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What are quantum corrections?

Where do neutrino masses come from?

How can quantum corrections and the mechanism of neutrino masses
leave an imprint on oscillation phenomenology?
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Question 1:

What are quantum corrections?
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What are quantum corrections?

How do we predict phenomena?
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Start with a “master equation”

g
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Y
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Start with a “master equation” Now, solve it
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Start with a “master equation” Now, solve it

évvevo, (ob ta \L >~
< b\ a?(.;ut\w - Q(a,b; &)

Ola,b:t)= S@ @) ey (i SAC L)
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We can’t do it exactly, we've got to
rely on perturbation theory
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The perturbation theory we use is similar to a Taylor expansion
From the Lagrangian to the “Taylor expansion” terms is not obvious.

Take electron-electron scattering
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The perturbation theory we use is similar to a Taylor expansion
From the Lagrangian to the “Taylor expansion” terms is not obvious.
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The perturbation theory we use is similar to a Taylor expansion
From the Lagrangian to the “Taylor expansion” terms is not obvious.
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These higher order corrections on the “Taylor expansion” are the
quantum corrections
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Now, it would be great to redefine our Lagrangian in a way that can
easily account for quantum corrections

2

A\rszebe )~ 2

A

K

We can redefine constants to absorb the higher order effects

2= Fermilab

12 12/15/2021 Pedro Machado | Quantum corrections, neutrino masses and new oscillation phenomena pmachado@fnal.gov



mailto:pmachado@fnal.gov

Now, it would be great to redefine our Lagrangian in a way that can
easily account for quantum corrections

2

A\rszebe )~ 2

A

K

We can redefine constants to absorb the higher order effects

This is renormalization:
an organization principle to deal with guantum corrections
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Now, it would be great to redefine our Lagrangian in a way that can
easily account for quantum corrections

2

A\rszebe )~ 2

A

K

We can redefine constants to absorb the higher order effects

This is renormalization:
an organization principle to deal with guantum corrections

The crux: quantum corrections depend on the scale of the process
af Fermilab
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By measuring observables at several different scales,
we have confirmed the running of constants

Here are three examples
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Strong interaction coupling -

How do we see it? !
- QCD production at ete- colliders

- Deep inelastic scattering observables
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0.245

RGE Running
Weak miXing angle s Particle Threshold
Measurements
0.24
How do we see it? _
Weak interaction cross sections i’; .
Ratio between Z and W boson masses 2
Parity violation observables
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“Constants” actually run

Their values depend on the scale at which we are measuring some physical process
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Question 2:

Where do neutrino masses come from?

2= Fermilab

20 12/15/2021 Pedro Machado | Quantum corrections, neutrino masses and new oscillation phenomena pmachado@fnal.gov



mailto:pmachado@fnal.gov

Where do neutrino masses come from?

Simply put: we don’t know.
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Where do neutrino masses come from?

Standard model fermion mass spectrum
neutrinos tau bottom

X® i
|<—> strange top
® =

> charm
i‘ up muon

X HO
> electron down
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Standard model fermion mass spectrum
neutrinos tau bottom

X® l
|<—> strange top
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> charm
i‘ up muon

X HO
> electron down
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Maybe neutrino masses are small because they are suppressed by a large scale
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Pedro Machado | Quantum corrections, neutrino masses and new oscillation phenomena

2= Fermilab

pmachado@fnal.gov



mailto:pmachado@fnal.gov

Standard model fermion mass spectrum
neutrinos tau bottom

X® l
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Maybe neutrino masses are small because they are suppressed by a large scale

or maybe neutrino masses are small because the scale of the mass mechanism is low

2= Fermilab

25 12/15/2021 Pedro Machado | Quantum corrections, neutrino masses and new oscillation phenomena pmachado@fnal.gov



mailto:pmachado@fnal.gov

Regardless, neutrino masses are nonzero

since neutrinos mix and oscillate
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Mixing phenomenon arrives from a mismatch
between the weak interaction and the mass mechanism

=> Qd:é Usi v,

- — 0 A
J*'Mass ~ Ny Md%\)% + Qd%dﬁ% “"LC' DUNS W{dx
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Mixing phenomenon arrives from a mismatch
between the weak interaction and the mass mechanism

U = Rz‘s \/\‘1 \2'1

(¢, © s,sé}&
C12C13 $12C13 3136—2'5013 \’n’ 0 | ©
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\ o 9 |
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Question 3:

How can quantum corrections
and the mechanism of neutrino masses
leave an imprint on oscillation phenomenology?
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How can quantum corrections and the mechanism of neutrino masses

leave an imprint on oscillation phenomenology?

If the neutrino mass mechanism takes place at low scales,
there could be significant running of the PMNS matrix

Precision neutrino oscillation physics can be a portal to one of the outstanding
questions of the standard model: the mechanism of neutrino masses
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If there are significant quantum corrections to the
neutrino mass matrix at low scales, the PMNS matrix

~ gU,: ~ gUq; Fi; becomes scale dependent.
This means that production and detection of
neutrinos may not go via the same PMNS matrices.
V; I Vi .

2= Fermilab

31 12/15/2021 Pedro Machado | Quantum corrections, neutrino masses and new oscillation phenomena pmachado@fnal.gov



mailto:pmachado@fnal.gov

Possible mass mechanisms
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Standard case

AL, »9.) = <3 ) MO

U . UVO (~ ‘ ‘
; Ti ) 2Xx%p
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{ N T Standard case

T o T ‘59 .
A, 230) = <3| e MBI

: 7,L
= U . UV. (, L WA,
; T /”e'x? 2€

With E dependent effects:
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What are the effects we would be looking for?
| will use two flavor oscillations to show simplified formulae

Am?L
Peu — L pe — Sin2 (Op — ed) -+ sin 26’p Sin 20d SiIl2 m — é
4F 2
3£ Fermilab
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What are the effects we would be looking for?
| will use two flavor oscillations to show simplified formulae

Am?2L
Pep, — L pe — Sin2 (ep — ed) -+ sin 2929 Sin 29d SiIl2 Z;J — g
production
3% Fermilab

36 12/15/2021 Pedro Machado | Quantum corrections, neutrino masses and new oscillation phenomena pmachado@fnal.gov



mailto:pmachado@fnal.gov

What are the effects we would be looking for?
| will use two flavor oscillations to show simplified formulae

Am?L
P., =P, = sin2(9p — 03) + sin 26, sin 20, sin? ( Z; e g)

production

1) Zero distance transitions: B is induced due to PMNS mismatch (though it is 2nd order)

2= Fermilab
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What are the effects we would be looking for?
| will use two flavor oscillations to show simplified formulae

Am?L
P., =P, = sin2(9p — 03) + sin 26, sin 20, sin? ( Z; e §>

production

1) Zero distance transitions: B is induced due to PMNS mismatch (though it is 2nd order)
2) Finite L: Pag # Pag, as the phase flips sign (apparent CPT violation)
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What are the effects we would be looking for?
| will use two flavor oscillations to show simplified formulae

Am?L
P., = P, = sin2(9p — 03) + sin 26, sin 20, sin? ( Z;? - g)

1) Zero distance transitions: B is induced due to PMNS mismatch (though it is 2nd order)
2) Finite L: Pag # Pag, as the phase flips sign (apparent CPT violation)
3) Distortions of oscillation probability, since 6,4 depend on energy

2= Fermilab
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What are the effects we would be looking for?
| will use two flavor oscillations to show simplified formulae

Am?L
P., = P, = sin2(9p — 03) + sin 26, sin 20, sin” ( Z;? + g)

3
2

3
4

Zero distance transitions: 3 is induced due to PMNS mismatch (though it is 2nd order)
Finite L: Pqg # Pap, as the phase flips sign (apparent CPT violation)

Distortions of oscillation probability, since 8, 4 depend on energy

New sources of CP violation

) Agl I €12 Cs COt(Agl/Q)-
a 8J 21 511 ( 2 ) i * ( sin 2912 ‘ S A21

)
)
)
)
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What are the effects we would be looking for?
Short baseline constraints:

Experiment E (GeV)|1/Q% (GeV)| channel | constraint
ICARUS [64] 17 3.94 v, = Ve | 3.4x 1077
CHARM-II [65] 24 4.70 v, > Ve | 2.8%x 1073
-3
NOMAD [61-63] | 47.5 6.64 Vp = Ve | 14X 10

v, = V; | 1.63 X 104

v, — Ve | 5.5x 1077
NuTeV [66, 67] 250 15.30 v, — U, 0.1

v, > v, | 9x 1077

2= Fermilab
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Bi-probability plots
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Bi-probability plots
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Bi-probability plots
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Bi-probability plots
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Bi-probability plots
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Bi-probability plots
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Energy dependent neutrino mixing

What are the effects we would be looking for?
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Energy dependent neutrino mixing

What are the effects we would be looking for?
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Energy dependent neutrino mixing

What are the effects we would be looking for?
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Cosmogenic neutrinos: flavor composition

PVa_“/B — PI/B—)VQ — 5aﬁ — 2 ZRG [U;kUﬁkUa]U;]]

k>

These neutrinos come from so far that they decohere

Even if we do not know the flavor composition at the
source, the possible flavor composition at detection is
constrained and is related to the mixing matrix

Va—)l/g Z ’Uaj ’Uﬁj Qd)|
Xg = Z PuaﬁuBXEmd
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Cosmogenic neutrinos: flavor composition

* * - 2 2
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If the neutrino mass model takes place at low scales,
it can induce quantum corrections that affect neutrino oscillations

This boils down to producing and detecting neutrinos via different mixing matrices
Several effects are present: zero baseline transitions, apparent CPT violation,

enhanced CP violation, overall distortions on the oscillation probabilities,

DUNE and IceCube-gen2 are in a very special position to probe this framework

2= Fermilab
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