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This paper presents a review on the field of inclusive quasielastic electron-nucleus scattering. It
discusses the approach used to measure the data and includes a compilation of data available in
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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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.
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(purely imaginary) RME’s of magnetic multipole oper-
ators is [J � 1/2] + 1, and the allowed L’s are the odd
integers between 0 and 2 J . In the case of a J = 1 nu-
cleus, for example, it is possible to take q along the x̂

axis (✓ = ⇡/2), and determine M1 ⌘ h1||M1(q)||1i from
h11; q x̂ | jy(q x̂) | 11i =

p
⇡M1 . (117)

Finally, the small q behavior of the charge monopole
and quadrupole, and magnetic dipole RME’s is given by:

hJ ||C0(q = 0)||Ji =
r

2 J + 1

4⇡
Z , (118)

hJ ||C2(q)||Ji ' 1

12
p
⇡ c2J

q2 Q , J � 1 , (119)

hJ ||M1(q)||Ji ' ip
2⇡ c1J

q

2m
µ , J � 1/2 , (120)

where Q and µ are the quadrupole moment and mag-
netic moment, defined in terms of matrix elements of the
charge and current density operators j0�(x) and j�(x) re-
spectively as

Q = hJJ |
Z

dx j0�(x) (3 z
2 � x

2) | JJi , (121)

µ

2m
= hJJ | 1

2

Z
dx [x⇥ j�(x)]z | JJi . (122)

They are determined by extrapolating to zero a polyno-
mial fit (in powers of q2) to the calculated C2/q2 and
M1/q on a grid of small q values. Consequently, the lon-
gitudinal form factor at q = 0 is normalized as

F 2
L (q = 0) =

Z2

4⇡
, (123)

while the transverse form factor F 2
T (q) vanishes at q = 0.

Note that experimental data for F 2
L (q) are often reported

in the literature as normalized to one at q = 0.
In QMC, matrix elements are evaluated as described

in Sec. III.B.2. The results of elastic and inelastic elec-
tromagnetic form factors for 6Li are shown in Fig. 15.
The calculations have been performed within the im-
pulse approximation (IA), and two-body operators added
(IA+MEC). Overall, the agreement with the experimen-
tal data is excellent. The contribution of MEC is gen-
erally small but its inclusion improve the agreement be-
tween theory and data. In particular, the inclusion of
MEC shift the longitudinal form factor (both elastic and
inelastic) to slightly lower values, and sensibly increase
the transverse inelastic.

In Fig. 16 the longitudinal form factor of 12C is shown.
The calculation has been performed including only one-
body operators (empty symbols), and one- plus two-body
operators (Lovato et al., 2013). The experimental data
are from a compilation by Sick (1982, 2013), and are well
reproduced by theory over the whole range of momentum
transfers. The two-body contributions are negligible at
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FIG. 15 The 6Li longitudinal elastic (upper left panel), in-
elastic (bottom left), and transverse elastic (upper right), and
inelastic (bottom right) calculated with VMC in the impulse
approximation (IA), and with the addition of MEC contri-
butions. The results are compared to the experimental data
indicated in the legend.
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FIG. 16 The longitudinal elastic form factor of 12C calculated
including one- (empty circles) and one- plus two-body oper-
ators (red filled circles) calculated with GFMC. The results
are compared to the experimental data.
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FIG. 17 GFMC propagated energy versus imaginary time for
the first two 0+ states of 12C.

low q, and become appreciable only for q > 3 fm�1, where
they interfere destructively with the one-body contribu-
tions bringing theory into closer agreement with experi-
ment.

D. Second 0+ state of 12C: Hoyle state

The second 0+ state of 12C is the famous Hoyle state,
the gateway for the triple-alpha burning reaction in stars.
It is a particularly di�cult state for shell model calcula-
tions as it is predominantly a four-particle four-hole state.
However the flexible nature of the variational trial func-
tions allows to directly describe this aspect of the state.

To do this two di↵erent types of single-particle wave
functions have been used in the |�N i of Eq. (30): 1) the
five conventional 0+ LS-coupled shell model states and
2) states that have an explicit three-alpha structure; the
first alpha is in the 0s shell, the second in the 0p shell and
the third in either the 0p or 1s0d shells. The latter can
have four nucleons in 1s or four in 0d or two in 1s and
two in 0d. In addition we allow the third alpha to have
two nucleons in 0p and two in 1s0d (a two-particle two-
hole excitation). This gives us a total of 11 components
in |�N i; a diagonalization gives the  T for the ground
and excited 0+ states.

The resulting ground state has less than 1% of its  T

in the 1s0d shell while the second state has almost 70% in
the 1s0d shell. The GFMC propagation is then done for
the first two states; the resulting energies are shown as a
function of imaginary time ⌧ in Fig. 17 which has results
for two di↵erent initial sets of  T . The GFMC rapidly
improves the variational energy and then produces stable,
except for Monte Carlo fluctuations, results to large ⌧ .
The resulting ground state energy is very good, �93.3(4)
MeV versus the experimental value of �92.16 MeV. How-
ever the Hoyle state excitation energy is somewhat too
high, 10.4(5) versus 7.65 MeV.

Figure 18 shows the resulting VMC and GFMC den-
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FIG. 18 VMC and GFMC point-proton densities for the first
two 0+ states of 12C. The experimental band was unfolded
from electron scattering data in Ref. (De Vries et al., 1987)
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FIG. 19 VMC and GFMC E0 transition form factor between
the first two 0+ states of 12C in the impulse approximation.
The data is from Chernykh et al. (2010)

sities for one of the sets of  T . The GFMC propagation
builds a dip at r = 0 into the ground-state density which
results in good agreement with the experimental value.
However the Hoyle-state density is peaked at r = 0 in
both the VMC and GFMC calculations. A possible in-
terpretation of these results is that the ground state is
dominated by an approximately equilateral distribution
of alphas while the Hoyle state has an approximately lin-
ear distribution.

The calculated impulse E0 transition form factor is
compared to the experimental data in Fig. 19. The insert
is scaled such that (linear) extrapolation to k2 = 0 gives
the B(E0). The GFMC more than doubles the VMC
result and gives excellent agreement with the data.

Hoyle state transition form factor

Many measurements in EM sector 
Currents and elastic/transition form factors

2 Nucleon charge operators
(relativistic corrections)

are small
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Path Integral Algorithms:   

Sum Rules: ground-state observable
S(q) =

Z
d� R(q,�) = �0|O†(q) O(q)|0⇥

Imaginary Time Correlations(Euclidean Response)

 0 = exp [�H⌧ ]  T

duce large effects in combination with ground-state
wave functions calculated including the short-range n-p
correlations. As most previous calculations were based
on independent-particle-type wave functions, the small-
ness of the resulting MEC contributions is thus under-
stood. To verify this point further, Carlson et al. have
repeated their calculation using the same operators, but
with a Fermi-gas wave function. Instead of an enhance-
ment factor of 1.47 coming from MEC at !q !
=600 MeV/c, they find a factor of 1.06 only, i.e., an eight
times smaller MEC effect.

The results of Carlson et al. also show, somewhat sur-
prisingly, that the MEC contribution is large at low mo-
mentum transfer. It decreases toward the larger Q2, in
agreement with the expectation that at very large Q2 it
falls "Sargsian, 2001# like Q−4 relative to quasielastic
scattering.

From the above discussion it becomes clear that the
Euclidean response, despite inherent drawbacks, is a
valuable quantity. Since the final continuum state does
not have to be treated explicitly, calculations of much
higher quality can be performed than for the response,
and the role of two-body currents can be treated quan-
titatively. Comparison between data and calculation has
shown in particular that for a successful prediction of
MEC, correlated wave functions for the ground state are
needed; such wave functions today are available up to
A$12 and for A=!. Unfortunately, the usage of the
Euclidean response for the time being is restricted to a
regime in which relativistic effects are not too large,
such that they can be included as corrections.

X. L ÕT SEPARATION AND COULOMB SUM RULE

In the impulse approximation, and when neglecting
the "small# contribution from nucleonic convection cur-
rents, the longitudinal and transverse response functions
RL and RT contain the same information and have the
same size. This has sometimes been called scaling of the
zeroth kind "see Sec. VII#. It was realized early on, how-
ever, that the transverse response receives significant
contributions from meson exchange currents and " ex-
citation "which are of a largely transverse nature#. It is
therefore clear that there is a high premium on separat-
ing the L and T responses, both because the L response
is easier to interpret and because of the additional infor-
mation contained in the T response.

The separation of the L and T responses is performed
using the Rosenbluth technique, which is justified only
in the single-photon exchange approximation. The cross
section, divided by a number of kinematical factors

d#

d$d%

&

#Mott

!q!4

Q4 = &RL"!q!,%# +
!q!2

2Q2RT"!q!,%# = ' ,

"65#

is a linear function of the virtual photon polarization

& = %1 +
2!q!2

Q2 tan2(

2
&−1

"66#

with q "Q# being the 3- "4-# momentum transfer and &
varying from 0 to 1 for scattering angles ( between 180°
and 0°. The slope of the linear function yields RL and
the intercept at &=0 yields RT. Figure 30 shows an early
example for an L /T separation, and demonstrates the
excess observed for the transverse strength.

While conceptually very straightforward, this L/T
separation is difficult in practice. It involves data taking
at the same !q!, but varying &, i.e., varying beam energy.
For an accurate separation of RL and RT, obviously the
largest possible range in &, hence beam energy, is re-
quired. As data are usually not taken at constant !q!, but
at a given beam energy and variable energy loss, obtain-
ing the responses at constant !q! involves interpolations
of the data. We show in Fig. 31 two examples for a
Rosenbluth separation, performed on the low- and
large-% side of the quasielastic peak, which also illus-
trate the importance of the forward angle "high-energy#
data for the determination of RL, i.e., the slope of the fit.

The Rosenbluth technique is applicable in the plane-
wave Born approximation, and fails once Coulomb dis-
tortion of the electron waves is present. Neglect of dis-
tortion is justified for the lightest nuclei alone, and only
if RT is not much bigger "or much smaller# than RL.
When one of the two contributions gets too small, even
minor corrections due to Coulomb distortion can have
large effects. At large !q!, for instance, even the determi-
nation of the proton charge form factor via the Rosen-
bluth technique is significantly affected by Coulomb cor-
rections "Arrington and Sick, 2004#. In order to extract
RL and RT in the presence of Coulomb distortion, the
data must first be corrected for these effects; this is dis-
cussed in Sec. XI.

Here we concentrate on the discussion of the longitu-

FIG. 30. Longitudinal "lower data set# and transverse re-
sponses of 12C "Finn et al., 1984#, plotted in terms of the scaling
function F"y#.
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elastic contribution. The low-lying excitation spectrum
of 12C consists of J⇡ =2+, 0+

2

(Hoyle), and 4+ states with
excitation energies E?

f �E
0

experimentally known to be,
respectively, 4.44, 7.65, and 14.08 in MeV units [35]. The
contributions of these states to the quasi-elastic longitu-
dinal and transverse response functions extracted from
inclusive (e, e0) cross section measurements are not in-
cluded in the experimental results. Therefore, before
comparing experiment with the present theory, which
computes the total inelastic response rather than just the
quasi-elastic one, we need to remove these contributions
explicitly. This is simply accomplished by first defining

E↵(q, ⌧) = E↵(q, ⌧)�
X

f

|hf |O↵(q)|0i|2 e�(Ef�E0)/⌧ ,

(4)
where in the sum only the states f =2+, 0+

2

, and 4+

are included, and then inverting E(q, ⌧) (the energies Ef

di↵er from E?
f , since the former include recoil kinetic en-

ergies). We do not attempt a GFMC calculation of the
excitation energies of these states or associated transi-
tion form factors—it would require explicit calculations
of these states or propagating exp [�(H�E

0

) ⌧ ]O↵(q)|0i
to computationally prohibitive large values of ⌧ . Rather,
we use the experimental energies and form factors, listed
in Table I, to obtain E↵(q, ⌧) from the GFMC-calculated
E↵(q, ⌧). Because of the fast drop of these form fac-
tors with increasing momentum transfer, the correction
in Eq. (4) for the longitudinal channel (↵=L ) is sig-
nificant at q = 300 MeV/c, but completely negligible at
q = 570 MeV/c. In the case of the transverse channel
(↵=T ), possible contributions from E2 and E4 transi-
tions to the 2+ and 4+ states are too small [36, 37] to
have an impact on ET (q, ⌧).

The longitudinal and transverse response functions ob-
tained by maximum-entropy inversion of the E↵(q, ⌧)’s
are displayed in Figs. 1 and 2, respectively. Theoreti-
cal predictions corresponding to GFMC calculations in
which only one-body terms or both one- and two-body
terms are retained in the electromagnetic operators O↵—
denoted by (red) dashed and (black) solid lines and la-
beled GFMC-O

1b and GFMC-O
1b+2b, respectively—are

compared to the experimental response functions deter-
mined from the world data analysis of Jourdan [10] and,
for q=300 MeV/c, from the Saclay data [9]. The (red
and gray) shaded areas show the uncertainty derived
from the dependence of the 1b and 1b+2b results on
the default model adopted in the maximum-entropy in-
version [17]. This uncertainty is quite small. Lastly,
the (green) dash-dotted lines correspond to plane-wave-
impulse-approximation (PWIA) calculations using the
single-nucleon momentum distribution N(p) of 12C ob-
tained in Ref. [7] (see Ref. [1] for details on the PWIA
calculation).

Figures 1–2 immediately lead to the main conclusions
of this work: (i) the dynamical approach outlined above

(with free nucleon electromagnetic form factors) is in
excellent agreement with experiment in both the lon-
gitudinal and transverse channels; (ii) as illustrated by
the di↵erence between the PWIA and GFMC one-body-
current predictions (curves labeled PWIA and GFMC-
O

1b), correlations and interaction e↵ects in the final
states redistribute strength from the quasi-elastic peak to
the threshold and high-energy transfer regions; and (iii)
while the contributions from two-body charge operators
tend to slightly reduce RL(q,!) in the threshold region,
those from two-body currents generate a large excess of
strength in RT (q,!) over the whole !-spectrum (curves
labeled GFMC-O

1b and GFMC-O
1b+2b), thus o↵setting

the quenching noted in (ii) in the quasi-elastic peak.

FIG. 1. (Color online) Electromagnetic longitudinal response
functions of 12C for q in the range (300–570) MeV. Exper-
imental data are from Refs. [9, 10]. See text for further
explanations.

As a result of this study, a consistent picture of the
electromagnetic response of nuclei emerges, which is at
variance with the conventional one of quasi-elastic scat-
tering as being dominated by single-nucleon knock-out.
This fact also has implications for the nuclear weak re-
sponse probed in inclusive neutrino scattering induced

4

by charge-changing and neutral current processes. In
particular, the energy dependence of the cross section
is quite important in extracting neutrino oscillation pa-
rameters. An earlier study of the sum rules associated
with the weak transverse and vector-axial interference re-
sponse functions in 12C found [38] a large enhancement
due to two-body currents in both the vector and axial
components of the neutral current. Only neutral weak
processes have been considered so far, but one would
expect these conclusions to remain valid in the case of
charge-changing ones. In this connection, it is important
to realize that neutrino and anti-neutrino cross sections
di↵er only in the sign of this vector-axial interference re-
sponse, and that this di↵erence is crucial for inferring
the charge-conjugation and parity violating phase, one
of the fundamental parameters of neutrino physics, to
be measured at the Deep Underground Neutrino Exper-
iment (DUNE)[39].

FIG. 2. (Color online) Same as Fig. 1 but for the electromag-
netic transverse response functions. Because pion production
mechanisms are not included, the present theory underesti-
mates the (transverse) strength in the � peak region, see in
particular the q=570 MeV/c case.

We conclude by updating in Fig. 3 the results for the

Coulomb sum rule of 12C obtained in Ref. [5]. The theo-
retical calculation (solid line) and analyses of the experi-
mental data (empty and full circles) are from that work.
We recall that the empty circles are obtained by inte-
grating RL(q,!) up to !

max

, the highest measured en-
ergy transfer, while the full circles also include the “tail”
contribution for ! > !

max

and into the time-like region
(! > q), which cannot be accessed in (e, e0) scattering
experiments, by assuming that the longitudinal response
in 12C is proportional to that of the deuteron [5]. As
the direct calculations demonstrate in Figs. 1–2, there
is non-vanishing strength in the time like-region (see in
particular the top panels of these figures which extend
to ! > q), and this strength needs to be accounted for
before comparing theory to experiment.
The square data points in Fig. 3 have been obtained

by adding to the full circles the contribution due to the
low-lying J⇡ =2+, 0+

2

, and 4+ states. Given the choice of
normalization for SL(q) in Fig. 3, this contribution is sim-
ply given by the sum of the squares—each multiplied by
Z =6—of the (longitudinal) transition form factors listed
in Table I. Among these, the dominant is the form factor
to the 2+ state at 4.44 MeV excitation energy. The con-
tributions associated with these states, in particular the
2+, were overlooked in the analysis of Ref. [5] and, to the
best of our knowledge, in all preceding analyses—the dif-
ference between total inelastic and quasi-elastic strength
alluded to earlier was not fully appreciated. While they
are negligible at large q (certainly at q=570 MeV/c),
they are significant at low q. They help to bring theory
into excellent agreement with experiment.
Figures 1 and 2 clearly demonstrate that the picture

of interacting nucleons and currents quantitatively de-
scribes the electromagnetic response of 12C in the quasi-
elastic regime. The key features necessary for this suc-
cessful description are a complete and consistent treat-
ment of initial-state correlations and final-state interac-
tions and a realistic treatment of two-nucleon currents,
all fully and exactly accounted for in the GFMC calcula-
tions. In the transverse channel the interference between
one- and two-body current (schematically, 1b-2b) con-
tributions is largely responsible for enhancement in the
quasi-elastic peak, while this interference plays a minor
role at large !, where 2b-2b contributions become dom-
inant. The absence of explicit pion production mech-
anisms in this channel restricts the applicability of the
present theory to the quasi-elastic region of RT (q,!), for
!’s below the �-resonance peak. Finally, the so-called
quenching of the longitudinal response near the quasi-
elastic peak emerges in this study as a result of initial-
state correlations and final-state interactions.

A critical reading of the manuscript by Ingo Sick is
gratefully acknowledged. This research is supported
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q=300 MeV/c

q=570 MeV/c

Enhancement in Transverse channel 
Explicit 0+, 2+, 4+ states important at q=300 MeV/c



Neutral Current Sum Rules in 12C

Sum Rules
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FIG. 1. (Color online) The sum rules S
↵�

in 12C, correspond-
ing to the AV18/IL7 Hamiltonian and obtained with one-body
only (dashed lines) and one- and two-body (solid lines) terms
in the NC.

The ground-state wave function of 12C is obtained from
a Green’s function Monte Carlo (GFMC) solution of the
Schrödinger equation including the Argonne v18 (AV18)
two-nucleon [31] and Illinois-7 (IL7) three-nucleon [35]
potentials. The wave function is evolved in imaginary
time via a GFMC propagation starting from a variational
wave function that contains both explicit ↵-clustering
and the five possible J⇡=0+ p-shell states. The predicted
ground-state energy, rms charge radius, and charge form
factor have been found to be in excellent agreement with
experimental data [14].

The sum rules S

↵�

(q) in 12C are shown in Fig. 1: re-
sults S1b (S2b) corresponding to one-body (one- and two-
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FIG. 2. (Color online) The response functions R
↵�

in the
deuteron at q = 300 MeV/c computed using AV18 and ob-
tained with one-body only (dashed lines) and one- and two-
body (solid lines) terms in the NC. The inset shows the tails
of R

↵�

in the !-region well beyond the quasi-elastic peak.

body) terms in the NC are indicated by the dashed (solid)
lines. The two-body axial currents are those of Set I;
we find that Set II leads to very similar results. Note
that both S

1b
↵�

and S

2b
↵�

are normalized by the (same)

factor C
↵�

, which makes S1b
↵�

(q) ! 1 in the large q limit.

In the small q limit, S1b
00 (q) and S

1b
0z (q) are much larger

than S

1b
↵�

for ↵� 6= 00, 0z. In a simple ↵-cluster pic-

ture of 12C, one would expect S

1b
↵�

(12C)/C
↵�

(12C) '
3S1b

↵�

(4He)/C
↵�

(4He), as is indeed verified in the ac-
tual numerical calculations to within a few %, except for
S

1b
00 /C00 and S

1b
0z /C0z at low q

<⇠ 1 fm �1, where these
quantities are dominated by the elastic contribution scal-
ing as A

2. In the ↵ particle, the operators j

0 †
j

0 and
(j0 †

j

z + j

z †
j

0) can connect its dominant S-state com-
ponents in the left and right wave functions, while the
remaining operator combinations cannot and only con-
tribute through S-to-D, D-to-S, and D-to-D transitions—
D is the D-state component, which has a probability of
' 15%.

Except for S2b
00 (q), the S

2b
↵�

(q) sum rules are consider-

ably larger than the S1b
↵�

(q), by as much as 30-40%. This
enhancement was not seen in calculations of neutrino-
deuteron scattering [15]; the deuteron R

↵�

(q,!) response
functions at q = 300 MeV/c are displayed in Fig. 2 (note
thatR00 is multiplied by a factor of 5). Two-body current
contributions in the deuteron amount to only a few per-
cent at the top of the quasielastic peak of the (largest in
magnitude) R

xx

and R

xy

, but become increasingly more
important in the tail of these response functions, con-
sistent with the notion that this region is dominated by
two-nucleon physics [14]. The very weak binding of the
deuteron dramatically reduces the impact of two-nucleon
currents, which are important only when two nucleons
are within 1–2 inverse pion masses.

Correlations in np pairs in nuclei with mass number

cross-section depends upon 
5 response fns

all except longitudinal response enhanced
including axial-vector interference

sum rules - ground state expectation value

enhanced even at very low q, but strength
inaccessible to low energy neutrinos
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FIG. 1. Comparison of the experimental matrix ele-
ments R(GT ) with the theoretical calculations based on
the “free-nucleon” Gamow-Teller operator. Each transi-
tion is indicated by a point in the x-y plane, with the
theoretical value given by the x coordinate of the point
and the experimental value by the y coordinate.
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FIG. 2. Comparison of the experimental values of
the sums T (GT ) with the correspondig theoretical value
based on the “free-nucleon” Gamow-Teller operator.
Each sum is indicated by a point in the x-y plane, with the
theoretical value given by the x coordinate of the point
and the experimental value by the y coordinate.

TABLE I. Experimental and theoretical M(GT ) matrix elements. The experimental data have been taken from [19]. Iβ + Iϵ

are the branching ratios . All other quantities explained in the text.

Process 2Jπ
n , 2T π

n Q Iβ + Iϵ log ft M(GT ) W
(MeV) (%) Exp. Th.

41Sc(β+)41Ca 7−, 1 6.496 99.963(3) 3.461(7) 2.999 4.083 6.172
42Sc∗(β+)42Ca 12+, 2 3.851 100 4.17(2) 2.497 3.389 11.127
42Ti(β+)42Sc 2+, 0 6.392 55(14) 3.17(12) 2.038 2.736 3.086
43Sc(β+)43Ca 7−, 3 2.221 77.5(7) 5.03(2) 0.677 0.764 6.172

5−, 3 1.848 22.5(7) 4.97(3) 0.726 0.878
44Sc(β+)44Ca 4+

1 , 4 2.497 98.95(4) 5.30(2) 0.392 0.741 6.901
4+
2 , 4 0.998 1.04(4) 5.15(3) 0.466 0.205

4+
3 , 4 0.353 0.010(2) 6.27(8) 0.128 0.295

44Sc∗(β+)44Ca 12+, 4 0.640 1.20(7) 5.88(3) 0.324 0.276 11.127
45Ca(β−)45Sc 7−, 3 0.258 99.9981 5.983(1) 0.226 0.079 13.802
45Ti(β+)45Sc 7−, 3 2.066 99.685(17) 4.591(2) 1.123 1.551 6.172

5−, 3 1.342 0.154(12) 6.24(4) 0.168 0.280
7−, 3 0.654 0.090(10) 5.81(5) 0.276 0.397
9−, 3 0.400 0.054(5) 5.60(4) 0.351 0.712

45V(β+)45Ti 7−, 1 7.133 95.7(15) 3.64(2) 1.801 2.208 6.172
5−, 1 7.093 4.3(15) 5.0(2) 0.701 0.428

46Sc(β−)46Ti 8+, 2 0.357 99.9964(7) 6.200(3) 0.187 0.277 13.093
47Ca(β−)47Sc 7−, 5 1.992 19(10) 8.5(3) 0.012 0.262 16.331

5−, 5 0.695 81(10) 6.04(6) 0.212 0.235
47Sc(β−)47Ti 5−, 3 0.600 31.6(6) 6.10(1) 0.198 0.235 13.802

7−, 3 0.441 68.4(6) 5.28(1) 0.508 0.611

3

Shell Model Calculations 
of Beta Decay typically 
require a quenching 
(reduction) of gA by ~ 0.75

Rate reduction by 30-40%
Martinez-Pinedo 

and Poves, PRC 1996

Low Momentum Transfer:  GT Beta Decay

Simple 1-Body
current

s

1+2 
current

s

Exp⨀

A=3 2.45 2.27 2.28* 2.28

A=6 2.4 2.15 2.19 2.2

A=7 2.58 2.29 2.39 2.4

A=10 2.45 2.06 2.34

Smaller (~ 10%)
quenching reproduced 
in light nuclei

(preliminary)



Astrophysical Energy Neutrinos

•Energies up to 50 - 100 MeV

•Explicit final states and inclusive scattering measurable

•Nucleon couplings pretty well known

•What are the roles of nuclear structure, 
     two nucleon correlations and currents ?

•Momentum transfer much less than QE, but  
    greater than beta decay.



Neutrino-Deuteron Scattering

A=2

Nakamura, et al, 2001
Shen, et al., PRC 2012
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FIG. 2: (color online) Total cross sections for NC-induced processes on the deuteron, obtained with the AV18 potential and
the inclusion of one-body (dashed line) and (one+two)-body (solid line) terms in the weak current. Also shown are the total
cross sections obtained by retaining only the axial piece of the weak current. See text for explanation.

TABLE V: (color on line) Total cross sections in cm2 for the NC- and CC-induced processes on the deuteron obtained in
Ref. [12] and in the present work at selected initial neutrino energies. Note that the values under the heading “this work” are
slightly di↵erent than those reported in Table II for the reasons explained in the text.

✏ (MeV) 5 50 100

Ref. [12] this work Ref. [12] this work Ref. [12] this work
⌫

l

-NC 9.570(–44) 9.601(–44) 5.944(–41) 5.942(–41) 2.711(–40) 2.703(–40)
⌫

l

-NC 9.364(–44) 9.403(–44) 4.535(–41) 4.589(–41) 1.647(–40) 1.674(–40)
⌫

e

-CC 3.463(–43) 3.440(–43) 1.376(–40) 1.367(–40) 6.836(–40) 6.735(–40)
⌫

e

-CC 2.836(–44) 2.842(–44) 7.372(–41) 7.475(–41) 2.618(–40) 2.659(–40)

to the forward hemisphere, the quasi-elastic peak moves to the right, i.e. towards higher and higher energies. Indeed,
at forward angles it merges with the threshold peak due to the quasi-bound 1S

0

state. This latter peak is very
pronounced at low ✏, but becomes more and more suppressed by the form factor ⇠ h1S

0

|j
0

(q r/2) |di as ✏ increases.
Finally, it is interesting to compare the results above with those obtained in a naive model, in which the deuteron

is taken to consist of a free proton and neutron initially at rest. The lab-frame cross sections of the NC-induced
processes on the nucleon, and of the CC-induced processes n(⌫

e

, e�)p and p(⌫
e

, e+)n in the limit in which the final
electron/positron mass and proton-neutron mass di↵erence are neglected, read [43]:

✓
d�

d✏0d⌦

◆
NC/CC

⌫/⌫

=
G2 m2

8⇡2

✓
✏0

✏

◆
2

�(✏0 � ✏0
qe

)


ANC/CC ⌥ s� u

m2

BNC/CC +
(s� u)2

m4

CNC/CC

�
, (5.2)

where G=G
F

or G
F

cos ✓
C

for NC or CC, the � (+) sign in the second term is relative to the ⌫ (⌫) initiated reactions,
✏0
qe

has been defined in Eq. (5.1), and s � u = 4m ✏ � Q2 with Q2 = 4 ✏ ✏0 sin2 ✓/2. The structure functions A(Q2),
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FIG. 3: (color online) Total cross sections for NC-induced processes on the deuteron, obtained with the AV18 potential and
the inclusion of (one+two)-body terms in the weak current. Also shown are the total cross sections obtained with plane-wave
(PW) final states.

TABLE VI: Total cross sections in cm2 for the NC- and CC-induced processes on the deuteron at selected initial neutrino
energies, obtained with the AV18 potential and the inclusion of one-body and set I or set II two-body terms in the weak
current.

⌫

l

-NC ⌫

l

-NC ⌫

e

-CC ⌫

e

-CC

✏ (MeV) set I set II set I set II set I set II set I set II
5 9.561(–44) 9.541(–44) 9.363(–44) 9.344(–44) 3.427(–43) 3.421(–43) 2.831(–44) 2.826(–44)
50 5.892(–41) 5.873(–41) 4.546(–41) 4.530(–41) 1.348(–40) 1.353(–40) 7.403(–41) 7.380(–41)
100 2.657(–40) 2.652(–40) 1.640(–40) 1.636(–40) 6.631(–40) 6.621(–40) 2.606(–40) 2.600(–40)

B(Q2), and C(Q2) for both NC and CC are given in terms of nucleon form factors in Appendix B.
In the naive model, the ⌫- and ⌫-deuteron NC cross sections are simply given by the sum of the corresponding

proton and neutron (NC) cross sections, while the ⌫-deuteron (⌫-deuteron) CC cross section is identified with the
n(⌫

e

, e�)p [ p(⌫
e

, e+)n ] cross section. The “model” di↵erential cross sections as function of the final lepton scattering
angle (after integrating out the energy-conserving �-function) are illustrated in Fig. 15 at three incident energies
(✏ = 100, 500, 900 MeV). The ⌫ and ⌫ cross sections are about the same at forward angles, for which Q2 is small; at
backward angles, as ✏ and Q2 increase, they both decrease due to the fall o↵ in the form factors. However, this fall o↵
is much more pronounced (orders of magnitude) for the ⌫ than for the ⌫ cross sections. (At low energy 100 MeV, the
form factors do not change much with angle and the variation with angle in the di↵erential cross section is mild, still
it decreases more in the ⌫ than in ⌫ channel.) These features are reflected in the deuteron cross sections displayed in
Figs. 6–14 (incidentally, in each panel of these figures the “model” cross sections would be represented by a �-function
located at ✏0

qe

, corresponding to the energy of the quasi-elastic peak).
In order to illustrate nuclear correlation e↵ects in the initial deuteron state, we compare the “model” ⌫ and ⌫ NC
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FIG. 4: (color online) Same as in Fig. 2, but for CC-induced processes on the deuteron.

TABLE VII: Total cross sections in cm2 for the NC-induced processes on the deuteron at selected initial neutrino energies,
obtained with the AV18 or CDB potentials and the inclusion of one-body terms (1) only and both one- and two-body terms
(1+2) in the weak current.

⌫

l

-NC ⌫

l

-NC

✏ (MeV) AV18(1) CDB(1) AV18(1+2) CDB(1+2) AV18(1) CDB(1) AV18(1+2) CDB(1+2)
50 5.747(–41) 5.791(–40) 5.892(–41) 5.847(–40) 4.449(–41) 4.484(–40) 4.546(–41) 4.519(–40)
100 2.577(–40) 2.597(–40) 2.657(–40) 2.638(–40) 1.604(–40) 1.617(–40) 1.640(–40) 1.633(–40)
500 2.703(–39) 2.715(–39) 2.874(–39) 2.858(–39) 9.503(–40) 9.553(–40) 9.916(–40) 9.895(–40)
1000 3.425(–39) 3.442(–39) 3.663(–39) 3.659(–39) 1.490(–39) 1.496(–39) 1.572(–39) 1.572(–39)

cross sections with the plane-wave one-body results, shown in Fig. 16, for which we use the physical deuteron state,
plane waves for the two-nucleon continuum states, and one-body currents. In both ⌫ and ⌫ NC reactions, inclusion of
nuclear correlations in the initial state reduces the cross sections from the naive model. In fact, a similar reduction in
cross section (due to nuclear correlations) at about nuclear density for uniform nuclear matter has been noticed, for
example in Refs. [44, 45]. However, these correlations increase the ratio of ⌫ to ⌫ NC cross sections, as shown in the
inset of Fig. 16. Similar e↵ects are also found in the ⌫ and ⌫ CC reactions at low neutrino energy, as shown in Fig. 17.
At higher energies, nuclear correlations hardly a↵ect these cross sections, and the naive and realistic models are in
better agreement with each other. The ratio of ⌫ to ⌫ CC cross sections is also increased due to nuclear correlations
(see inset of Fig. 17). This fact may have interesting implications for long baseline neutrino experiments aimed at
extracting CP violating signals from the detection of di↵erences in the neutrino and antineutrino channels.

currents fit to tritium beta decay
small effects from 2-nucleon currents
small (few %) model dependence

typically ~20%
accuracy from

reactor experiments
Formaggio and Zeller



Neutrino-4He Scattering

Gazit, Barnea, PRL 2007

coefficient has been matched to the triton half-life over this
energy range. The experimental accuracy of the triton half-
life, should be considered a part of the model error, and re-
flects in an uncertainty of few percent in d̂r calibration. As
a check, we reproduce the cutoff dependence of Ref. [21].

For low-energy reactions a multipole decomposition of
the currents is useful. Applying Fermi’s golden rule, to
inclusive reactions with unpolarized targets, and consider-
ing recoil effects, the differential cross section takes the
form [23]
 !
d!a

dkf

"

"! !""
# 2G2

2Ji$1
k2
fF

a!Zf;kf"

%
Z
d#
Z $

0
sin%d%&

!
#&!$ q2

2M4He

"

%
#X1

J#0

'XĈRĈJ$XL̂RL̂J&XĈL̂ReRĈ(JL̂J )

$
X1

J#1

'XM̂RM̂J
$XÊRÊJ*XÊM̂ReRÊ(JM̂J

)
$
; (4)

where kf is the momentum of the outgoing lepton, Ji # 0
is the angular momentum of the 4He, and Zf is the charge
of the residual nuclear system. The four-vector (!; ~q)
represents energy and momentum transfer, and % is the
angle between the incoming neutrino direction and out-
going lepton direction. The superscript a denotes the iso-
spin component, with a # 0 for the neutral current and
a # + for the charged currents. The Coulomb factor
Fa!Z; k" is equal to 1 for neutral currents, and is the
Fermi function for charged current. The functions XÔ1Ô2

are the leptonic kinematical factors (related to the Ô1; Ô2
multipoles, XÔ1

# XÔ1Ô1
). They depend on the mass and

the momentum of the outgoing lepton. Similarly, the func-
tions RÔ1Ô2

!#; q" are the nuclear response functions. The
transition operators CJ!q", LJ!q", EJ!q", MJ!q" are the
reduced Coulomb, longitudinal, transverse electric, and
transverse magnetic operators of angular momentum J.
The response functions are calculated by inverting the
Lorentz integral transforms

 LÔ1Ô2
!!; q" #

Z
d#

RÔ1Ô2
!#; q"

!#& !R"2 $ !2
I
# h ~"1 j ~"2i;

where ! # !R $ i!I, and j ~"ii (i # 1; 2) are solutions of
the Schrödinger-like equations

 !H & E0 & !" j ~"i!!; q"i # Ôi!q" j "0i:

The localized character of the ground state, and the imagi-
nary part of !, give these equations an asymptotic bound-
ary condition similar to a bound state. As a result, one can
solve these equations with the hyperspherical harmonics
(HH) expansion using the EIHH [12] method. The matrix
elements h ~"1j ~"2i are calculated using the Lanczos algo-
rithm [24].

In the supernova scenario one has to consider neutrinos
with up to about 60 MeV. Usually, the leading contribu-
tions in weak nuclear processes are the Gamow-Teller and
the Fermi operators. Because of the total angular momen-
tum and spin structure of the 4He nucleus, they are both
strongly suppressed. In fact, the Gamow-Teller operator
contributes only due to the small P- and D-wave compo-
nents of the ground state wave function. The same argu-
ment follows for the MV

1 operator. In addition, 4He is an
almost pure zero-isospin state [25]; hence, the Fermi op-
erator vanishes. Therefore, the leading contributions to the
inelastic cross section are due to the axial vector operators
EA2 , MA

1 , LA2 , LA0 and the vector operators CV1 , EV1 , LV1 (the
latter are all proportional to each other due to the Siegert
theorem). For the neutrino energies considered here it is
sufficient to retain contributions up to O!q2" in the multi-
pole expansion [3]. In Fig. 1 we present for these multi-
poles the convergence of the LIT as a function of the HH
grand angular-momentum quantum number K. It can be
seen that the EIHH method results in a rapid convergence
of the LIT calculation to a subpercentage accuracy level.
Comparing with a previous work, [3], we conclude that the
3NF does not affect much the convergence rate of these
operators.
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TABLE I. Temperature averaged neutral current inclusive in-
elastic cross section per nucleon as a function of neutrino
temperature.

h!0
xiT # 1

2
1
A h!0

"x $ !0
"x
iT [10&42 cm2]

T [MeV] AV8’ [3] AV18 AV18$ UIX AV18$ UIX$MEC

4 2:09% 10&3 2:31% 10&3 1:63% 10&3 1:66% 10&3

6 3:84% 10&2 4:30% 10&2 3:17% 10&2 3:20% 10&2

8 2:25% 10&1 2:52% 10&1 1:91% 10&1 1:92% 10&1

10 7:85% 10&1 8:81% 10&1 6:77% 10&1 6:82% 10&1

12 2.05 2.29 1.79 1.80
14 4.45 4.53 3.91 3.93
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convergence in each partial wave

It is customary to assume that supernova neutrinos are in
thermal equilibrium, so their spectra can be approximated
by the Fermi-Dirac distribution with a characteristic tem-
perature T. In Table I we present the temperature averaged
total neutral current inelastic cross section as a function of
the neutrino temperature for the AV8’, AV18, and the
AV18! UIX nuclear Hamiltonians and for the AV18!
UIX Hamiltonian adding the axial MEC. From the table it
can be seen that the low-energy cross section is rather
sensitive to details of the nuclear force model (the effect
of 3NF is about 30%). In contrast, the effect of axial MEC
is rather small in our case, being on the percentage level.
Because of the spatial symmetry of the exchange current, it
contributes only to the Gamow-Teller operator. As men-
tioned above, this multipole is suppressed for 4He. Thus,
albeit doubling the Gamow-Teller response function, the
axial MEC contribution is small. Although presented for
the neutral current, these arguments hold true also for the
charged currents since the response functions are related by
isospin rotation.

InTables II and III we present (for AV18!UIX!MEC)
the temperature averaged cross section and energy transfer
as a function of the neutrino temperature for the various
processes. In both tables it can be seen that the charged
current process is roughly a factor of five more efficient
than the neutral current process. Our results are of the same
order of magnitude as previous estimates by Woosley et al.
[8], though the differences can reach 25%. The current
work predicts a stronger temperature dependence, with
substantial increment at high temperatures. This indicates
a different structure of the predicted resonances.

Summarizing, we present the first full microscopic
study of !-" reactions, using a state of the art nuclear
Hamiltonian including MEC. The overall accuracy of our
calculation is of the order of 5%. This error is mainly due to
the strong sensitivity of the cross section to the nuclear
model, in particular, to the 3NF. The numerical accuracy of
our calculations is of the order of 1%. The contribution of
the axial MEC is lower than 2%; therefore, the cutoff
dependence and the overall uncertainty in d̂r insert error
of the same order. With the present calculation, we make
an important step in the path toward a more robust and
reliable description of the neutrino heating of the preshock
region in core-collapse supernovae, in which 4He plays a
decisive role.
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TABLE III. Temperature averaged inclusive inelastic energy
transfer cross-section per nucleon as a function of temperature.

h#!iT [10"42 MeV cm2]
T [MeV] (!x;!0x) ( !!x; !!0x) (!e; e") ( !!e; e!)

2 3:49# 10"5 3:23# 10"5 1:76# 10"4 1:42# 10"4

4 4:50# 10"2 4:15# 10"2 2:27# 10"1 1:80# 10"1

6 9:26# 10"1 8:56# 10"1 4.56 3.70
8 5.85 5.43 28.4 22.9

10 21.7 20.2 103.8 84.4

TABLE II. Temperature averaged inclusive inelastic cross sec-
tion per nucleon as a function of temperature.

h#iT [10"42 cm2]
T [MeV] (!x;!0x) ( !!x; !!0x) (!e; e") ( !!e; e!)

2 1:47# 10"6 1:36# 10"6 7:40# 10"6 5:98# 10"6

4 1:73# 10"3 1:59# 10"3 8:60# 10"3 6:84# 10"3

6 3:34# 10"2 3:07# 10"2 1:63# 10"1 1:30# 10"1

8 2:00# 10"1 1:84# 10"1 9:61# 10"1 7:68# 10"1

10 7:09# 10"1 6:54# 10"1 3.36 2.71
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Thermal averaged cross sections
Few % impact of two-nucleon currents

Fairly simple nuclei;
no bound excited states
Achievable errors ≪ 10%

No data to compare with
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a half-life of 11 ms; the emitted secondary electron pro-
viding a well-defined tag for event identification. The
neutral current channel has an equally favorable chan-
nel, with the emission of a mono-energetic 15.11 MeV
photon.

Studies of the above neutrino cross-sections have
been carried out at the LAMPF facility in the United
States (Willis et al., 1980) and the KARMEN detector at
ISIS at the Rutherford Laboratory in the United King-
dom. The neutrino beam in both experimental facili-
ties is provided from proton beam stops. High energy
proton collisions on a fixed target produce a large ⇡+

flux which is subsequently stopped and allowed to de-
cay. The majority of low energy neutrinos are produced
from the decay at rest from stopped µ+ and ⇡+, pro-
viding a well-characterized neutrino beam with energies
below 50 MeV8. The KARMEN experiment at the ISIS
facility additionally benefited from a well-defined pro-
ton beam structure, which allowed e�cient tagging of
neutrino events against cosmic ray backgrounds. The
main uncertainty a↵ecting these cross-section measure-
ments stems primarily from the knowledge of the pion
flux produced in the proton-target interactions.
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FIG. 6 Cross-section as a function of neutrino energy for the
exclusive reaction 12C(⌫

e

, e�)12N from µ� decay-at-rest neu-
trinos. Experimental data measured by the KARMEN (Zeit-
nitz et al., 1994) and LSND (Athanassopoulos et al., 1997;
Auerbach et al., 2001) experiments. Theoretical prediction
taken from Fukugita et al. (Fukugita et al., 1988).

Table VII summarizes the measurements to date on the
inclusive and exclusive reactions on 12C at low energies.
Estimates of the cross-sections using a variety of di↵erent
techniques (shell model, RPA, QRPA, e↵ective particle
theory) demonstrate the robustness of the calculations.
Some disagreement can be seen in the inclusive channels;

8 Neutrinos from decay-in-flight muons also allowed for cross-
section measurements for energies below 300 MeV.
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FIG. 7 Cross-section as a function of neutrino energy
for the exclusive reaction 12C(⌫

µ

, µ�)12N measured by the
LSND (Auerbach et al., 2002) experiment. Theoretical pre-
diction taken from (Engel et al., 1996).

this disagreement is to be expected since the final state
is not as well-defined as in the exclusive channels. More
recent predictions employing extensive shell model calcu-
lations appear to show better agreement with the experi-
mental data. A plot showing the collected data from the
exclusive reaction 12C(⌫

e

, e�)12N and 12C(⌫
µ

, µ�)12N are
shown in Figures 6 and 7, respectively.

Table VII also lists other nuclei that have been un-
der experimental study. Proton beam stops at the Los
Alamos Meson Physics Facility have also been utilized to
study low energy neutrino cross-sections on 127I. Cross-
sections on iron targets have also been explored with low
energy beams at the KARMEN experiment (Ruf, 2005).

Perhaps the most remarkable of such measurements
was the use of MCi radiological sources for low en-
ergy electron cross-section measurements. Both the
SAGE (Abdurashitov et al., 1999) and GALLEX (Ansel-
mann et al., 1995) solar neutrino experiments have
made use of a MCi 51Cr source to study the reaction
71Ga(⌫

e

, e�)71Ge to both the ground and excited states
of 71Ge. The source strength of 51Cr is typically deter-
mined using calorimetric techniques and the uncertainty
on the final activity is constrained to about 1-2%. The
SAGE collaboration subsequently have also made use of
a gaseous 37Ar MCi source. Its activity, using a variety of
techniques, is constrained to better than 0.5% (Barsanov
et al., 2007; Haxton, 1998). Since 37Ar provides a mono-
energetic neutrino at slightly higher energies that its 51Cr
counterpart, it provides a much cleaner check on the
knowledge of such low energy cross-sections (Barsanov
et al., 2007). Experimental measurements are in general
in agreement with the theory, although the experimental
values are typically lower than the corresponding theo-
retical predictions.

Finally, although the cross-section was not measured
explicitly using a terrestrial source, neutrino capture on

υe charged current to 12N
from muon decay at rest

theory errors estimated at ~ 20 % , Fukugita et al., 1988
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TABLE VII Experimentally measured (flux-averaged) cross-sections on various nuclei at low energies (1-300 MeV). Experimen-
tal data gathered from the LAMPF (Willis et al., 1980), KARMEN (Armbruster et al., 1998; Bodmann et al., 1991; Maschuw,
1998; Ruf, 2005; Zeitnitz et al., 1994), E225 (Krakauer et al., 1992), LSND (Athanassopoulos et al., 1997; Auerbach et al., 2002,
2001; Distel et al., 2003), GALLEX (Hampel et al., 1998), and SAGE (Abdurashitov et al., 2006, 1999) experiments. Stopped
⇡/µ beams can access neutrino energies below 53 MeV, while decay-in-flight measurements can extend up to 300 MeV. The
51Cr sources have several mono-energetic lines around 430 keV and 750 keV, while the 37Ar source has its main mono-energetic
emission at E

⌫

= 811 keV. Selected comparisons to theoretical predictions, using di↵erent approaches are also listed. The
theoretical predictions are not meant to be exhaustive.

Isotope Reaction Channel Source Experiment Measurement (10�42 cm2) Theory (10�42 cm2)
2H 2H(⌫

e

, e�)pp Stopped ⇡/µ LAMPF 52± 18(tot) 54 (IA) (Tatara et al., 1990)
12C 12C(⌫

e

, e�)12N
g.s.

Stopped ⇡/µ KARMEN 9.1± 0.5(stat)± 0.8(sys) 9.4 [Multipole](Donnelly and Peccei, 1979)

Stopped ⇡/µ E225 10.5± 1.0(stat)± 1.0(sys) 9.2 [EPT] (Fukugita et al., 1988).

Stopped ⇡/µ LSND 8.9± 0.3(stat)± 0.9(sys) 8.9 [CRPA] (Kolbe et al., 1999b)

12C(⌫
e

, e�)12N⇤ Stopped ⇡/µ KARMEN 5.1± 0.6(stat)± 0.5(sys) 5.4-5.6 [CRPA] (Kolbe et al., 1999b)

Stopped ⇡/µ E225 3.6± 2.0(tot) 4.1 [Shell] (Hayes and S, 2000)

Stopped ⇡/µ LSND 4.3± 0.4(stat)± 0.6(sys)

12C(⌫
µ

, ⌫
µ

)12C⇤ Stopped ⇡/µ KARMEN 3.2± 0.5(stat)± 0.4(sys) 2.8 [CRPA] (Kolbe et al., 1999b)
12C(⌫, ⌫)12C⇤ Stopped ⇡/µ KARMEN 10.5± 1.0(stat)± 0.9(sys) 10.5 [CRPA] (Kolbe et al., 1999b)

12C(⌫
µ

, µ�)X Decay in Flight LSND 1060± 30(stat)± 180(sys) 1750-1780 [CRPA] (Kolbe et al., 1999b)

1380 [Shell] (Hayes and S, 2000)

1115 [Green’s Function] (Meucci et al., 2004)

12C(⌫
µ

, µ�)12N
g.s.

Decay in Flight LSND 56± 8(stat)± 10(sys) 68-73 [CRPA] (Kolbe et al., 1999b)

56 [Shell] (Hayes and S, 2000)
56Fe 56Fe(⌫

e

, e�)56Co Stopped ⇡/µ KARMEN 256± 108(stat)± 43(sys) 264 [Shell] (Kolbe et al., 1999a)
71Ga 71Ga(⌫

e

, e�)71Ge 51Cr source GALLEX, ave. 0.0054± 0.0009(tot) 0.0058 [Shell] (Haxton, 1998)
51Cr SAGE 0.0055± 0.0007(tot)
37Ar source SAGE 0.0055± 0.0006(tot) 0.0070 [Shell] (Bahcall, 1997)

127I 127I(⌫
e

, e�)127Xe Stopped ⇡/µ LSND 284± 91(stat)± 25(sys) 210-310 [Quasi-particle] (Engel et al., 1994)

chlorine constitutes an important channel used in exper-
imental neutrino physics. The reaction 37Cl(⌫

e

, e�)37Ar
was the first reaction used to detect solar neutri-
nos (Cleveland et al., 1998).

In summary, the level at which low energy cross-
sections are probed using nuclear targets is relatively
few, making the ability to test the robustness of theo-
retical models and techniques somewhat limited. The
importance of such low energy cross-sections is contin-
ually stressed by advances in astrophysics, particularly
in the calculation of elemental abundances and super-
nova physics (Heger et al., 2005; Langanke et al., 2004).
Measurements of neutrino cross-sections on nuclear tar-
gets is currently being revisited now that new high inten-
sity stopped pion/muon sources are once again becoming
available (Avignone et al., 2000).

G. Transitioning to Higher Energy Scales...

As we transition from low energy neutrino interactions
to higher energies, the reader may notice that our ap-
proach is primarily focused on the scattering o↵ a partic-
ular target, whether that target be a nucleus, a nucleon,
or a parton. This approach is not accidental, as it is the-
oretically a much more well-defined problem when the
target constituents are treated individually. With that
said, we acknowledge that the approach is also limited,
as it fails to incorporate the nucleus as a whole. Such de-
partmentalization is part of the reason why the spheres of
low energy and high energy physics appear so disjointed
in both approach and terminology. Until a full, compre-
hensive model of the entire neutrino-target interaction
is formulated, we are constrained to also follow this ap-
proach.
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TABLE VII Experimentally measured (flux-averaged) cross-sections on various nuclei at low energies (1-300 MeV). Experimen-
tal data gathered from the LAMPF (Willis et al., 1980), KARMEN (Armbruster et al., 1998; Bodmann et al., 1991; Maschuw,
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⇡/µ beams can access neutrino energies below 53 MeV, while decay-in-flight measurements can extend up to 300 MeV. The
51Cr sources have several mono-energetic lines around 430 keV and 750 keV, while the 37Ar source has its main mono-energetic
emission at E

⌫

= 811 keV. Selected comparisons to theoretical predictions, using di↵erent approaches are also listed. The
theoretical predictions are not meant to be exhaustive.

Isotope Reaction Channel Source Experiment Measurement (10�42 cm2) Theory (10�42 cm2)
2H 2H(⌫
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, e�)pp Stopped ⇡/µ LAMPF 52± 18(tot) 54 (IA) (Tatara et al., 1990)
12C 12C(⌫
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, e�)12N
g.s.

Stopped ⇡/µ KARMEN 9.1± 0.5(stat)± 0.8(sys) 9.4 [Multipole](Donnelly and Peccei, 1979)

Stopped ⇡/µ E225 10.5± 1.0(stat)± 1.0(sys) 9.2 [EPT] (Fukugita et al., 1988).

Stopped ⇡/µ LSND 8.9± 0.3(stat)± 0.9(sys) 8.9 [CRPA] (Kolbe et al., 1999b)

12C(⌫
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, e�)12N⇤ Stopped ⇡/µ KARMEN 5.1± 0.6(stat)± 0.5(sys) 5.4-5.6 [CRPA] (Kolbe et al., 1999b)

Stopped ⇡/µ E225 3.6± 2.0(tot) 4.1 [Shell] (Hayes and S, 2000)

Stopped ⇡/µ LSND 4.3± 0.4(stat)± 0.6(sys)

12C(⌫
µ

, ⌫
µ

)12C⇤ Stopped ⇡/µ KARMEN 3.2± 0.5(stat)± 0.4(sys) 2.8 [CRPA] (Kolbe et al., 1999b)
12C(⌫, ⌫)12C⇤ Stopped ⇡/µ KARMEN 10.5± 1.0(stat)± 0.9(sys) 10.5 [CRPA] (Kolbe et al., 1999b)
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, µ�)X Decay in Flight LSND 1060± 30(stat)± 180(sys) 1750-1780 [CRPA] (Kolbe et al., 1999b)

1380 [Shell] (Hayes and S, 2000)

1115 [Green’s Function] (Meucci et al., 2004)

12C(⌫
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, µ�)12N
g.s.

Decay in Flight LSND 56± 8(stat)± 10(sys) 68-73 [CRPA] (Kolbe et al., 1999b)

56 [Shell] (Hayes and S, 2000)
56Fe 56Fe(⌫

e

, e�)56Co Stopped ⇡/µ KARMEN 256± 108(stat)± 43(sys) 264 [Shell] (Kolbe et al., 1999a)
71Ga 71Ga(⌫

e

, e�)71Ge 51Cr source GALLEX, ave. 0.0054± 0.0009(tot) 0.0058 [Shell] (Haxton, 1998)
51Cr SAGE 0.0055± 0.0007(tot)
37Ar source SAGE 0.0055± 0.0006(tot) 0.0070 [Shell] (Bahcall, 1997)
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, e�)127Xe Stopped ⇡/µ LSND 284± 91(stat)± 25(sys) 210-310 [Quasi-particle] (Engel et al., 1994)

chlorine constitutes an important channel used in exper-
imental neutrino physics. The reaction 37Cl(⌫

e

, e�)37Ar
was the first reaction used to detect solar neutri-
nos (Cleveland et al., 1998).

In summary, the level at which low energy cross-
sections are probed using nuclear targets is relatively
few, making the ability to test the robustness of theo-
retical models and techniques somewhat limited. The
importance of such low energy cross-sections is contin-
ually stressed by advances in astrophysics, particularly
in the calculation of elemental abundances and super-
nova physics (Heger et al., 2005; Langanke et al., 2004).
Measurements of neutrino cross-sections on nuclear tar-
gets is currently being revisited now that new high inten-
sity stopped pion/muon sources are once again becoming
available (Avignone et al., 2000).

G. Transitioning to Higher Energy Scales...

As we transition from low energy neutrino interactions
to higher energies, the reader may notice that our ap-
proach is primarily focused on the scattering o↵ a partic-
ular target, whether that target be a nucleus, a nucleon,
or a parton. This approach is not accidental, as it is the-
oretically a much more well-defined problem when the
target constituents are treated individually. With that
said, we acknowledge that the approach is also limited,
as it fails to incorporate the nucleus as a whole. Such de-
partmentalization is part of the reason why the spheres of
low energy and high energy physics appear so disjointed
in both approach and terminology. Until a full, compre-
hensive model of the entire neutrino-target interaction
is formulated, we are constrained to also follow this ap-
proach.
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with c1 = 3.388 fm, c2 = 0.612 fm and ρn(r) =
(A−Z)

A ρ(r), ρp(r) = Z
Aρ(r) [25].

However, it is known that the use of Fermi function
to describe the Coulomb distortion of electron is not
appropriate at higher energies of electron. It is shown
that at higher energies the Coulomb effects can be
simulated by modifying the momentum and energy
in the wave function and the phase space factor of
the lepton [26–28]. In our approach this is done by
replacing the lepton energy El by El = El + Vc(r),
where Vc(r) is the Coulomb potential and making
corresponding changes in El , pl and q0. The form of
Vc(r) is taken to be [29]

(11)

Vc(r) = ZZ′α4π

(
1
r

r∫

0

ρp(r ′)
Z

r ′2 dr ′

+
∞∫

r

ρp(r ′)
Z

r ′dr ′
)

,

where Z′ is the charge of the lepton produced in the
reactions Eq. (2) and ρp(r) is the proton density in the
final nucleus.
We evaluate the neutrino (antineutrino) cross sec-

tions in 40Ar as a function of energy using Eq. (9) and
treat the Coulomb effect using Eqs. (10) and (11).
In Fig. 3, we present the numerical results of the

total scattering cross section σ (Eν) as a function
of neutrino energy Eν . The Q value corresponding
to the lowest Gamow–Teller transition to 1+ state
at 2.29 MeV in 40K∗ is used for the numerical
evaluations. We see that the neutrino cross sections
evaluated with Fermi function for Coulomb effect
(solid line) are lower than the cross sections calculated
in MEMA (dashed line) for Eν < 37 MeV but become
larger than the MEMA results for Eν ! 37 MeV. In
a hybrid model where the Fermi function is used for
Eν < 37 MeV and MEMA is used for Eν > 37 MeV,
our results are in reasonable agreement with the results
quoted by Bueno et al. [13] (dotted line). Both results
agree well with the results of Ormand et al. [12] (dash-
double dotted line) for Eν " 20 MeV but become
higher forEν > 20MeV, showing that the contribution
of forbidden transitions to the cross section in this
energy range is quite appreciable.
In Table 1, we have presented and compared our

results with the results of Bhattacharya et al. [18] for

Fig. 3. Total cross section σ vs. E for νe +40Ar→ e− +40K∗ reac-
tion with Fermi function (solid line), modified effective momentum
approximation (dashed line), Ormand et al. [12] (dashed-double dot-
ted line) and Bueno et al. [13] (dotted line).

Table 1
Neutrino absorption cross section ⟨σ ⟩ (10−43 cm2) at T = 4.5 MeV
for supernova neutrinos as a function of total energy threshold on the
outgoing electron

Threshold (MeV) Bhattacharya et al. [18] Present calculation
4.0 323.71 345.71
4.2 323.54 345.12
4.4 322.81 344.64
4.6 322.66 344.21
4.8 321.67 343.72
5.0 320.77 342.56
5.2 320.57 341.82
5.4 319.15 340.26
5.6 318.86 339.21
5.8 317.79 338.72
6.0 316.24 337.54

the average cross section ⟨σ ⟩ =
∫ ∞
0 σ (E)φ(E) dE.

For supernova neutrinos corresponding to α = 0 and
T = 4.5 MeV for various values of the cut off
energy of electron. It is found that our results are
about 6–7% higher than the results of Bhattacharya et
al. [18]. It shows that even in the low energy region
of supernova neutrino energies corresponding to T =
4.5 MeV, there may be 6–7% contributions to ⟨σ ⟩
from the higher multipole transitions leading to states
lying higher than 6 MeV excitations which are not
considered by Bhattacharya et al. [18]. Our results
at these energies are quite sensitive to the choice of

inclusive υe charged current 40Ar
Athar, et al, 2004
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Q value. A change of 2–3 MeV in the choice of Q

value changes the results by 10–15%. However, in
the case of neutrino reactions our choice of Q value
corresponding to the lowest 1+ state at 2.29 MeV is
quite reasonable.
In Fig. 4, we present the results for antineutrino re-

actions where Fermi and Gamow–Teller transitions to
1+ and 0+ states are suppressed due to the nuclear
structure [14]. Keeping in view the non-negligible β

decay strength corresponding to ground state transi-
tion, i.e., 40Ar(0+) → 40Cl∗(2−) [30], the Q-value
corresponding to this transition is taken. This being
the lowest Q value, gives the maximum contribution
for the antineutrino reactions in our model. In the case
of antineutrino reactions the results for the cross sec-
tions with Fermi function (solid line) are higher than

Fig. 4. Total cross section σ vs. E for ν̄e + 40Ar→ e+ +Cl∗ reac-
tion with Fermi function (solid line), modified effective momentum
approximation (dotted line). In the inset we have also shown the re-
sults of Bueno et al. [13] (dashed-dotted line).

the MEMA results (dotted line) for Eν ! 47 MeV but
become lower than the MEMA results (dotted line) for
Eν " 47MeV. In the inset we compare our results with
the results quoted by Bueno et al. [13] (dashed-dotted).
In this case an increase of 3 MeV in the Q-value re-
duces the cross section by 30%. The cross sections for
the antineutrino reactions are almost an order of mag-
nitude smaller than the cross sections for the neutrino
reactions. Therefore, an uncertainty of 20–30% in an-
tineutrino cross sections has no significant effect on
our predictions for the total absorption events due to
nuclear processes.
In Table 2, we present the number of expected

events for supernova explosion occurring at a dis-
tance of 10 kpc from earth, releasing an energy of
3× 1053 ergs. These event rate calculations have been
done for 3 kT argon detector corresponding to ⟨Eνe ⟩ =
11 MeV, ⟨Eν̄e⟩ = 16 MeV and ⟨Eνx (ν̄x)⟩ = 25 MeV
(x = µ, τ, µ̄, τ̄ ) and compare our results with the pre-
dictions of Bueno et al. [13] for supernova neutrino
spectrum with α = 0. The results show that the theo-
retical uncertainty due to nuclear model dependence in
predicting the total event rates for argon based detector
is not large.
There is, however, an additional parameter in pre-

dicting the estimated number of event rates corre-
sponding to two values of α = 0 and 3 used in de-
scribing the supernova spectrum. Using α = 3, we find
the total event rate of 204, which corresponds to a de-
crease of 20% as compared to the α = 0 supernova
neutrino spectrum (Table 2). Our results show that in
principle, it should be possible to differentiate between
the two models of supernova spectrum using liquid
40Ar detectors.
The results and discussions presented in this Letter

show that at low energies the neutrino absorption

Table 2
Expected event rates for a 3 kT argon detector for a supernova occurring at 10 kpc corresponding to ⟨Eνe ⟩ = 11 MeV, ⟨Eν̄e ⟩ = 16 MeV and
⟨Eνx ⟩ = 15 MeV x = µ, τ, µ̄, τ̄ . No threshold on electron energy has been applied

ν(ν̄) Reactions Present calculation Bueno et al. [13]
with α = 3 with α = 0 with α = 0

νe + 40Ar→ e− + 40K∗ 149 191 188
ν̄e + 40Ar→ e+ + 40Cl∗ 15 23 15
Total nuclear event rates 164 214 203
(νx + ν̄x)e− → (νx + ν̄x)e−
x = e,µ, τ

40 41 41

Total event rates 204 255 244

anti-ν charged current to Cl

Significant differences



Neutrinos in Matter

• Many studies in mean-field models, perhaps  
accurate enough in many cases

• Virial expansion should be accurate inhot dilute matter

• Should use same interactions/currents in nuclei and matter. 
More reliable constraints.

• Matter results are less directly connected to experiment 
for astrophysical energies, particularly for very neutron-rich  
matter.

Can we identify important regimes where more accuracy is required; 
similarities in nuclear and matter responses?



Status and Outlook

• Microscopic inputs reasonably well defined (interactions, currents)
• Future inputs on one- and two-nucleon level from lattice QCD
• Accurate calculations possible in light nuclei
• Critical for accelerator neutrino energies
• What future experiments on nuclei are most valuable?
• More realistic studies of neutrinos in matter (Reddy, Schwenk, …)
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|Ĥbulb

⌫⌫ |

R
ad

iu
s(

km
)

0

400

800

1200

1600

2000

0�

45�

90
�

13
5
�

180�

FIG. 3: Left: Color scale indicates the density within the shock front in a 15 M� progenitor core-collapse supernova 500 ms
after core bounce, during the shock revival epoch [57]. Right: E↵ect of the scattered neutrino halo for the matter distribution
at Left. Color scale indicates the ratio of the sum of the maximum (no phase averaging) magnitudes of the constituents of the
neutrino-neutrino Hamiltonian, |Ĥbulb

⌫⌫ | + |Ĥhalo

⌫⌫ |, to the contribution from the neutrinosphere |Ĥbulb

⌫⌫ |.

(e.g., the red curve in Fig. 2), in general, exhibit an av-
erage density profile that is / r�(2 to 3), which means
that |Ĥhalo

⌫⌫ |/|Ĥbulb

⌫⌫ | is expected to increase with radius.
Note, however, that though the relative contribution of
the halo may grow with radius, at su�ciently large dis-
tance from the proto-neutron star the neutrino-neutrino
potential ceases to be physically important.

Matter inhomogeneity, an essential feature of super-
nova explosion models [4–7, 57, 62, 63], adds complexity
to this issue. To study this e↵ect we use the 2D mat-
ter density distribution, Fig. 3, taken from a supernova
model derived from a 15M� progenitor [57]. This snap-
shot corresponds to 500ms after core bounce, during the
shock revival epoch, after the onset of the SASI [4, 5].
We mock up a full 3D density profile by cloning the 2D
profile into a 3D data cube. Starting with an initial flux
of neutrinos from the neutrinosphere [64], and taking all
baryons to be free nucleons, we use the full energy de-
pendent neutral current neutrino-nucleon scattering cross
sections [65] to calculate the number flux of neutrinos
scattered out of each spatial zone and into every other
spatial zone (retaining the necessary information about
relative neutrino trajectories between zones). We com-
pute the magnitude of |Ĥhalo

⌫⌫ | at each location in the 2D
slice that comprises the original density distribution.

In this example calculation the scattered halo is taken
to be composed of neutrinos which have su↵ered only a
single direction-changing scattering. Because the halo re-

gion is optically thin for neutrinos, multiple scatterings
become increasingly rare with radius and do not have a
geometric advantage in their contribution to |Ĥhalo

⌫⌫ | rel-
ative to singly-scattered neutrinos. Neutrinos which ex-
perience direction-changing scattering that takes them
into the same cone of directions as neutrinos forward
scattering from the neutrinosphere are counted as con-
tributing to the halo (these neutrinos contribute ⇠ 10�6

of the halo potential). As before, we neglect the e↵ects
of neutrino flavor oscillations. Fig. 3 shows the results
of this calculation out to a radius of r = 2000 km. Dis-
turbingly, neutrinos from the scattered halo in this 2D
model nowhere contribute a maximum magnitude less
than 14% of the neutrino-neutrino potential magnitude,
and in many places contribute 90% or more of the total.
Fig. 3 shows that matter inhomogeneities generate large
corresponding scattered halo inhomogeneities.

The inhomogeneity of the scattered halo is increased
by several scattering processes which have been omitted
from this illustrative calculation. We did not include
neutrino-electron scattering. This scattering process has
smaller cross sections and relatively forward peaked an-
gular distributions and therefore produces a subdominant
contribution to |Ĥhalo

⌫⌫ |. What is more important is that
our calculation leaves out what is likely the dominant
source of neutrino direction-changing scattering in the
low entropy regions of the supernova envelope: coherent
neutrino-nucleus neutral current scattering.


