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Motivation: Current Status of Neutrino Oscillation
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Unitarity remains an initial theoretical assumption inherent in the 
majority of analyses, and is the basis for the validity of the 3ᶟ paradigm.

However, in comparison with the quark sector, experimental tests of 
unitarity for the 3x3 neutrino mixing matrix are considerably weaker.
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Want to measure elements, not angles.
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Where is out information coming from?

??
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Unitarity Conditions
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Ideal scenario: We measure 
each element with sufficient 
precision as to confirm these 12 
unitarity conditions individually.
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Where does this non-unitarity come from?
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Without symmetry to dictate a scale masses, a priori, no mass scale 
prefered over another.

Canonical way of generating a non-unitary mixing matrix is to embed our 
3x3 matrix in an extended mixing matrix, via the addition of SM singlets. 
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The Minimal Unitary Violation (MUV) scheme
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See talks by E. Fernandez-Matrinez 

and J. Hernandez!
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The Minimal Unitary Violation (MUV) scheme
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See talks by E. Fernandez-Matrinez 

and J. Hernandez!

Valid for mN >> ᵉEW

Worst constraint 
~0.5%  

Best constraints 
~0.001% 

ᶞ→eᶕ     from MEG,    BR < 5.7x10-13

Experimentally unitary at the sub percent level.



NuFact 2016 Mark Ross-Lonergan 25th Aug 
2016

New physics, where is it lurking?
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Experimentally Driven Low-Scale Physics
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3→0ᷟ

Take home message;           “There is enough experimental evidence to 
warrant questioning our assumption of unitarity”
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Non-Unitarity Oscillation Probability
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This term not necessarily 0 or 1 in 
appearance and disappearance 
experiments respectively. 

L and Eᷙ  independant. 
“Zero-distance” or “Instantaneous 
” oscillation probability

Can re-parametrize all observed three neutrino 
amplitudes to non-unitary oscillation probability 
and refit to global data
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This term not necessarily 0 or 1 in 
appearance and disappearance 
experiments respectively. 

L and Eᷙ  independant. 
“Zero-distance” or “Instantaneous 
” oscillation probability

Can re-parametrize all observed three neutrino 
amplitudes to non-unitary oscillation probability 
and refit to global data

Non-unitarity does 
not modify 
frequency, fix to 
global best fit values

If amplitude 
observed, 
experiment cannot 
tell if unitary or 
non-unitary
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Theoretical Geometric Bounds
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Just talk briefly, and then say how its analgous…
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UPMNS Element’s  3σ  Ranges
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UPMNS Element’s  3σ  Ranges    (Unitary Case!)
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UPMNS Element’s  3σ  Ranges
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UPMNS Element’s  3σ  Ranges
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Constraining Sterile Neutrinos at Short Baselines
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A lot of experiments have run that are sensitive to new low-scale physics.    

  “Would they not have seen such a large unitarity violation?”

No Oscillations 
Taken place yet

Oscillations
fully averaged 
out

Spectral
Distortions
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Effects of non-unitarity at Short Baselines 
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No longer measuring 3x3 matrix, using inferred 
information!

Not model independent, depends on assumptions 
on new physics interactions

Only valid in 3+N interpretation

Use 
non-measurement 
of these....to bound violations  

of unitarity here

Measure precisely the 
mixing elements to check 
unitarity conditions Ignore

Direct observation of PMNS elements

Do not care about what causes 
non-unitarity. 

Very model independent.

Ideal Scenario 

(What we’ve done so far)

Adding SBL data 
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UPMNS Element’s  3σ  Ranges
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Unitarity Triangle Closures
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Only ᶟe ᶟᶞ triangle is 
known to be unitary at 
~1% level.

Due to strong ᶟᶞ - ᶟe 
appearance and ᶟᶞ(e)  
disappearance 
bounds

All remaining triangles contain at least one 
ᶦ-element. Non-unitarity constrained an order of 
magnitude worse than  ᶟe ᶟᶞ  triangle. 

Strikingly, two 
distinct groups 
immediately jump 
out.
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Neutrino Normalisations
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All  remaining 
normalisations contain 
at least one ᶦ-element.  
Unitarity constraints 
an order of magnitude 
worse than  ᶟe and ᶟᶞ .                               
ᶟᶦ normalisation allows 
30% violations at 2ᶥOnly ᶟe and ᶟᶞ normalisations are known to 

be unitary within ~ 7% at 3ᶥ level.

Again, two distinct 
groups immediately 
jump out.
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95% CL Constraint Regions … as the scale drops

As scale of possible new physics 
drops lower we lose more and more 
applicable bounds...

29

Valid mN > 0.1 eV

Valid mN > ᵉEW

MUV 
SCHEME

Worst constraint 
~0.5%  

Worst constraint 
~25%
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What can be improved?  
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NOVA & T2K increased statistics ᶟᶞ →ᶟe.                                                   

JUNO, RENO-50, HYPER-K.. DUNE                                                    
“Zero-Distance” effect so no near/far ratio usable.   
So a Huge benefit in a precisely known flux... NuFactory, 
NuStorm, (NuPil?)

Muon disappearance on solar mass scale, 15,000 Km/GeV ?       
High statistics and ᶟᶞ →ᶟᶦ ( and ᶟe →ᶟᶦ?) appearance?

Tau disappearance                                                                        
(possibly beyond feasibility, all ideas welcome!)

..and beyond?

Far (far) Future

Future:

Upcoming:

Same elements Ue1,2,3 ,Uᶞ3

New probes Uᶞ1,2 ,Uᶦ3
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Conclusions

Current experimental bounds on unitarity within the 3ᶟ paradigm allows for 
considerable violation, and without the unitarity assumption, the precision 
on the individual UPMNS elements can vary significantly (up to 104% in the 
case of |Uᶦ3|).

However we find no evidence for non-unitarity.

Only 1 triangle-closure  (and 2 normalisations) are constrained to be unitary 
to within the percent (10 percent) level with the remaining at least an order 
of magnitude worse.

Prospects of directly measuring the 12 unitarity conditions with high 
precision is poor,  as even vast improvements on ᶟᶞ and ᶟe normalisations 
and ᶟᶞ ᶟe  triangle are still constraining the same elements. 

There is much room for new physics, especially in the ᶟᶦ sector where 
currently almost all information is derived from the unitarity assumption and 
not direct measurements
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Thank You! 
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