Theoretical Overview of
Neutrino Oscillations




INeutrino Oscillation Is Well Established

The standard neutrino oscillation paradigm
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INeutrino Oscillation Is Well Established

The framework

Vacuum oscillation Matter effect
Mixing:
Va — (COS 6 sin 0) Vi Hmatter = Hyacuum + Ymatter
Vg sinf cosé V;
Mater potential is in flavor
Free propagation: basis, e.g., ve propagating in a
lv;(t)) = e tEit]y,(0)) constant electron density

This framework is tested across neutrino energies, baselines, and flavors



IProgress Could Be Summarized As Follows
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ITI—IE Known Unknows

CP violating phase §¢p, mass ordering, 8,3 octant
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IImportant Theoretical Efforts: v-A Cross Sections

Understanding neutrino-nucleus scattering cross sections in
GeV range, for long-baseline experiments
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IMore Known Unknows

What gives neutrino mass?

Dirac Masses

In Standard Model:

Right-Handed Left-Handed e
We cannot have: mv; v,
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The most obvious field te add:
gauge singlet v,

So that we can have mv; vp

This also gives us M v v, which
we can test in Ovff exp.

Figure credit: S. Ellis '
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ILight Steriles: Sterile Neutrinos
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IHeavy Steriles: Non-Unitarity of PMNS Matrix

Heavy states cannot be directly produced and observed
The observable is the non-unitarity of the 3*3 matrix
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I Testing Unitarity

Consistency checks --- lines should intercept at the true point if
our assumptions of unitarity are valid

Ellis, Kelly, 7+ "~
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ITesting Unitarity --- Unitarity Triangles

Consistency checks --- lines should intercept at the true point it
our assumptions of unitarity are valid
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ITesting Unitarity --- Leptonic Unitarity Triangles

Ellis, Kelly, Li, 20b
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I Testing Unitar

ity --- Leptonic Unitarity Triang‘l'eéf:"-

. .
N

'ityﬁto CPV

$fi~

v

sappearance
ment of d¢p

L

UalU, . UaUsy
en + i j - : o Wy =T7 rre
Pe n),,- 4 Ua U‘;:, Py U U,2U,
2.5 ' 05
Ellis, Kelly, L
= b
P ok = 00}
‘ -2.51~ ~0.5
Current ¢ e
- | | | 1 | : |
Futurede  -so——f=—74—% 0.5 1 ar 10
Disapj Pen Per Pur
1.5 8
Va —= v 2 Current: Joint Fit
Future: Joint Fit
Appea - Disappearance, App« 4
VO( — V
g g 0
~0.75 -4 N _
. Url :2 ) A
M2+ im2 = =577, P13+ iy =~ P2+ g =~
| | UinUja | | |
=19 1 2 0.5 1 -85 0
_ 12 M3 P
Shirley Li (UCTIVINE)



ITheory of Oscillation --- Is It Solved?

No! My personal favorite example: decoherence

We never question this:

2
P,p = sin”(20) sin” (ATEL

) 2-flavor vacuum oscillation.
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But, there is an alternative prediction!

, ol
Pup = sin“(20) {% = % COS (AmE L) e “coh } 2-flavor vacuum oscillation



IQuantum Decoherence of Neutrinos

Important assumption: neutrino wave packets are coherent

if a ve is produced
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Coherence: wave packets cannot be too separated
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IQuantum Decoherence of Neutrinos

What if the neutrino wave packets are no longer coherent?

After propagation
over a long distance
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ICan This Be Experimentally Tested?

Before: unlikely. Experimental baselines L << L_g,
Now...

Impact of Wave Packet Separation in Low-Energy Sterile Neutrino Searches

Carlos A. Argiielles,’>* Toni Bertélez-Martinez,> T and Jordi Salvado?: ¥ b

! Department of Physics € Laboratory for Particle Physics and Cosmology,
Harvard University, Cambridge, MA 02138, USA
2 Departament de Fisica Quantica i Astrofisica and Institut de Ciéncies del Cosmos,
Universitat de Barcelona, Diagonal 647, E-08028 Barcelona, Spain
(Dated: March 13, 2023)

Light sterile neutrinos have been motivated by anomalies observed in short-baseline neutrino
experiments. Among them, radioactive-source and reactor experiments have provided evidence and
constraints, respectively, for electron neutrino disappearance compatible with an eV-scale neutrino.
The results from these observations are seemingly in conflict. This paper brings into focus the
assumption that the neutrino wave packet can be approximated as a plane wave, which is adopted in
all analyses of such experiments. We demonstrate that the damping of oscillation due to decoherence
effects, e.g., a finite wave packet size, solves the tension between these electron-flavor observations
and constraints.
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How Can We Test Decoherence Predictions?

42 E% 0y
|Am?2|

The issue: T o,: the wave packet size of neutrinos

We cannot make predictions and test decoherence etfects with
experimental data because we do not know what o, is. .
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accelerator neutrinos
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Target Decay Pipe Dirt

e={) f:'f[) t':tDet.
Shirley Li (UC Irvine) 17/18



Conclusions

Neutrino oscillation is well established and tested

Plenty of known unknowns, we will hear about the progress at
NNN!

Still unresolved issues with neutrino oscillation formalism, e.g.,
decoherence

Not discussed: limitations of oscillation physics, absolute mass,
Dirac vs. Majorana, we will also hear about them at NNN!






ITriangles as Tests of Unitarity

Ellis, Kelly, Li, 20b
Tension in Triangle

Injected Non-Unitarity
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