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• Non-unitary 𝛎 mixing: parameterization and 
current constraints



Escrihuela et al, PRD92 (2015)



• CP degeneracy in Pμe due to non-unitarity (NU)


Miranda, MT, Valle, arXiv:1604.05690 [hep-ph]



 


• Measuring CP violation at T2(H)K with NU



 Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]





3-neutrino masses and mixings
• Three-neutrino mixing is described by 3 mixing angles and 1 Dirac 


   (+2 Majorana) CP violating phase.

atmospheric + LBL 
disappearance

solar + KamLAND 
measurements

SBL reactor + LBL 
appearance searches

Δm231 : atmospheric +            


         long-baseline +           


         SBL reactors



Δm221 : solar + KamLAND  

• two possible mass orderings:

U = 



(Unitary) global fit of 𝝂 oscillations
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• No indication for correct mass ordering:
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• Most models of neutrino masses -> extra heavy states 

Ex: type I seesaw, inverse seesaw 

• NxN mixing matrix with: 


N(N-1)/2 mixing angles and (N-1)(N-2)/2 Dirac CP phases 

Minkowski 1977,  Gell-Mann Ramond Slanski 1979, 
Yanagida 1979, Mohapatra Senjanovic 80, 


Schechter Valle 1980.

Non-unitary light neutrino mixing
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→ (3x3) light neutrino mixing matrix non-unitary in general



General parameterization of NU mixing

Un⇥n = !n�1n !n�2n . . . !1n !n�2n�1 !n�3n�1 . . . !1n�1 . . . !2 3 !1 3 !1 2

• NxN mixing matrix:

ωij ≣ complex rotation 
matrix in the i-j plane
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and the (3x3) light block:
Hettmansperger, Lindner, Rodejohann, JHEP2011 
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General parameterization of NU mixing
3x3 light block of 

neutrino mixing matrix: N = NNP U3⇥3 =

0

@
↵11 0 0
↵21 ↵22 0
↵31 ↵32 ↵33

1

A U3⇥3

↵11 = c1n c 1n�1c1n�2 . . . c14 ,

↵22 = c2n c 2n�1c2n�2 . . . c24 ,

↵33 = c3n c 3n�1c3n�2 . . . c34 ,

↵21 = c2n c 2n�1 . . . c2 5 ⌘24⌘̄14 + c2n . . . c2 6 ⌘25⌘̄15 c14 + . . . + ⌘2n⌘̄1n c1n�1 c1n�2 . . . c14 ,

↵32 = c3n c 3n�1 . . . c3 5 ⌘34⌘̄24 + c3n . . . c3 6 ⌘35⌘̄25 c24 + . . . + ⌘3n⌘̄2n c2n�1 c2n�2 . . . c24 ,

↵31 = c3n c 3n�1 . . . c3 5 ⌘34c2 4⌘̄14 + c3n . . . c3 6 ⌘35c2 5⌘̄15 c14 + . . .+ ⌘3nc2n ⌘̄1n c1n�1 c1n�2 . . . c14
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with:

Escrihuela et al, PRD92 (2015)

cij = cos ✓ij , ⌘ij = e�i�ij
sin ✓ij , ⌘̄ij = �ei�ij

sin ✓ijwith:

General expression: valid for NxN matrix

(N-3) heavy extra states



Model-independent constraints on NU

• Universality constraints

μ decay:

β decay:
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PDG 2014
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Model-independent constraints on NU
• Neutrino oscillations with NU:
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Pµe = (↵11↵22)
2P 3⇥3

µe + ↵2
11↵22|↵21|P I

µe + ↵2
11|↵21|2

Pµe(L ' 0) = ↵2
11|↵21|2  7⇥ 10�4 (90%C.L.)

From NOMAD experiment:

μ-e appearance channel:

Astier et al., PLB2003

↵2
11 � 0.989 ↵2

22 � 0.999 |↵21|2  0.0007

Combining universality + oscillation constraints:

(90%CL)



CP degeneracies in Pμe due to 


non-unitarity





Pµe = (↵11↵22)
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CP degeneracies in Pμe with NU
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CP violation searches with NU
Non-unitarity may lead to ambiguities in Pμe 

Do they disappear combining neutrino and antineutrino channels?
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Miranda, MT, Valle, arXiv:1604.05690 [hep-ph] 

some CP-dep. terms in  Pμe cancel


→(δ, 𝜙) degeneracies disappear

interplay between CP-dep. terms 


→ degeneracies persist 



CP violation reconstruction with NU

Warning: no full simulation, oscill. parameters fixed to BFP
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 δCP reconstruction starting from δCPtrue = 3𝛑/2, 𝛂ij=0

→ great improvement with 𝛎 + 𝛎

Miranda, MT, Valle, arXiv:1604.05690 [hep-ph] 

→ no sensitivity for current 𝛂21 bound 

→ sensitivity recovered for 𝛂21 → 0

-



Measuring CP violation at T2(H)K 
with NU mixing





Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]
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non-unitary CP coefficients


can be as large as unitary ones

|↵21| ⇠ 0.02For

→ non-unitary CP phase 𝜙	
  

can fake the effects ascribed


to standard CP phase δ

Neutrino oscillations with NU mixing
↵11,↵22
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We simulate pseudo-data with 

CP violation searches with NU at T2(H)K

Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]

�trueCP = 3⇡/2 ,↵true
11 = ↵true

22 = 1 , |↵21|true = 0

 12 years (T2K) and 6 years (T2HK), 1/3 neutrino +2/3 antineutrino 

uncertainties in 𝚹23 and 𝛂21 spoil CP sensitivity 


even for L/E ≃ 500 km/GeV 



Probing CP violation with μDAR
✦ T2(H)K in neutrino mode (12/6 years)


✦ μDAR: μSK (15 km), μHK (23 km) in antineutrino mode (6 years)

Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]

sensitivity to break CP degeneracy improved thanks to wide μDAR spectrum 
→Pμe has both cosδCP and sinδCP terms of similar size

T2(H)K with μSK(HK) can preserve the CP sensitivity at the T2(H)K level

Evslin,Ge, Hagiwara, JHEP’2016



Improving CP sensitivity with μNear
The non-unitary CP effect is modulated by |𝛂21|


→ stronger constraints on |𝛂21| would suppress the size of faked


    CP violation
For very short baselines: PNP

µe ⇡ ↵2
11|↵21|2

 μNear: 20 ton scintillator detector, 20m from the μDAR source 

Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]



Improving CP sensitivity with μNear

Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]

CP sensitivity at T2(H)K + μSK(HK) + μNear

→ Combination of CP measurements at T2(H)K + μSK(HK) + μNear can determine


 the leptonic Dirac CP phase δCP unambiguously

→ CP sensitivity match the potential of T2(H)K + μSK(HK) for unitary mixing.



Summary

• Degeneracies due to non-unitarity may spoil CP 
sensitivity in T2K and T2HK.


➡ Partially solved by combining T2(H)K with μDAR


➡ ND measurements constraining 𝛂21 allow to 
recover CP sensitivity

• Non-unitary mixing leads to ambiguities in the CP-
violation parameter space.

• General parameterization for non-unitary mixing 
for N arbitrary number of heavy states, as a 
function of 3 real + 3 complex new parameters



Backup slides



T2(H)K 𝝌2 analysis
To extract the sensitivity on the leptonic Dirac CP phase, we fit 
the pseudo-data with the following 2 function,

3-nu oscill. param. constraints
Forero-MT-Valle, PRD2014 Escrihuela et al, PRD2015

constraints on NU params.



Constraints on NU from μ →e 𝛄

D.V.Forero PhD Thesis (updated from Forero et al, JHEP2011) 

Using MEG bound from PRL2013: Br(µ ! e�) < 5.7⇥ 10–13

linear 


seesaw

inverse 


seesaw

|↵11↵21| ' 2⌘12


