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Neutrino Oscillations
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Leptonic Mixing Matrix
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Entering the Precision Era of Neutrino Oscillations

P. Denton, Modern Neutrino Oscillation Theory, NuFact 2024
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https://indico.fnal.gov/event/63406/contributions/297152/attachments/181600/249090/Denton_NuFact.pdf

Entering the Precision Era of Neutrino Oscillations

P. Denton, Modern Neutrino Oscillation Theory, NuFact 2024
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Open questions:
* Octant
* Mass ordering
* CPviolation
e Absolute neutrino masses
* Neutrino mass generation
0.45 * Electromagnetic moments
* Non-standard interactions
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Leptonic Mixing Matrix — Revisited

Most common parameterisation:
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* One possible parameterisation without assuming unitarity:
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—> Need new presentations as well

09.04.2025

Presenting Neutrino Oscillations in the Precision Era


https://doi.org/10.1103/PhysRevD.102.115027
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Leptonic Mixing Matrix Element Moduli & Phases
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Phys. Rev. D 102, 115027 (2020)
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—> Moduli of the elements can already
be used while assuming unitarity


https://doi.org/10.1103/PhysRevD.102.115027

Unitarity Triangles

Unitarity condition and orthogonal vectors:

U'U = UUT =1

— 6 orthogonality conditions for 3x3 matrices:

> UnUy, =0 (i # ) ZUMU*; =0 (k#1)
k

(rows) (Columns)
—> 6 unitarity triangles in complex plane, B %\ T '
e.g. for columns: =% "

o
2

— Powerful tool to test unitarity of mixing matrices in the SM
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https://indico.cern.ch/event/891123/contributions/4601722/attachments/2351890/4013122/CKMfitter2021.pdf

Unitarity Triangles for PMINS

1 Phys. Rev. D 102, 115027 (2020)

* Example triangle for PMINS:

Current: Joint Fit
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* Arbitrary choice of normalisation

* Different choice, e.g. NuFIT:
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Unitarity Triangles for PMINS
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Constraints from Neutral Current Events

* Neutral current powerful tool to constrain overall flux

70]
% 30 —— Runi-11 Data
 Current efforts to include neutral current piO data in s | t< e
T2K oscillation analysis o} — by
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data sample give extra oscillation sensitivity I T2K Preliminary
— Can sample be understood well enough? 10 —
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Summary & Conclusion

* Neutrino Physics is entering the precision era

* Soon it might be possible to test unitarity in long-baseline neutrino experiments
— it will no longer be possible to solely rely on assumption of unitarity

 New presentations needed that don't assume unitarity or can test it
— Should start using these now to accustom the community

* Using neutral current events as additional flux constraint might increase sensitivity

* First such sample is currently being implemented in the T2K oscillation analysis
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PMNS Parameter Distributions
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Leptonic Mixing Matrix Element Moduli & Phases
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PMNS Parameterisation
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Magnitudes & Phases (MP) Parameterisation
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MP Parameterisation Vacuum Oscillation Probabilities
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MP Parameterisation Vacuum Oscillation Probabilities
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Jarlskog Factors

Phys. Rev. D 102, 115027 (2020)

. _ Jo ]
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Unitarity violation: a tale of four regimes

Taken from Peter Denton's talk
from the October DUNE Collab Call

m decay

Solar

Reactor

DONuT
FASERnu

eV keV MeV GeV

*Details depends on the specific experiment /channel

Peter B. Denton (BNL) 2109.14575 & 2109.14576 DUNE Collaboration Call: October 18, 2024 6/2


https://doi.org/10.1103/PhysRevD.102.115027
https://indico.fnal.gov/event/66471/contributions/301722/attachments/182592/250737/UV%2BCLFV_Denton.pdf

Unitarity violation: mass ranges

Taken from Peter Denton's talk
from the October DUNE Collab Call

experiment (4,4) (m4) (5,3) (my)
atmospheric v, disappearance € [10 eV, 15 MeV| | = 40 MeV
atmospheric v, appearance € [10 eV, 15 MeV| | 2 40 MeV
astrophysical v, appearance < 15 MeV > 40 MeV
solar °B < 5 MeV = 20 MeV
DONuT/FASERnu € [100 eV, 90 MeV] | Z 200 MeV

LBL v, appearance (OPERA) c[1eV, 15 MeV] | =40 MeV
LBL v, appearance (DUNE) € [0.1 eV, 15 MeV] | = 40 MeV
LBL v, disappearance (DUNE) || € [0.1 eV, 15 MeV] | 2 40 MeV
CEvNS c [10 eV, 15 MeV] | > 40 MeV

(m,n): m total neutrinos, n accessible neutrinos

BD, J. Gehrlein 2109. 14575

n (BNL) 2109.14575 & 2109.14576 DUNE Collaboration Call: October 18, 2024  7/%


https://doi.org/10.1103/PhysRevD.102.115027
https://indico.fnal.gov/event/66471/contributions/301722/attachments/182592/250737/UV%2BCLFV_Denton.pdf

Wolfenstein Parameterisation

See Eur. Phys. J. C21, 225-259 (2001)
e CKM triangles shown as function of adapted Wolfenstein parameters:

(p=p(l —=X2/2), 7=n(1l —)?/2)), sothat R, - = P>+

* Wolfenstein parameterisation is expansion possible due to diagonality of CKM matrix:

Vud Vi

VeaVa,

1 — %)\2 — %/\4 A AN (p —in)
Ve | =A[1+AM(p+in—23)] 1-3X2—I)(1+4442) AN
AN 1= (p+in) (1 —3X%)] —AXN[1+ X (p+in—12)] 1-— 342\
with: S19 = A,
so3 = AN,

size” = AN} (p —in) ,

which is valid to O(|\[®) ~ 0.01%.
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Neutral CurrentNeutral Current
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Phvs. Rev. C 72, 055502 (2005)
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