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Motivation

Why study neutrino collisions in detail and
why use quantum kinetic equations (QKE)?
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Good description of neutrino interactions

® Neutrino interactions impact abundance of heavy elements in neutrino
driven winds in supernovae, BH accretion-discs, neutron-star mergers

® Needed for complete description of neutrino transport in early universe,
core collapse supernovae and compact mergers

® Quantum Kinetic Equations (QKE):
evolution of ensemble of neutrinos in hot
dense media

® Closed Time Path formalism for non-
equilibrium QFT

ﬁ) SN 1994D, NGC 4526 galaxy
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why QKE?

® Account for kinetic, flavor and spin degrees of freedom: study
interaction of all flavors of neutrinos with electrons, protons, neutrons

® More detailed than mean field approach

® Anisotropic regions: spin-flip yields
® Neutrino-antineutrino transformation for Majorana neutrinos
® Active-sterile transformation for Dirac neutrino

® QKEs depend on absolute mass scale

?
[ Possible path to distinguishing between @ _ @

Majorana vs Dirac neutrinos

Pa Further details: Cirigliano, Fuller, Vlasenko, Phys.Lett. B747 (2015) 27,
e Serreau, Volpe, PRD 90 (2014) 125040
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Background

Review setup and notation:

QKEs in the closed time path formalism,
approximations for neutrinos in hot, dense medium
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Effective interactions

Assume neutrino energy below electroweak scale (<< 100 GeV), effective
Lagrangians after integrating out W, Z:

Gp _ _
L, =—-——vy,Pv vyH Pv)
2
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Neutrinos in hot/dense medium

ensemble of neutrinos described by incoherent mixture of states

neutrinos (aj.,h, (k") a; (k) o< 8P (k — k") f," (k)
antineutrinos

(b7 (k') by () & 8Pk = k) f,, (K)
2n r X 2n £ matrix structure: Dirac case, need F and F

Fo <fLL @

f f active-sterile coherence
R,L RR

- frRr  fRL
F=(/RR JR
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Majorana case: F = fJ( @ neutrino-antineutrino coherence
N o' f
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Power counting / approximations

Assume neutrino masses, mass-splitting, matter potentials (induced by forward
scattering), and external gradients are much smaller than neutrino energy:

m /E ~ Am /E ~ Z“forward/E ~ aX/E ~ O(e)
/E ~ O(e?)

1ne1ast1(:

l.e. assume physical quantities vary slowly on the scale of the neutrino
de Broglie wavelength

QKEs include second order effects O(e?)

ﬁ—) details: Vlasenko, Fuller, Cirigliano, PRD 89 (2014) 105004
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Quantum Kinetic Equations (QKE)

iDF =[H,F]+iC

| \_‘ I |
generalized coherent evolution, collision
“Vlasov” term generalizes MSW term

H, H
H=<R m), H

depends linearly on the neutrino mass

:> Spin flip sensitive to absolute mass scale!

A details:  Vlasenko, Fuller, Cirigliano, PRD 89 (2014) 105004;
f fo?sAIamos Cirigliano, Fuller, Vlasenko, Phys.Lett. B747 (2015) 27,
NATIONAL LABORATORY Vlasenko, Fuller, Cirigliano, arXiv:1406.6724 9/16
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Collision term

—1 + _l o [ \V/
C—2{H,F} S (7.1 - F) Q\,/. A

(2ny X2n,  matrix)

(occupation # in diagonal,
coherence in off-diagonal)

The collision term has a non-diagonal matrix structure in
both flavor and spin space.
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Results

DNB, V. Cirigliano, Phys. Rev. D94 (2016) 033009,
7 (Editors’ suggestion)
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Contributions to the collision term

e KO

e S e

® Neutrino-nucleon scattering processes )

® Neutrino absorption and emission

(charged-current processes) > only left topology

® Neutrino-electron processes

® Neutrino-neutrino processes

pa o | |
S |
. Los Alamos DNB, V. Cirigliano, Phys. Rev. D94 (2016) 033009, (Editors’ suggestion)
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Example: NN-scattering

I (k) = 2G> / d'q, d*a; d4%6({(k— q —@

< 3 { - Pola el e, - po
N=n,p

N

GV (p) = 2115 +mp) 0001 = 7B - 617 (=)

Neglect neutrino mass in these expressions because
the collision term is already second order O(e?)

x Tr [FV GMF (g1 G )i(ql)] }

ﬁ) 12 integrals and 7 delta functions
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Approximations for the early universe

® isotropy and homogeneity

® Assume all statistical functions depend only on the absolute values of the
momenta (not their angles), spin coherence disappears.

® Therefore can explicitly integrate over all angles (e.g. following techniques
of Dolgov, Hansen & Semikoz 1997).

® |nitially, have a total number of 9 integrals and 4 delta functions;
integrating all angles (in k-space) leaves us with 3 integrals and 1 delta
function.,

mmmmml>-  2-dim. Integrals can be solved numerically

Pk
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Example: neutrino-neutrino processes
spin coherence disappears in early universe, therefore:

Gp / dE,dE,dE;

El% 2n3

C =

<<E1E3D2(E1, Es; Ey, E) + Dsy(Ey, Ey, Es, E})

+ E,E, Dy(E,, E,; E|, E3) + E| E,E;E, D(E,, E,, E;, Ek)>><

X (@B~ Es— Ey+ By (w((1= 1 f2) + A= £ 1) A= F3). f }
+ 8(Ee—Es+E = E){ (w( /(1= /) + /1= )(1=13). 1 |

+ 8B+ Es— By = Ep{ (u((L = f)(= 1) + (1 = i)(1=7)) F3 f })
- fed-f

where D. are polynomials in E. (Dolgov, Hansen, Semikoz 1997)

ﬁ) mmmmmm - Multi-flavor generalization
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6. V. Cirigliano, M. W. Paris, S. Shalgar, Phys. Lett. B774 (2017) 258

CEA""‘"‘“" an ﬁ o

a1
Operated by Triad National Security, LLC for the U.S. Department of Energy’s NNSA N" s ﬁ;@‘i‘x
National Nuclear Security Administration




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16

