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Supernova neutrino : Theory
Review of the neutrino emission by Supernova burst
Supernova neutrinos can be roughly divided into 3 phases
(while they are continuous).

1. collapse and bounce phase: (O(10)msec), O(1051)erg
core collapse, inner core bounce, shock launch

2. accretion phase: (O(1)sec), O(1053)erg
shock wave propagation, stall, revival (leading to explosion) or BH formation

3. cooling phase: (O(10)sec), O(1053)erg
Proto Neutron Star (PNS) cooling

Figure 14. Time evolution of neutrino luminosity and average energy (left) and number spectrum of ν̄e (right) from νRHD and PNSC simulations with the
interpolation (13) for the model with (Minit, Z, trevive) = (13 M⊙, 0.02, 100 ms). In the left panel, solid, dashed, and dot-dashed lines represent νe , ν̄e , and νx

(dot-dashed lines), respectively. In the right panel, the lines correspond, from top to bottom, to 0.1, 0.25, 0.5, 2, 4, and 15 s after the bounce.

Nakazato et al., 2013
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Supernova neutrino : Theory
1. Collapse and bounce phase

bounce
>10 g/cm14 3cρ

shock wave

ν neutronization
burst

shock stall

e ν(all)

(collapse)~O(10−100)msτ t(stall)=O(100ms)τ (neutronization burst)<O(10)ms

Proto
Neutron

Star

• core bounce: ρc >∼ O(1014)g/cm3, the inner core bounces, launches a shock
wave at the boundary between bounced inner core (Minner core ∼ 0.5-0.8M⊙)
and still free-falling outer core.

Eshock ∼ GM2
inner core

Rinner core
∼ several× 1051erg > Eexplosion.

• neutronization burst of νe
shocked region: A→ p, n, σe−cap(p) > σe−cap(A) ⇒ e−p→ νen
When the shock wave passes the neutrinosphere, the emitted νe’s behind
the shock front can escape from the core immediately
⇒ neutronization burst of νe.
Lνe > 1053erg/sec, the time scale of the shock propagation through the
neutrinosphere ∆t<∼O(10)msec → Eνe ∼ Lνe∆t ∼ O(1051)erg
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Comparison of different numerical codes (1D Boltzmann solvers)

Fig. 5.—(a) Shock position as a function of time for model N13. The shock in VERTEX (thin line) propagates initially faster and nicely converges after its maximum
expansion to the position of the shock in AGILE-BOLTZTRAN (thick line). (b) Neutrino luminosities and rms energies for model N13 are presented as functions of
time. The values are sampled at a radius of 500 km in the comoving frame. The solid lines belong to electron neutrinos and the dashed lines to electron antineutrinos. The
line width distinguishes between the results from AGILE-BOLTZTRAN and VERTEX in the same way as in (a). The luminosity peaks are nearly identical; the rms
energies have the tendency to be larger in AGILE-BOLTZTRAN.

Liebendörfer et al., ApJ620(2005)840 Fig.5

• relatively good agreement among 1D simulations
• small multidimensional effects
• Emission of the other neutrino species is negligible during this phase
⇒ neutrino oscillation effects prominent
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Supernova neutrino : Theory
2. Accretion phase

Modern simulations with GR 1D Boltzmann ν-transfer
canonical models: no explosion
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Fig. 1.—Trajectories of selected mass shells vs. time from the start of the
simulation. The shells are equidistantly spaced in steps of 0.02 M,, and the
trajectories of the outer boundaries of the iron core (at 1.28 M,) and of the
silicon shell (at 1.77 M,) are indicated by thick lines. The shock is formed
at 211 ms. Its position is also marked by a thick line. The dashed curve shows
the position of the gain radius.

Rampp et al., ApJ 539 (2000) L33 Fig.1

Fig. 5.—Radial position (in km) of selected mass shells as a function of
time in our fiducial 11M!model.

Thompson et al., ApJ 592 (2003) 434 Fig.5

Neutrino Interactions (minimal standard: Bruenn’85)
e−p←→ νen e+n←→ ν̄ep e−A −→ νeA′ e+A −→ ν̄eA′

e−e+ ←→ νν̄ plasmon←→ νν̄ NN −→ NNνν̄ νeν̄e ←→ νxν̄x
νN −→ νN νA −→ νA νe± −→ νe± νν′ −→ νν′

e-cap, ν emission, photodissociation → shock wave weakens and stalls
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SN1987A
aspherical feature

HST image of SN1987A

on 1994.2 and 2003.11.28

Multidimensional effects to revive the shock wave

(Janka 1997)

gain radius: net neutrino heating rate=0

(heating (T 6
νsp

R2
νsp

r2
) = cooling (Tmatter(r)

6))

• PNS convection inside neutrinosphere
increase neutrino luminosity → more heating

• instability between shock front and neutrinosphere

– neutrino convection
(bottom of gain region is heated by ν’s)

– SASI (Standing Accretion Shock Instability)
stay long in gain region: ∆t(gain region)↗
∆Q(ν heating) ∼ Q̇∆t(gain region)↗
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Supernova neutrino : Theory
2. Accretion phase
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2D/3D simulations with various approximations (GR, neutrino transfer)

Figure 4: Four stages (at postbounce times of 141.1ms, 175.2ms, 200.1ms, and 225.7ms) during the evolution
of a (non-rotating), exploding two-dimensional 11.2M⊙ model [12], visualized in terms of the entropy. The scale
is in km and the entropies per nucleon vary from about 5kB (deep blue), to 10 (green), 15 (red and orange),
up to more than 25 kB (bright yellow). The dense neutron star is visible as low-entropy (<

∼
5 kB per nucleon)

circle at the center. The computation was performed in spherical coordinates, assuming axial symmetry, and
employing the “ray-by-ray plus” variable Eddington factor technique of Refs. [41, 11] for treating ν transport in
multi-dimensional supernova simulations. Equatorial symmetry is broken on large scales soon after bounce, and
low-mode hydrodynamic instabilities (convective overturn in combination with the SASI) begin to dominate the
flow between the neutron star and the strongly deformed supernova shock. The model develops a — probably
rather weak — explosion, the energy of which was not determined before the simulation had to be stopped
because of CPU time limitations.

entropy profiles: Janka et al.,2007

instability modes (Ylm) with l =

1, 2(SASI)
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Figure 4. Specific entropy (kB baryon−1) at 200, 300, and 400 ms with 400-km scale bars in each panel. Column a (left): Volume rendering for C15-3D
using a fixed transfer function, highlighting rising plumes. Column b (center): Polar slice through C15-3D, aligned with Column a. In upper two panels (200 and
300 ms), the 180◦ φ-shift between upper and lower halves is exaggerated by the 8.5◦ zone at the pole. 400-ms panel shows effect of transition to φ-averaging at
pole. Column c (right): Entropy in a polar slice through C15-2D with color scale matching Column b at each epoch. Animated version of Column c available at
ChimeraSN.org.

Lentz et al., 2015

Fig. 1.— Three dimensional plots of entropy per baryon (top
panel), τres/τheat (bottom left panel) that is the ratio of the resi-
dency to the neutrino heating timescale (see the text for details),
and the net neutrino heating rate (bottom right panel, in unit of
erg cm−3 s−1) for three snapshots (top and bottom left: t = 230
ms, and bottom right: t = 150 ms measured after bounce (t ≡ 0)
of our model 3D-H-1). The contours on the cross sections in the
x = 0 (back right), y = 0 (back bottom), and z = 0 (back left)
planes are, respectively, projected on the sidewalls of the graphs.
For each snapshot, the length of white line is indicated at right
bottom text.

Takiwaki et al., 2013

2D/3D simulations → explosions
(but Eexp

<∼ obs.O(1051)erg)

key physics is still unclear
Neutrino Heating, Standing Accretion Shock Instability, Convection, Rotation,
Magnetic Field, Acoustic Wave ?

0-9
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Supernova neutrino : Theory
2. Accretion phase

Failed supernovae (Black Hole formation)
1D implicit GR hydrodynamics + Boltzmann ν transfer code

Sumiyoshi, Yamada, Suzuki, Chiba PRL97(2006) 091101

Fig. 1.—Radial trajectories of mass elements of the core of a 40M! star as a
function of time after bounce in the SHmodel. The location of the shock wave is
shown by a thick dashed line.

Fig. 2.—Radial trajectories of mass elements of the core of a 40M! star as a
function of time after bounce in the LSmodel. The location of the shock wave is
shown by a thick dashed line.
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Supernova neutrino : Theory
3. Cooling phase

3. cooling phase: Proto Neutron Star (PNS) cooling (O(10)sec)

Figure 13. Same as Figure 12 but from the PNSC simulations. In the left panel, signals of νe (solid lines), ν̄e (dashed lines), and νx (dot-dashed lines) are shown
for the model with (Minit, Z, trevive) = (13 M⊙, 0.02, 100 ms). In the central panel, ν̄e signals are shown for the models with (Z, trevive) = (0.02, 100 ms) and
Minit = 13 M⊙ (solid lines), 20 M⊙ (dashed lines), 30 M⊙ (dotted lines), and 50 M⊙ (dot-dashed lines). In the right panel, ν̄e signals are shown for the models with
(Minit, Z) = (13 M⊙, 0.02) and trevive = 100 ms (solid lines), 200 ms (dashed lines), and 300 ms (dot-dashed lines).

Nakazato et al., 2013, 1D simulations

• nearly spherical again
• differences among the neutrino species become small
neutronization and cooling:
n(e+)↘ , Degeneracy of e−, p, n↗ (Pauli Blocking)
⇒ suppress charged current interactions (origin of differences among species)

0-13

Our new SN neutrino database (http://asphwww.ph.noda.tus.ac.jp/snn/)
Nakazato et al., ApJS205 (2013) 2

• several progenitor models
Initial stellar mass and metallicity: M = 13, 20, 30, 50M⊙, Z = Z⊙, 0.2Z⊙
evolution of neutrino energy spectra for various models are provided as
numerical data.

• based on 1D models with a parameter (shock revival time) in order to include
multidimensional effects

Neutrino luminosities from unexploded 1D simulations correspond to the
upper bound because the multidimensional effects helping the explosion
would prevent the matter accretion onto the SN core (Ṁ ∝ Lν).
On the other hand, the neutrino luminosities from protoneutron star cooling
simulations correspond to the lower bound because the overlying matter is
stripped and no further accretion occurs in the simulations.
We interpolated the two limits to mimic the actual neutrino luminosities
with a model parameter corresponding to the shock revival time after which
the matter accretion would cease.

0-14
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Supernova neutrino : Theory
Supernova Relic Neutrino (SRN)
Diffuse Supernova Neutrino Background (DSNB)

• Core-Collapse Supernova Rate RCC(z,M,Z)
⇐ Star Formation Rate(SFR), Initial Mass Function (IMF), metallicity evo-
lution

• Energy spectra from individual supernova dNν(E
′
ν ,M,Z)

dE′
ν

using our SN neutrino database
• Cosmic expansion

dFν(Eν , t0)

dEν
= c

∫ t0

0

∫ Mmax

Mmin

∫ Zmax

0

d2RCC(z,M,Z)

dMdZ
dZdM

dNν(E′
ν ,M,Z)

dE′
ν

dE′
ν

dEν
dt

dt = − dz

(1 + z)H(z)
, dE′

ν = (1 + z)dEν

contributions from 0 < z < 1, 1 < z < 2, 2 < z < 3, 3 < z < 4, 4 < z < 5, Nakazato et al., 2015

Numerical data are available at http://asphwww.ph.noda.tus.ac.jp/srn/

0-17
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Supernova neutrino : Theory
Summary

• Collapse and bounce phase: neutronization burst of νe

uncertainty is relatively small

because the multidimensional effects do not have enough time to grow substan-
tially and because the uncertainty of nuclear EOS is small around the nuclear
density (density at which the core bounce occurs).

• Accretion and core explosion phase:

state-of-the-art 1D simulation: light core explodes weakly, canonical cores do not
explode.

2D/3D simulations: explosion mechanism is still unknown, neutrinos will give us
information.

Instability like SASI might cause time variation of neutrino luminosity.

At the shock revival, matter accretion onto inner core ceases and the neutrino
luminosity drops.

3D simulations with full general relativity and 3D neutrino transfer are required.

• Cooling phase: after the core explosion (cooling stage of the new-born protoneu-
tron star), differences among neutrino species are small.

• We provide numerical data of the time evolution of emitted neutrino spectra
obtained by our 1D models of supernova explosion and of the formation of a
black hole.

Neutrinos from failed supernovae are good probe to high density matter

0-18
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Supernova neutrino : Experiment

2010s 
Several large detectors: sensitive to galactic SNe
Super-Kamiokande, IceCube, KamLAND, Borexino, 

LVD, DayaBay, HALO, XMASS, (SNO+)

Detection of supernova neutrinos

3
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Supernova neutrino : Experiment
Science of supernova neutrinos

Particle physics

Astrophysics

- Neutrino mass
- Neutrino mass hierarchy
- Axion
- Collective oscillation
- Cross section measurement

- Explosion mechanisms
- Tomography of massive starts
- Early alarm to astronomical telescope
- Origin of heavy element

Larger statistics than SN1987 events

4
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Supernova neutrino : Experiment
What we want for future detectors

- Massive detector 
   O(Mton), sensitive for Mpc
- Low-background rate in MeV range
   ⇒ Underground detectors

- Multi color observations 
(νe, νe, and νx simultaneous observations)
- Timing resolution
- Energy resolution
- Directional measurement

A single detector can not cover all. 
⇒ Complementary observations with 

                                         different detectors

6
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Supernova neutrino : Experiment
Detector type

- Water-Cherenkov detectors
- Liquid-scintillator detectors

- Liquid-Argon detectors
- Other detectors
  (Lead & Xe)

7



NuINT15 Low energy : Summary21 Nov. 2015 14

Supernova neutrino : Experiment
Summary

Detection of Supernova neutrinos
=> Rich physics (including cross section)

Several large detectors: working
Larger detectors: construction and proposed

Let’s go supernova

44
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Neutrino interaction : Theory
Supernovae and Astrophysical Neutrinos

Different Sources, time dependence, different epochs

Kepler Supernova

Can we make r-process nuclei in supernovae; 
 and/or neutron-star mergers ?

Need to understand low energy neutrinos in
            matter
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Neutrino interaction : Theory
Neutrino Scattering from Nuclei

Impacts explosion mechanism, r-proces, ….
Necessary for interpreting neutrino observations

How well do we understand it?

! T!1,MT!"1"!
i!1

A

""
i "T!0,MT!0#

!
1
!2 ! T!1,MT!0"!

i!1

A

"3
i "T!0,MT!0# ,

#11$

where the matrix element on the right-hand side of this equa-
tion can be calculated using both initial and final states in the
mother nucleus. In practice, one has to ascertain that the
isospin projection is accurately performed, and only transi-
tions to T!1 states in the initial system are considered in the
calculation.
However tempting and theoretically elegant this solution

may be, one has to be aware of the fact that Coulomb and
charge-dependent terms in the nuclear forces partially break
the isospin symmetry between initial and daughter nuclei.
This is illustrated by the differences between the Q value for
a reaction and the energy of the isobaric analog state in the
initial nucleus of the daughter nuclear ground state #see Fig.
1$.
It is clear that cross sections resulting from this approach

may suffer from inaccuracies related to the assumptions
made. Therefore, efforts were made to remain as close as
possible to the experimental situation while exploiting the
isospin symmetry. The transition densities are written as the
product of lepton and hadron transitions:

%& f $Ô$& i'!% f l$Ôl$i l'% f h$Ôh$ih'. #12$

With (M the excitation energy in the mother nucleus used in
the hadron part of Eq. #12$, Fig. 1 shows that the excitation
energy in the daughter nucleus is given by

(D!(M##Q#)$. #13$

The energy of the outgoing lepton in Eq. #12$ is then ob-
tained as

* f!* i#Q#(D #14$

or

* f!* i#(M#) #15$

for a transition to the isobaric analog state in the daughter
nucleus of the state corresponding to an excitation energy
(M in the initial system. Whereas the Q value arises from the
fact that not all the energy available for the reaction can be
used for the excitation of the daughter nucleus, the term )
takes into account the fact that the Q value of the reaction
does not coincide with the energy difference between the
ground state of the mother nucleus and its isobaric analog
state in the final nucleus #see Fig. 1$. Although this approach
is not completely consistent due to this energy difference ) ,
it ascertains that the lepton kinematics are treated using the
experimental Q value, while the calculation of the hadronic
transition density exploits the isospin symmetry between ini-
tial and final systems. This is important as the dependence of
the cross-section formula +Eq. #2$, on the square of the out-
going lepton energy * f

2 introduces a major sensitivity of the
results to the lepton kinematics.
Apart from the kinematical caveats discussed in the pre-

vious paragraph, Fig. 1 illustrates some other aspects which
ought to be carefully considered. In some cases it appears
necessary to introduce a low-energy cut in the calculated
CRPA strength distributions. Indeed, excitations to con-
tinuum states of the initial system may not have a corre-
sponding transition in the daughter nucleus. When the con-
tinuum in the mother system opens at an energy smaller than
Q#) , this lower part of the spectrum has to be eliminated
from the energy integral when comparing calculations with
data. This is the case for the total 16O cross sections calcu-
lated in this work. Moreover, due to the different values for
the single-particle thresholds in mother and daughter nuclei,
situations occur in which transitions to a discrete state are to
be treated as transitions to a continuum state within the con-
text of the CRPA framework. Uncertainties introduced by
these approximations might then result in a limitation of the
accuracy for the calculated cross sections.
The ambiguity in the energy-level structure, introduced by

adopting the isospin approach based on the Wigner-Eckart
theorem, has some further implications. The fact that all tran-
sition densities are determined within the initial nucleus im-
plies that it has to be carefully examined which transitions
are included in the CRPA cross section. In principle, only
transitions to states in the daughter nucleus, for which the
transition to the isobaric analog state in the initial nucleus is
included in the CRPA cross section, are taken into account.
However, this does not always agree with the picture one

FIG. 1. Schematic representation of the en-
ergy balance parameters for transitions between
states in different members of an isospin triplet.

CONTINUUM RANDOM PHASE APPROXIMATION . . . PHYSICAL REVIEW C 65 025501

025501-3

Energies  50 MeV
Typically going to excited states or low in the continuum

Generic Neutral and Charged-Current Processes
Momenta ~ 50-100 MeV/c = 0.25 - 0.5 fm-1
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Neutrino interaction : Theory

2.7 fm

e

e’
12C

quently discuss scaling and the related superscaling. For
light nuclei and nonrelativistic final states, exact calcula-
tions can be performed. For lower momentum transfers,
an alternative approach, the use of the Euclidean re-
sponse, is available and presented. We then study the
results obtained after a longitudinal/transverse !L /T"
separation of the cross section, and their impact on the
Coulomb sum rule. A bothersome correction, namely,
the effect of Coulomb distortion on the cross sections, is
addressed as well. We also show how data for an impor-
tant model system for nuclear theory, infinite nuclear
matter, can be obtained. Last, we address other fields of
quasielastic scattering and discuss their common aspects.

II. ELECTRON-NUCLEUS SCATTERING IN THE
IMPULSE APPROXIMATION

A. Electron-nucleus cross section

The differential cross section of the process

e + A → e! + X , !1"

in which an electron of initial four-momentum ke
#!Ee ,ke" scatters off a nuclear target to a state of four-
momentum ke!#!Ee! ,ke!", the target final state being un-
detected, can be written in the Born approximation as
!Itzykson and Zuber, 1980"

d2!

d"e!dEe!
=

#2

Q4

Ee!

Ee
L$%W$%, !2"

where #=1/137 is the fine-structure constant, d"e! is the
differential solid angle in the direction specified by ke!,
Q2=−q2, and q=ke−ke!#!& ,q" is the four-momentum
transfer.

The tensor L$%, which can be written neglecting the
lepton mass as

L$% = 2$ke
$ke!

% + ke
%ke!

$ − g$%!keke!"% , !3"

where g$%#diag!1,−1,−1,−1" and !keke!"=EeEe!
−ke ·ke! is fully specified by the measured electron kine-
matic variables. All information on target structure is
contained in the tensor W$%, whose definition involves
the initial and final nuclear states &0' and &X', carrying
four-momenta p0 and pX, as well as the nuclear current
operator J$,

W$% = (
X

)0&J$&X')X&J%&0''!4"!p0 + q − pX" , !4"

where the sum includes all hadronic final states.
The most general expression of the target tensor of

Eq. !4", fulfilling the requirements of Lorentz covari-
ance, conservation of parity, and gauge invariance, can
be written in terms of two structure functions W1 and W2
as

W$% = W1*− g$% +
q$q%

q2 +
+

W2

M2*p0
$ −

!p0q"
q2 q$+*p0

% −
!p0q"

q2 q%+ , !5"

where M is the target mass and the structure functions
depend on the two scalars Q2 and !p0q". In the target
rest frame, !p0q"=m& and W1 and W2 become functions
of the measured momentum and energy transfer &q& and
&.

Substitution of Eq. !5" into Eq. !2" leads to

d2!

d"e!dEe!
= * d!

d"e!
+

M

( ,W2!&q&,&" + 2W1!&q&,&"tan2)

2- , !6"

where ) and !d! /d"e!"M=#2 cos2!) /2" /4Ee sin4!) /2" de-
note the electron scattering angle and the Mott cross
section, respectively.

The right-hand side of Eq. !6" can be rewritten sin-
gling out the contributions of scattering processes in-
duced by longitudinally !L" and transversely !T" polar-
ized virtual photons. The resulting expression is

d2!

d"e!dEe!
= * d!

d"e!
+

M
, Q4

&q&4
RL!&q&,&"

+ *1
2

Q2

&q&2
+ tan2)

2
+RT!&q&,&"- , !7"

where the longitudinal and transverse structure func-
tions are trivially related to W1 and W2 through

RT!&q&,&" = 2W1!&q&,&" !8"

and

Q2

&q&2
RL!&q&,&" = W2!&q&,&" −

Q2

&q&2
W1!&q&,&" . !9"

In principle, calculations of W$% of Eq. !4" at moder-
ate momentum transfer !&q & *0.5 GeV/c" can be carried
out within nuclear many-body theory !NMBT", using
nonrelativistic wave functions to describe the initial and
final states and expanding the current operator in pow-
ers of &q & /m !Carlson and Schiavilla, 1998", where m is
the nucleon mass. The available results for medium-
heavy targets have been obtained mostly using the
mean-field approach, supplemented by inclusion of
model residual interactions to take into account long-
range correlations !Dellafiore et al., 1985".

FIG. 2. Schematic representation of the IA regime, in which
the nuclear cross section is replaced by the incoherent sum of
cross sections describing scattering off individual nucleons, the
recoiling !A−1"-nucleon system acting as a spectator.

191Benhar, Day, and Sick: Inclusive quasielastic electron-nucleus …

Rev. Mod. Phys., Vol. 80, No. 1, January–March 2008

Inclusive electron scattering,
measure electron kinematics only
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Neutrino interaction : Theory
ELECTROWEAK PROPERTIES OF LIGHT NUCLEI

• Great progress has been made in ab initio calculations of nuclear binding energies starting
from realistic Hamiltonians with two- and three-nucleon potentials

• Current efforts aimed at studying electroweak structure and response in s- and p-shell nuclei
• Two-body terms in nuclear electroweak currents are crucial to reproduce experimental

magnetic moments and M1 transitions

Magnetic Moments

-3

-2

-1

0

1

2

3

4

µ
 (µ

N
)

EXPT

GFMC(IA)
GFMC(TOT)

n

p

2H

3H

3He

6Li

7Li

7Be

8Li 8B

9Li

9Be

9B

9C

Green’s function Monte Carlo
(GFMC) calculations of light
nuclei give accurate binding en-
ergies but a lowest-order theory
of one-body currents (blue) fails
to reproduce magnetic moments
and M1 transitions (black).
Including recently constructed
two-body currents using effec-
tive field theory (red) greatly im-
proves agreement with data!

EM Transitions

0 1 2 3
Ratio to experiment

EXPT

6Li(0+ → 1+) B(M1)

7Li(1/2- → 3/2-) B(M1)

7Li(1/2- → 3/2-) B(E2)

7Be(1/2- → 3/2-) B(M1)

8Li(1+ → 2+) B(M1)

8Li(3+ → 2+) B(M1)

8B(1+ → 2+) B(M1)

8B(3+ → 2+) B(M1)

9Be(5/2- → 3/2-) B(M1)

9Be(5/2- → 3/2-) B(E2)

GFMC(IA) GFMC(MEC)

EM transitionsMagnetic Moments

Pastore, Pieper, Schiavilla, Wiringa: arXiv 1406.2343, 1302.5091

2-Nucleon Currents and 
Low-Energy Transitions

A < 10

     p = 2.792      n = -1.913
   3H = 2.979  3He = -2.128

Combination of correlations and currents
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Neutrino interaction : Theory

Conclusions/Outlook

Supernovae neutrinos can teach us a lot about 
    both neutrinos and supernovae
Microscopic theory important for decoupling and 
     propagation in the supernovae; and hence for  
     energy deposition and potentially r-process
Basic Theory ingredients understood
More data essential - very limited at present
Advances in many-body theory and computing essential
Close relationship with many important issues

Quasi-Elastic neutrino scattering
Double-beta decay (Majorana neutrinos)
Astrophysical Sources (neutron star mergers,…)
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Neutrino interaction : Experiment
This is a (somewhat) gentler regime than  
           most topics at NuInt... 

~GeV+ neutrinos 
 can create a 
 quite a mess ... 

~tens of MeV 
 neutrinos 
 are not as 
 disruptive, 
 but still leave 
 non-trivial debris ... 
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Neutrino interaction : Experiment
Nuclei of particular interest for SN detection     

(These are not the only nuclei: 
  additional nuclei are of interest for other detectors; 
    supernova explosion physics, supernova nucleosynthesis)     

carbon 
oxygen 
argon 
lead 

detector materials for 
current and future 
supernova neutrino  
detectors 
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Neutrino interaction : Experiment
.. but so far 12C is the only heavy nucleus with ν interaction 
 x-sections well (~10%) measured in the tens of MeV regime 

e.g.  LSND Karmen 
Phys. Rev. C 66 (2002) 015501 Phys. Lett. B 423 (1998) 15-20 

Need: oxygen (water), lead, argon, ... 
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Neutrino interaction : Experiment

- Important in SN processes & detection 
- Well-calculable cross-section in SM: 
    SM test, probe of neutrino NSI 
- Dark matter direct detection background 
- Possible applications (reactor monitoring) 

A neutrino smacks a nucleus  
via exchange of a Z, and the  
nucleus recoils as a whole; 
coherent up to Eν~ 50 MeV 

Z0 

ν	 ν	

A A 

 ν + A →  ν + A 

 Coherent elastic 
  neutrino-nucleus scattering  (CEvNS) 

d⇤

d�
=

G2

4⇥2
k2(1 + cos �)

(N � (1� 4 sin2 �W )Z)2

4
F 2(Q2) / N2



NuINT15 Low energy : Summary21 Nov. 2015 24

Neutrino interaction : Experiment
How can we measure these cross sections? 

e+/- 

ν 

γ	 n 

γ	

Can get useful info on final states  
 for inelastic interactions by 
 irradiation of targets with n, p etc. 
 (posters by K. Hagiwara, I. Ou, BACON, ...)... 

  but really want the neutrino cross section 
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Neutrino interaction : Experiment

3-body decay: range of energies 
   between 0 and mµ/2 
   DELAYED (2.2 µs) 

2-body decay: monochromatic 29.9 MeV νµ	
                     PROMPT 

Stopped-Pion (πDAR) Neutrinos 

⇥+ � µ+ + �µ

µ+ � e+ + �̄µ + �e
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Neutrino interaction : Experiment
Experiments at stopped-π neutrino sources 

Loca&on	 Past	 Ongoing	 Future/
Proposed	

LANSCE	 LSND	

ISIS	 KARMEN	

J-PARC	MLF	
(JSNS)	

E56,		KPIPE	

FNAL	BNB	 CENNS,	
CAPTAIN-BNB	

SNS	 COHERENT	 OscSNS,	
CAPTAIN	

CSNS	 Liquid	scint?	

ESS	 Concepts	

Look in more detail at these 
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Neutrino interaction : Experiment
Summary 

Cross sections on nuclei in the few tens-of-MeV regime  
      are poorly understood (theoretically and experimentally) 
         ... especially relevant for SN neutrinos 

CEvNS also never 
 before measured 
(SM test, DM bg);  
 now within reach with  
 WIMP detector 
 technology 

COHERENT@ SNS and CENNS@BNB going after this 
   ... next measurement may be NINs on lead 
        (bg for CEvNS and of SN relevance in itself) 

Stopped-pion ν sources 
 offer opportunities for  
 these measurements 

 Need for more measurements!   Ar, O, ... 


