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Understanding neutrino-nucleus interactions are essential to
neutrino physics: for example consider a core-collapse supernova.

Balantekin and Fuller, Prog. Part. Nucl. Phys. 71 162 (2013)
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How can we accurately calculate neutrino-nucleus
cross sections and beta decay rates?

For many aspects of SN physics we need to know what happens when a
10-40 MeV neutrino hits a nucleus? Where does the strength lie?
What is ga/gy?

Neutrino wave
function

Fermi

e ~ 1+ ikr —%(kr)2 + -

FirSt-
A(T+1,N-1) forbidden

A(T-1,N+])

Second-
A(T.N) forbidden

As the incoming neutrino energy increases, the contribution of the states
which are not well-known increase, including first- and even second-
forbidden transitions.



Example of an approach from the first principles: Using effective field
theory for low-energy neutrino-deuteron scattering

Below the pion threshold 3S; — 1S, transition dominates and one only
needs the coefficient of the two-body counter term, L, (isovector two-
body axial current)

L,5 can be obtained by
comparing the cross section o(E)
= 64(E) + Ly5 04(E) with cross-
section calculated using other
approaches or measured
experimentally (e.g. use solar
neutrinos as a source).
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Example of an approach from the first principles: Using effective field
theory for low-energy neutrino-deuteron scattering

Below the pion threshold 3S; — 1S, transition dominates and one only
needs the coefficient of the two-body counter term, L, (isovector two-
body axial current)

L,5 can be obtained by

comparing the cross section o(E)
= 6(E) + Ly5 04(E) with cross-
section calculated using other ¢
approaches or measured ‘:

experimentally (e.g. use solar
neutrinos as a source).

L1A=3.9(O.1)(1.0)(0.3)(0.9) fm3 at
a renormalization scale set by the

physical pion mass
Savage et al., PRL 119, 062002 (2017)

Difficult to go beyond
two-body systems!
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A new p-sd shell model (SFO) including up to 2-3 hQ excitations which can
describe well the magnetic moments and Gamow-Teller (GT) transitions in
p-shell nuclei with a small quenching for spin g-factor and axial-vector

coupling constant
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v + 13C charged-current scattering
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Comparison of charged-current cross sections




Neutrino Coherent Scattering

do G2 2T  (T\*
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Coherent elastic neutrino cross sections

- I 1 1 1 1 I 1 1 1 1 I 1 1 1 I

0 100 200 300

I 1 1 1 I 1 1 1 1

400 500
Maximum recoil energy (keV)




Reactor neutrino experiments to measure the remaining mixing
angle also measure the reactor neutrino flux
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Oscillation Exclusion
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An alternative solution:  =C(v,9'n)*2C*(4.4 MeV) - *2C(g.s.) +vy

Berryman, Bradar, Huber, arXiv: 1803.08506 44 MeV pr.omp.r phOTon Gnd pr'OTon r'eCOiIS
from thermalized neutron can mimic neutrinos
around 5 MeV
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Introduce a magnetic moment operator, (i

Example: Neutrino-electron scattering via magnetic moment
n 2
o= Sl =(v
i

Dirac magnetic moment |1 = i

Ja'alv,)

Majorana magnetic moment ﬂT = —ﬁ

2
A reactor experiment d_a _en n‘usz 1 1
measuring electron antineutrino dT, > T E

maghetic moment is an inclusive
one, i.e. it sums over all the .

° . 2 — U _ZEJL
neutrino final states Uerr = E E € MU




Neutrino Magnetic Moment in the Standard Model
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Reactors vs. solar
Cerenkov detectors
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Extension of the red giant branch in globular clusters

Globular cluster M5 =» p,< 4.5 x 102 pz (95% C.L.)

arXiv:1308.4627



Weak, Magnetic Cross section (1 0™ cm? Mev'1)

Electron Scattering by Helium-6 anti-neutrinos
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Classical screening in an electron-
positron plasma

1

+

= p, =-¢(n_-n,)

(2]‘[)3 +1

Introducing a charge Ze at r =0 will create a potential ¢

—Jd -
(E —e¢p—u)/T +1 e(E+e¢+u)/T +1

Vg = —477,’[,0a - P, +Ze<53(r)]

Vg = —[——¢+2n( &

A2 % * 0((€¢)3)
1 , 0 Ze

s =e ﬁ[n_—n ]=>¢(r)=Texp( riAp)

Explicitly verified in Q.E.D. only up to third order.

pb)(eqﬁ)z +47mZe 5 (1)




Quantum derivation in finite-temperature Q.E.D.
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Note that the pressure is so far calculated only to order e3 at
finite temperature



Magnetic scattering of neutrinos and electrons
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Decoupling temperature of three flavors




Tyﬂdec [MGV]

Contours of constant Yp

Tou dec—o 245 MeV

e R S PP AL =23

0.4:_0? REREE 0.2448 w0

06t e

Lop -

Lol | ! p

1.4] _ \ -
12 1.0 038 06 04 141210080604

Ty&dec [MGV]

V .dec [Me\/]




per 107 1]

N W s Ot O

Contours of constant Yp

1 2345678123456 7S3
Hoep [10_10,LLB] Myt [10_1OILLB]



—10-10
Contours of constant N.¢f Her=10""up
—————— He=4.9x1010 g

2

T 4 7 4

—T711+—=N N
Y ] effective 11

4/3

pr'ela‘rivis‘ric =

fur (18]

10710} Planck: N =330£027 = u<6x10"y,

F———=-—- 00¢c—-~-——~—~7~"




Including magnetic moment in coherent neutrino scattering

_ T\* 2 2112 naz,uéfsz 1 1 2112
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2 |T E

Tm ax

do  G? [2 2T

2

'uéff = zi |zj Uceor p)j e_iEjLHji

Note that this is a different combination than what is measured at
reactors or solar neutrino experiments!



Sterile neutrino decay and Big Bang Nucleosynthesis
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How can we tell if the neutrinos are Dirac
or Majorana particles?

* Neutrinoless double beta decay -only possible for
Majorana neutrinos



Racah

<l <l

=
v

OvBp decay we

Majorana mass




How can we tell if the neutrinos are Dirac
or Majorana particles?

* Neutrinoless double beta decay -only possible for
Majorana neutrinos

 Capturing cosmic background neutrinos. At least
two of them are non-relativistic where what kind
of mass you have matters. Very difficult
experiments with significant uncertainties due to
the lack of knowledge of the local neutrino density.
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How can we tell if the neutrinos are Dirac
or Majorana particles?

Measure angular distribution in decays.

The decay angular distribution is isotropic in the

Majorana case, and not isotropic in the Dirac case.
Next speaker, B. Kayser, will show how this

conclusion follows from general symmetry arguments.



