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Masses & Mixings:
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Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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Are the deviations 
from TBM  related?

Yes, of course!!!
(except HM et al)

At 2σ we have the following limits:
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Unitarity Triangle:
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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

– 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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In Matter:
√

Patm =sin θ23 sin 2θ13
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(∆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
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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)

⇑
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∼ ∆31 cot ∆31
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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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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
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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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PatmPsol cos(∆32 ± δ) = 2
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PatmPsol cos∆32 cos δ (9)

∓2
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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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Theta_23:
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For sin2 2θ23 = 0.96
thus sin2 θ23 = 0.4 or 0.6

At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13
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WIN ‘09 - 09/16/09Mayly Sanchez - ISU/ANL

95% CL Resolution

of the !23 ambiguity

30

• Ambiguity is resolved to 
the right and below the 
curves.

• Sensitivity depends on 

mass ordering, "CP, and 
the sign of the ambiguity.

• Curves represent average 
over parameters.
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Deviations from zero of | sin2 θ23 − 1
2| !!! i.e. sin2 2θ23 �= 1

T2K and NOvA

T2K and NOvA

νµ → νµ

(1 − sin2 2θ23)
or

| sin2 θ23 − 1
2|

Time or POT or kilowatt ·sec

0.15 0.10 0.05 0.0

0.09 0.04 0.01 0.0

sin2 θ23
3 σ Discovery

Upper Bound at 90% C.L.

( If sin2 θ23 − 1
2 = ±� then 1 − sin2 2θ23 = 4�2 )

– Typeset by FoilTEX – 12

νµ → νe and ν̄µ → ν̄e

At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13 + O[(aL) sin δ]

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13

sin2 θ23 = 0.6

sin2 θ23 = 0.4

T2K could also do this, if they ran ν̄µ
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Mass Hierarchy:   

Does anybody care above 5 sigma?   

Do we need to exclude Normal Hierarchy at a high CL
than Inverted Hierarchy? 
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Off-Axis Beams:
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Proposed Experiments:

Narrow Beams - Counting Expts:
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Energy at Vac. Osc. Max. (vom)
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Energy near 2 GeV
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L
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

exact along diagonal ---  approximately true throughout the overlap region!!!

Neutrino v Anti-Neutrino  One Expt.

O. Mena + SP 
hep-ph/0408070

in the overlap region

�sin δ�+ − �sin δ�− = 2�θ�/θcrit ≈ 1.4

�
sin2 2θ13

0.05

�sin δ�+ − �sin δ�− = 2�θ�/θcrit ≈ 0.47

�
sin2 2θ13

0.05

(ρL) for NOvA three times larger than (ρL) than T2K.

θcrit = π2

8
sin 2θ12
tan θ23
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T2K  +  NOvA:
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T2K:

NOvA:
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“T2K” + “NOvA”
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!
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NOvA + T2K nuetrinos:
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Mass Hierarchy from Reactor Nu:

12

Distinguish NH from IH:

• Over 2 to 8 MeV 
Window 

• High Quality data

•    + 

• Large Statistics

Magic of Fourier Transforms: JL talk

Neutrinos from 2-8 MeV:

% diff < 2% !!!
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bi-Magic Baseline:
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A. Rubbia 10th ICFA Seminar on Future Perspectives in High-Energy Physics 2011
38 (GeV)!E
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Graph

LAGUNA Pyhäsalmi experimental sensitivity
Mean    9.064
RMS     6.464
Integral  1.715e+04
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νμCC w/ oscill

Event rates: CERN SPS 400 GeV 
5 years @ 9.4x1019 pots/year

Neutrino horn polarity

Distance/OA νµCC νeCC νµ → νe νµ → ντ

Pyhäsalmi
2300 km 17152 250 88 1018
0.25 deg

Table 2: Charged current (CC) event rate calculated assuming a NUMI-ME-like realistic focusing, normalized to
400 GeV SPS protons, 47× 1019 pots or 5 years @ 500 kW and a liquid Argon detector with a mass of 100 kton.
We assume for the mixing angles tan 2θ12 = 0.45, θ23 = π/4 and sin2 2θ13 = 0.01 and normal hierarchy (NH).

2

Muon disappearance

Electron appearance

sin22θ23=1.0, sin22θ13=0.1 
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Tau appearance

880

Wednesday, October 5, 11

Not obviously required for mass hierarchy determination 
for large Theta_13 !
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CP Violation:
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Asymmetry:

15

2 

Comparison: CP violation 
C

P
 fr

ac
tio

n 

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

Fogli et al, 2011 

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+�
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Vacuum, at 1st oscillation maximum 
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from EuroNu - Pilar Hernandez
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Status of WP6 !
E. Fernández-Martínez, A. Donini, P. Hernández!
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WP6 Task 2 !
3) Impact of large !13  (ongoing effort)!

Performance comparison !
of LAGUNA baselines!
and dependence on !
experimental variables!

P. Coloma PhD Thesis!
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WP6 Task 2 !
3) Impact of large !13  (ongoing effort)!
Exclusion plots not very informative if !13 is known–> need to quantify precision !

Eg:  "!13/!13 ,"#     

P. Coloma,  A. Donini and P. Hernández, work in progress !
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WP6 Task 2 !
3) Impact of large !13  (ongoing effort)!
SPL @ second oscillation peak !

P. Coloma and EFM work in progress!

Status of WP6 !
E. Fernández-Martínez, A. Donini, P. Hernández!

Multiple CLs needed !
say 2,3 5 sigma 
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WP6 Task 2 !
4) Systematic uncertainties (will become more critical for large !13 )!

P. Coloma and EFM work in progress!

High systematics Low systematics 
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NSI 

21

NF constraints on NSI !

@NF P. Coloma et al!

Sterile Neutrinos less likely to effect Theta_13, MH and CPV determination:
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Summary & Conclusions:

22

•Large Theta_13, if confirmed
– wonderful opportunity for all !!!

• Double Chooz, Daya Bay and Reno, T2K, NOvA ....

• 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 !


