis:
– Maximal θ23 = 45 Disfavoured at 1.6–2 σ level

Now mostly driven by MINOS νµ DIS
– First octant θ23 < 45 Favoured at 1.6–2 σ level

Driven by SK I–III ATM Sub-GeV νe excess
It seems to be reduced in SK-IV analysis

• sign(∆m2
atm) determination in global analysis:

– No significant difference Normal versus Inverted
Driven by SK ATM

• δCP determination in global analysis:
– Signal at most at 1.7 σ level

Driven mostly by SK ATM (slight LBL νe app)
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θ23, Mass Ordering, δCP

• θ23 determination in global analysis:
– Maximal θ23 = 45 Disfavoured at 1.6–2 σ level

Now mostly driven by MINOS νµ DIS
– First octant θ23 < 45 Favoured at 1.6–2 σ level

Driven by SK I–III ATM Sub-GeV νe excess
It seems to be reduced in SK-IV analysis

• sign(∆m2
atm) determination in global analysis:

– No significant difference Normal versus Inverted
Driven by SK ATM

• δCP determination in global analysis:
– Significant at most at 1.7 σ level

Driven mostly by SK ATM (and slight LBL νe app)
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adding atmospheric data ?

15

 T. Schwetz

3-flavor effects in atmospheric neutrinos

16

excess in electron-like events:

III. The ATMOSPHERIC sector 13

Octant and hierarchy discrimination in atmospheric data

• Excess of e-like events, δe ≡ Ne
�
N0

e − 1:
δe � (r̄ cos2 θ23 − 1) P2ν(∆m2

21, θ12) [∆m2
21 term]

+ (r̄ sin2 θ23 − 1) P2ν(∆m2
31, θ13) [θ13 term]

− r̄ sin θ13 sin 2θ23 Re(A∗ee Aµe) ; [δCP term]

with r̄ ≡ Φ0
µ

�
Φ0

e;

• similar but less pronounced effects also appear in
µ-like events (not discussed here);

• resonance in P2ν(∆m2
31, θ13) ⇒ enhancement of ν

(ν̄) oscillations for normal (inverted) hierarchy ⇒
hierarchy discrimination;

• δe distinguishes between light and dark side ⇒
octant discrimination;

• present data: excess in e-like sub-GeV events⇒
preference for light side.
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Michele Maltoni <michele.maltoni@csic.es> CIPANP 2012, 30/05/2012

Peres, Smirnov, 99; 
Gonzalez-Garcia, Maltoni, Smirnov, 04

???? pushes you 
into first quadrant
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SuperK Fit:  (Itow 2012)
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m2 and sin2
23 with reactor constraint 

!"#$% !"&%$'$!(!""")
sin2

23 

*"&& !"+!
!"%, %! ##$ *'% )

m2
32 

!"#$# !"&#!'$!(!""")

)1(1066.2 2317.0
23.0 eV

sin2
23 

m2
32 

90% C.L. 

99% C.L. 

68% C.L. 
90% C.L. 

99% C.L. 

68% C.L. 

Free 13 
Fixed reactor 13 

Free 13 
Fixed reactor 13 

NH IH 

28 

Summary 
Surprising large 13 has opened the door to the next stage 
of atmospheric neutrino study. 

Next goal ; mass hierarchy, the octant of 23 and CP  
New Super-K data (SK1-4 ; 3903days) 

3 flavor analysis with w/ & w/o reactor 13 constraint 
Measured sin22 13 is consistent with reactor  
With reactor 13 , constraint gets stronger. But yet no decisive results in 
sin2

23, hierarchy, CP

Updated  appearance in SK1-3 (3.8 )  
IC-79 IceCUBE/DeepCORE (317.9days) 

First clear oscillation signal in >10GeV region 

MINOS far detector (37.9 kton-yrs) 
L/E for anti- No evidence in different oscillations   
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My Mother’s Advice:

17

Before you eat a sausage, know what’s inside !
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Holy Grail:  the Unitarity Triangle

18

Unitarity Triangle:

U∗
µ1Ue1 + U∗

µ2Ue2 + U∗
µ3Ue3 = 0

|J | = 2×Area

J = s12c12s23c23s13c2
13 sin δ

ω = δ or 2π − δ

– Typeset by FoilTEX – 10

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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Unitarity Triangle:
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µ1Ue1 + U∗

µ2Ue2 + U∗
µ3Ue3 = 0

|J | = 2×Area
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Unitarity Triangle:

U∗
µ1Ue1 + U∗

µ2Ue2 + U∗
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– Typeset by FoilTEX – 10

Unitarity Triangle:

U∗
µ1Ue1 + U∗

µ2Ue2 + U∗
µ3Ue3 = 0
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~0.1



CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T � � T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination
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CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T � CPT across diagonals � T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination

Even in matter, a vestige of CPT exists:
Instead of switch matter to anti-matter, switch neutrino hierarchy !!!

– Typeset by FoilTEX – 8

However

for ν-Factory: Distinguish µ+
from µ− at 10−4

for β-Beam: Distinguish µ from e in Water Cerenkov or LAr

– Typeset by FoilTEX – 17



where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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νµ → νe

Pµ→e =
���

�
j U∗µj Ueje

−im2
jL/2E

���
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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νµ → νe

Pµ→e =
���

�
j U∗µj Ueje

−im2
jL/2E

���
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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Vacuum LBL:

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 17

2
�

PatmPsol cos(∆32 ± δ) = 2
�

PatmPsol cos∆32 cos δ (9)

∓2
�

PatmPsol sin ∆32 sin δ (10)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol
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P (νµ → νe) = | U∗
µ1e

−im2
1L/2EUe1 + U∗

µ2e
−im2

2L/2EUe2 + U∗
µ3e

−im2
3L/2EUe3 |2

= |2U∗
µ3Ue3 sin ∆31e

−i∆32 + 2U∗
µ2Ue2 sin ∆21|2

= |
�

Patme−i(∆32+δ) +
�

Psol|2

where
√

Patm = sin θ23 sin 2θ13 sin ∆31
and

√
Psol ≈ cos θ23 sin 2θ12 sin ∆21

Pµ→e ≈ Patm + 2
�

PatmPsol cos(∆32 ± δ) + Psol (6)

Pµ→e ≈ Patm + 2
�

PatmPsol cos∆32 cos δ + Psol (7)

∓2
�

PatmPsol sin ∆32 sin δ (8)

P = Psol
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2
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PatmPsol cos(∆32 ± δ) = 2
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PatmPsol cos∆32 cos δ (9)

∓2
�

PatmPsol sin ∆32 sin δ (10)

CPC only CPV

P = Psol
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2
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PatmPsol cos(∆32 ± δ) = 2
�

PatmPsol cos∆32 cos δ (9)

∓2
�

PatmPsol sin ∆32 sin δ (10)

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol
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∆Pcp = 2 sin δ sin 2θ13 sin 2θ23 sin 2θ12 cos θ13 sin∆21 sin∆31 sin∆32

∆ij =
δm2

ijL

4E

– Typeset by FoilTEX – 2
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Large  Theta_13
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Asymmetry:

22
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Comparison: CP violation 
C

P
 fr

ac
tio

n 

P. Huber @ ECFA Panel review, May 2011  
Global fit 

Fogli et al, 2011 

!!"

#$%&'"())*++,-.*"

!!"/0!!10210/" !"#$%&''()*+&$)*+$,)-./01%0()23+4$)51364+7)

Courtesy S. Parke A~1/11 (sin2 13 sin )/(sin22 13+0.002) 

Vacuum, at 1st oscillation maximum 

δm2
21, δm2

32, sin2 θ12, sin2 θ23, sin2 θ13, δ

Should not the mixing angles be called θe2, θµ3 and θe3 respectively?

(GFNe/
√

2)

Avac ≈ 1
11

sin 2θ13 sin δ
(sin2 2θ13+0.002)

νµ → νµ and ν̄µ → ν̄µ

νe → νe and ν̄e → ν̄e

sin2 2θcrit ∼ 1/(aL)2+�

– Typeset by FoilTEX – 2

relative to GF

[ Avac ≡ P −P̄
P+P̄

= Pδ−P0
P0

at ∆31 = π
2 (VOM) ]
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In Matter:
√

Patm =sin θ23 sin 2θ13
sin(∆31−aL)
(∆31−aL) ∆31

√
Psol = cos θ23 sin 2θ12

sin(aL)
(aL) ∆21
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± = sign(δm2
31), a = GF Ne/

√
2 ≈ (4000 km)−1

P (ν̄, δm2
31, δ) = P (ν, −δm2

31, δ+π)

dashes ⇔ solid and solid ⇔ dashes

a → −a and δ → −δ

Anti-Nu: Normal Inverted
dashes δ = π/2
solid δ = 3π/2

– Typeset by FoilTEX – 4

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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P (νµ → νe) ≈ |
�

Patme−i(∆32+δ) +
�

Psol|2

In Vacuum:
√

Patm =sin θ23 sin 2θ13 sin∆31

√
Psol =cos θ23 sin 2θ12 sin∆21

∆ = δm2L
4h̄cE = 1.27δm2L

4E

For L = 1200 km
and sin2 2θ13 = 0.04
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where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ13 cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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√

Patme−i(∆31±δ) +
√

Psol |2

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E and ± =

sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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νµ → νe

Pµ→e =
���
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j U∗µj Ueje

−im2
jL/2E
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2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21
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Interference term different for ν and ν̄: CP violation !!!
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νµ → νe

Pµ→e =
���

�
j U∗µj Ueje

−im2
jL/2E

���
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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Vacu
um LBL:

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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PatmPsol cos(∆32 ± δ) = 2
�

PatmPsol cos∆32 cos δ (9)

∓2
�

PatmPsol sin ∆32 sin δ (10)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol
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J-PARC P32 (LAr TPC R&D), arXiv:0804.2111 

J-PARC+HK @ Kamioka  
                      L=295km OA=2.5deg 

J-PARC+LAr @ Okinoshima 
                      L=658km OA=0.78deg 

LoI: The Hyper-Kamiokande Experiment 
                                              arXiv:1109.3262v1 

Neutrino 2012 19 

Future LBL plans using J-PARC
Current: T2K 
 J-PARC ~0.75MW 
+ 50kt WC @ 295km 2.5° 



6

The Hyper-Kamiokande (Hyper-K or HK) detector is proposed as a next generation under-

ground water Cherenkov detector that serves as a far detector of a long baseline neutrino oscillation

experiment for the J-PARC neutrino beam and as a detector capable of observing proton decays,

atmospheric and solar neutrinos, and neutrinos from other astrophysical origins. The baseline de-

sign of Hyper-K is based on the well-proven technologies employed and tested at Super-Kamiokande

(Super-K or SK). Hyper-K consists of two cylindrical tanks lying side-by-side, the outer dimensions

of each tank being 48 (W)× 54 (H)× 250 (L) m3. The total (fiducial) mass of the detector is 0.99

(0.56) million metric tons, which is about 20 (25) times larger than that of Super-K. A proposed

location for Hyper-K is about 8 km south of Super-K (and 295 km away from J-PARC) and 1,750

meters water equivalent (or 648 m of rock) deep. The inner detector region is viewed by 99,000

20-inch PMTs, corresponding to the PMT density of 20% photo-cathode coverage (one half of

that of Super-K). The schematic view of the Hyper-K detector is illustrated in Fig. 1. Table I

summarizes the baseline design parameters of the Hyper-K detector.

TABLE I. Detector parameters of the baseline design.

Detector type Ring-imaging water Cherenkov detector

Candidate site Address Tochibora mine

Kamioka town, Gifu, JAPAN

Lat. 36◦21�08.928��N

Long. 137◦18�49.688��E

Alt. 508 m

Overburden 648 m rock (1,750 m water equivalent)

Cosmic Ray Muon flux 1.0 ∼ 2.3 × 10−6 sec−1cm−2

Off-axis angle for the J-PARC ν 2.5◦ (same as Super-Kamiokande)

Distance from the J-PARC 295 km (same as Super-Kamiokande)

Detector geometry Total Volume 0.99 Megaton

Inner Volume (Fiducial Volume) 0.74 (0.56) Megaton

Outer Volume 0.2 Megaton

Photo-multiplier Tubes Inner detector 99,000 20-inch φ PMTs

20% photo-coverage

Outer detector 25,000 8-inch φ PMTs

Water quality light attenuation length > 100 m @ 400 nm

Rn concentration < 1 mBq/m3

48 III PHYSICS POTENTIAL

1

-1

0

0 0.02 0.04 0.06 0.08 0.1 0.12
sin22 13

3

Hyper-K (560kt FV) / 1.5yrs  + 3.5yrs 1.66MW

Mass Hierarchy unkown
(true: Normal Hierarchy)

FIG. 27. 3σ allowed regions for the case the mass hierarchy is unknown. The true mass hierarchy is

the normal hierarchy. Solid (dashed) line shows the contour for true δ = 0(
1
2π). Stars indicate the true

parameter values. Plots with sin
2
2θ13 of 0.01, 0.05, and 0.1 are overlaid. In addition to the region around

the true values, there are fake solutions around δ = π(−π) for true δ = 0(
1
2π) due to degeneracy.

-1

0

1

0 0.05 0.1 0.15
sin22 13

2
1

3

Hyper-K (560kt FV) / 1.5yrs  + 3.5yrs 1.66MW

FIG. 28. Sensitivity to the mass hierarchy. Blue, green, and red lines correspond to 1, 2, and 3 σ, respectively.

The true mass hierarchy is the normal hierarchy.

of mass hierarchy becomes smaller, as it becomes relatively insignificant compared to the genuine

CP asymmetry.

If we assume that the mass hierarchy is not known, the discovery potential for CP violation

is as shown in Figure 29. For the parameter 0 < δ < π, the exclusion region becomes smaller

compared to the case where mass hierarchy is known (Fig. 24) because of the fake solution coming

from unknown mass hierarchy. However, there are sets of parameters for which CP asymmetry can

be observed, and for −π < δ < 0, there is little effect even if the mass hierarchy is not measured.

A Accelerator based neutrinos 47

-1 0 1

5

10

15

20

25

2

IH hypothesis
NH hypothesis

Minimum

sin22 13=0.10

FIG. 26. The ∆χ2 as a function of δ, for the case the mass hierarchy is unknown. sin2 2θ13 is fixed to 0.1.

The true parameters are (sin2 2θ13, δ) = (0.10, 0.5π) and normal hierarchy. In this case, χ2 is calculated with

both normal and inverted hierarchy and the smaller is taken as the minimum value. Due to the parameter

degeneracy, there is a local minimum with inverted hierarchy hypothesis.

a local minimum with the inverted hierarchy hypothesis in addition to the minimum around the

true value with the normal hierarchy hypothesis. If this fake solution is consistent with null CP

asymmetry even though the true solution violates the CP symmetry, then the sensitivity to the

CP violation will be lost for that parameter set.

Figure 27 shows the 3σ allowed regions for the case the true mass hierarchy is normal but

not determined prior to this experiment. Solid red (dashed blue) line shows the contour for true

δ = 0 (12π). Stars indicate the true parameter values. Plots for sin2 2θ13 of 0.01, 0.05, and 0.1 are

shown together. The areas indicated by dashed lines around sin2 2θ13 = 0.1 correspond to the case

shown in Fig. 26. In addition to the region around the true values, there is a fake solution due to

unknown mass hierarchy.

If sin2 2θ13 is as large as ∼ 0.1, the NOνA experiment in United States [47] together with

the T2K experiment will have sensitivity to the mass hierarchy. In addition, for a large value of

sin2 2θ13, Hyper-K itself has considerable sensitivity to the mass hierarchy. Figure 28 shows the

sensitivity to the mass hierarchy from the J-PARC to Hyper-K experiment alone. For each set of

(θtrue13 , δtrue) with normal mass hierarchy (∆m2
32

true
> 0), the inverted hierarchy hypothesis is tested

by calculating ∆χ2 for various sets of (θtest13 , δtest) with ∆m2
32

test
< 0. The J-PARC to Hyper-K

experiment has sensitivity to the mass hierarchy for sin2 2θ13 > 0.05. For sin2 2θ13 = 0.1, the mass

hierarchy can be determined with more than 3σ significance for 46% of the δ parameter space. Also,

the atmospheric neutrino observation will have a sensitivity to the mass hierarchy as described in

Sec. III B. If sin2 2θ13 is too small for those experiments to determine the mass hierarchy, the effect
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A Accelerator based neutrinos 49

-1

0

1

0 0.05 0.1 0.15
sin22 13

Hyper-K (560kt FV) / 1.5yrs  + 3.5yrs 1.66MW

2
1

3Mass Hierarchy unknown
(true: Normal Hierarchy)

-1

0

1

sin22 13

10-3 10-2 10-1

Hyper-K (560kt FV) / 1.5yrs  + 3.5yrs 1.66MW

2
1

3
Mass Hierarchy unknown
(true: Normal Hierarchy)

10-4

FIG. 29. Sensitivity to CP violation for the case the mass hierarchy is not known. Blue, green, and red

lines correspond to 1, 2, and 3 σ exclusion of sin δ = 0, respectively. The true mass hierarchy is the normal

hierarchy.
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FIG. 30. Fraction of δ for which sin δ = 0 is excluded with 3 σ significance as a function of true sin
2
2θ13,

with different ratio of ν and ν̄ running time, while total running time is fixed to five years with 1.66 MW.

Normal hierarchy is assumed.

This is because the mass hierarchy can be determined and the degeneracy is resolved for these

parameter sets as shown in Fig. 28. For the case in which the true mass hierarchy is inverted, a

similar argument holds with −π < δ < 0 and 0 < δ < π inverted.

In reality, the mass hierarchy can be determined for wider range of parameters by combining

other experiments and atmospheric neutrino observations with Hyper-K. In conclusion, the knowl-

edge of the neutrino mass hierarchy will have only limited impact on the discovery potential of

leptonic CP violation by a J-PARC to Hyper-K long baseline program as discussed here.

CPV:



MINERvA 

MiniBooNE 

MINOS (far) 

MINOS (near) 

Operating 
since 2005 
(350 kW) 

Neutrino program 

NOvA (far) Under construction 
Online 2013 
(700 kW) 

MicroBooNE 
Under construction 
(LAr TPC) 

NOvA 
(near) 
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LBNE original
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• LBNE:

– Beamline @ Fermilab: 1-5 GeV, 700 kW ---> 2.1 MW

– Baseline: 1300 km on-axis, Fermilab to Homestake

– Detector: 34 ktons LAr @ 4300 mwe in Homestake

Mass H ierarchy Reach 

Adding N OvA & T2K data helps, especially at short baselines. 
6/20/12 LBNE - PAC 15 

CP V iolation Reach 

Hierarchy problem  CP>0 problem (at short baselines) 
 
 
+ N OvA/T2K 

6/20/12 LBNE - PAC 17 

Unoscillated  charged-current spectra with e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 
https://indico.fnal.gov/conferenceDisplay.py?confId=5622

https://indico.fnal.gov/conferenceDisplay.py?confId=5622
https://indico.fnal.gov/conferenceDisplay.py?confId=5622
https://indico.fnal.gov/conferenceDisplay.py?confId=5622
https://indico.fnal.gov/conferenceDisplay.py?confId=5622
https://indico.fnal.gov/conferenceDisplay.py?confId=5622
https://indico.fnal.gov/conferenceDisplay.py?confId=5622
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LBNE-lite: three options
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Unoscillated  charged-current spectra with e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 
Unoscillated  charged-current spectra with e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 

Unoscillated  charged-current spectra with e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 

All fiducial masses

• 30 kton LAr @ Ash River next to NOvA on surface

– off axis, narrow band beam, little spectral info.

– surface detector (?): no proton decay or supernova nus or 
atmos nus

• 15 kton LAr @ Soudan next to MINOS at 2100 mwe

– on axis, but spectrum is at higher energy than optimal

– under ground detector, proton decay (K+nu), supernova nus 
and atmos nus.  Broader program.

• 10 kton LAr @ Homestake on surface

– NEW NEUTRINO BEAMLINE required, can be optimize

– surface detector (?): no proton decay,supernova nus or atmos 
nus

– upgrade potential
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LBNE-lite Summary:

29

Three options with different strengths 

15 

 ! Ash River! Soudan! Homestake!

Baseline! 810 km! 735 km! 1300 km!

Detector Mass! 30 kt! 15 kt! 10 kt!

Detector position! Surface! Underground 2300 ft! Surface!

Beamline! Existing NuMI! Existing NuMI! New!

Preferred Option,
best upgrade potential,
most expensive
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Physics Reach of these Options:

30

Mass hierarchy reach 

16 

Mass hierarchy reach 

16 

Atmospheric (31) Mass Hierarchy

100%
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Physics Reach (conti)
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Reach in CP violation 

18 

Reach in CP violation 

18 

CPV

~50%
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Studied Options in LAGUNA   



Stephen Parke                                             NuFact 2012 @ JLAB and W&M                                              7/23/2012                      33

2012-25-06 GGI, Florence,  Elena Wildner 14 14 14 

The Neutrino Factory… 

EUROnu 
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Special Baselines:

34

“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

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 17

0



In Matter:
√

Patm =sin θ23 sin 2θ13
sin(∆31−aL)
(∆31−aL) ∆31

√
Psol = cos θ23 sin 2θ12

sin(aL)
(aL) ∆21

– Typeset by FoilTEX – 3

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 17

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ13 cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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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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flip when ν and ν̄ interchange
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2

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

Approx. Fermilab to Yucca Mtn:

Sushant K. Raut, Ravi Shanker Singh, S.Uma Sankar    arXiv:0908.3741

Amol Dighe, Srubabati Goswami, Shamayita Ray arXiv:1009.1093

Bi-M
agic

 Base
line:

Max for one Hierarchy and 0 other
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Another Special Baseline & Energy !

36

Can we chose a baseline and energy such that for neutrino we sit at the

1st oscillation maximum (OM) and anti-neutrinos we sit at 2nd OM (or vice

versa, depending on hierarchy) ?

∆31 + (aL) = 3π/2 and ∆31 − (aL) = π/2

⇒ ∆31 = π and (aL) = π/2

Baseline is 4000-4500 km and neutrino energy 4.0-4.5 GeV

i.e stored muons of around 9 GeV or so !!!

Can probe 1st and 2nd Ocscillation Maxima with same facilities!
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Precision:

37

Are δ = 6◦ ± 2◦ and δ = 84◦ ± 2◦ equally good measurements?

We need more precision around 0, π, . . . !

Maybe uncertainty in sin δ is a better measure !

– Typeset by FoilTEX – 3
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Testing the Paradigm:

38

For small values of
�

L
Eν

�
� 500

�
km
GeV

�
, we can expand the appearance

probability in powers of
�

L
Eν

�
as follows: (sin(1) = 0.84)

Pνe→νµ ∼
�

L
Eν

�2
+

�
L

Eν

�4
+ . . . CPC

+
�

L
Eν

�3
+

�
L

Eν

�5
+ . . . CPV

All parameters are determined by first few terms!!! To test the form

oscillation probability we need
�

L
Eν

�
∼ or even > 500

�
km
GeV

�
.

Are smaller values of Eν worth probing,
even if it costs some precision ???

(matter effects complicate this discussion!)
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�
L
Eν

�
� 500

�
km
GeV

�
, we can expand the appearance

probability in powers of

�
L
Eν

�
as follows: (sin(1) = 0.84)

Pνe→νµ ∼
�

L
Eν

�2
+

�
L

Eν

�4
+ . . . CPC

+
�

L
Eν

�3
+

�
L

Eν

�5
+ . . . CPV

All parameters are determined by first few terms!!! To test the form

Oscillation Probability we need

�
L
Eν

�
∼ or even > 500

�
km
GeV

�
.

Are smaller values of Eν worth probing,

even if it costs some precision ???

(matter effects complicate this discussion!)

– Typeset by FoilTEX – 6
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Precision v Sensitivity to New Physics:
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How much precision in δ would we sacrifice

for additional sensitivity to New Physics ! ! !

– Typeset by FoilTEX – 5

How much precision in δ would we sacrifice

for additional sensitivity to New Physics ! ! !

What about around δ = 0, π, . . . ?

– Typeset by FoilTEX – 5
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Beyond Nu SM
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•Sterile

•Non-Standard Interactions (NSI)

•Premature Decoherence

•Neutrino Decay

•Effects of Extra Dimensions

•Surprises !
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Sterile Neutrinos:

41

•hints of Sterile Neutrinos
– LSND (3.8 sigma)

– miniBooNE neutrinos & anti-neutrinos (?)

– Reactor Anomaly

– Gallium Anomaly
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nuSTORM:
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Baseline(s) 

!  100 kW Target Station 
!  Assume 60 GeV proton 

!  Fermilab PIP era 
!  Ta target 

!  Optimization on-going 
!  Horn collection after target 

!  Li lens has also been explored 
!  Collection/transport  channel 

!  Two options  
!  Stochastic injection of !"
!  Kicker with ! # µ decay channel 
!  At present NOT considering 

simultaneous collection of both 
signs  

!  Decay ring 
!  Large aperture FODO 
!  Racetrack FFAG 
!  Instrumentation   

!  BCTs, mag-Spec in arc, polarimeter 

9 Alan Bross                               Fermilab Physics Advisory Committee         June 21, 2012 

150 m 
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Experimental Layout 

20 Alan Bross                               Fermilab Physics Advisory Committee         June 21, 2012 

Must reject the 
“wrong” sign µ with 

great efficiency 

Appearance 
Channel: 
!e " !µ 

Golden Channel !

Why !µ " !e 
Appearance Ch. 

not possible 

150 ~ 1500 m 
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!e " !µ appearance 
CPT invariant channel to MiniBooNE 

29 Alan Bross                               Fermilab Physics Advisory Committee         June 21, 2012 

3+1 
Assumption 
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Summary & Conclusion:

45

•Large Theta_13
– wonderful opportunity for all !!!

• Double Chooz, Daya Bay and Reno

• SuperK Atm, T2K, NOvA

• LBNE, T2HK, etc

• precision determination of Theta_13

• exclude wrong Hierarchy at high CL

• CPV, precision dominated by systematic effects!

• New Physics less likely to be entangled with Theta_13 effects !

•Re-Optimization of NuFact is required !


