Leptogenesis:
in your face!




Leptogenesis - The Boltzmann Picture:
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Each of the above mass-patterns is described by a different set of
Boltzmann Equations (BE). These are derived somewhat heuristically...

Also, the BE don’t describe the transition regimes — in grey.

We want to go beyond Boltzmann equations, to find a single density
matrix equation, describing any allowed spectrum of RH neutrino
masses. This means describing decoherence...



Decoherence via “Environment Induced Super-Selection”:

Quantum states of the ‘environment’ (E) get entangled with quantum
states of the ‘system’ + ‘apparatus ‘ (SA). These interactions erase
cross-correlations between ‘system’ (S) and ‘apparatus’ (A) states:
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The Density Matrix
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The reduced density matrix describes a “pre-measurement” state.

Subsequent entanglement of |/ ,;) with apparatus |A> results in a

measurement:
(0:) =1+ [0

NOTE: The state |¢SAE> has a preferred basis due to the tridecompositional
uniqueness theorem. In this ‘pointer’ basis, decoherence (via EISS) rapidly
erases the off-diagonal terms of the reduced density matrix



A “toy model” of decoherence:

The ‘system’ (S) is a spin up / down atom.
The ‘environment’ (E) is N other atoms, each in an undetermined state.
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The reduced density matrix ps(t) = Tre(|e(t)) (0(t)]) is then:
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So E kills the off-
diagonal terms
for large t, N

Originally introduced by Zurek, see: Zurek, W.H.,1982, Phys. Rev. D 26, 1982
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For a nice, recent review on decoherence see: Schlosshauer, M., arxiv:quant-ph/0312059



Leptogenesis and decoherence:

In leptogenesis the decays of RH nus produce coherent states.

Subsequently, these decohere via coupling to thermal bath states.

Leptogenesis vs. “toy model” :
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Part |I: The Paper

Leptogenesis with heavy neutrino flavours:

from density matrix to Boltzmann equations
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Abstract

Leptogenesis with heavy neutrino flavours is discussed within a density matrix
formalism. We write the density matrix equation that describes the generation of
the matter-antimatter asymmetry, for an arbitrary choice of the right-handed (RH)
neutrino masses. For hierarchical RH neutrino masses Iyving in the fully favoured
regimes, the density matrix equation reduces to multiple-stage Boltzmann equa-
tions. In this case we recover and extend results previously derived within a quan-
tum state collapse description. We confirm the generic existence of phantom terms,
which are not washed out at production and contribute to the flavoured asyvmmetries
proportionally to the initial RH neutrino abundances. Even in the N-dominated
scenaric they can give rise to lepton flavour asvmmetries much larger than the
baryon asymmetry with potential applications. We also confirm that there is a
(orthogonal) component in the asymmetry produced by the heavier RH neutrinos
which completely escapes the washout from the lighter RH neutrinos and show that
phantom terms additionally contribute to it. The other (parallel) component is
washed out with the usual exponential factor, even for a weak washout. Finally,
as an illustration, we study the two RH neutrino model in the light of the above
findings, showing that phantom terms ean contribute in this case as well.



What we did:

« We took into account decoherence, using the density

matrix formalism.

We derived a ‘Master Equation’ which can be used to
calculate Baryon asymmetry within any transitional
regime, between two definite flavour bases.

This approach goes beyond Boltzmann Equations, which
pre-suppose some definite flavour basis (whether “two-
flavour”, “three-flavoured” or “unflavoured” / “vanilla®).

We obtain the Boltzmann Picture from the density matrix
formalism, as limiting cases of our ‘Master Equation’.
We show how to derive the projection effect &
phantom leptogenesis from our Master Equation.



Our Master Equation:
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We didn’t solve the above explicitly in the transitional regime (this is
hard!) Instead we took limiting cases, taking into account both
projection effects and phantom terms . But the full equations
above are now available, for ourselves or others to solve in future ©



Our limiting cases:
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Projection effect and phantom terms:

Projection effect: L)

What if N, inverse decays act on coherent
states, for example ?

Then part of the coherent state produced by N, /

is orthogonal to the coherent state washed ouf 7 \‘\,|f1~,-> I
by N / > ~v 1’.">

Only the parallel component can be washed out 4 ==
by N, inverse decays. /o=

The orthogonal part is completely unwashed. -~ > |le)

Phantom terms:
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What if quantum states produced by N2 have different lepton, anti-lepton flavour
compositions? Then cancellations within the flavoured asymmetry can be erased by
an asymmetric N1 washout (if 11,12 belong to distinct flavour bases).



Summary / Conclusions:

“The Decoherence Program” helps to formulate a quantum
theory of measurement.

Decoherence is relevant within leptogenesis scenarios.

In our recent paper, we gave the full density matrix
equations for leptogenesis, incorporating decoherence,
hence describing the transitional regimes.

We derived the Boltzmann equations for some limiting
cases of the full density matrix equations. We showed how
the projection effect and phantom terms can be derived
within a density matrix formalism.



