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• Theory and computation 
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• Double Beta Decay
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The scale of neutrino interactions
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• Double Beta Decay (Majorana neutrinos)

• Accelerator: Neutrino Mass Hierarchy, CP violation

• BSM in beta decay 

• Nucleosynthesis in NS mergers, Supernovae

• Neutron Star cooling


Neutrino-Nucleus Interactions

• COHERENT: nuclear form factor

• Astrophysical energies (~50 MeV)

• Accelerator energies 

    quasi elastic, pion and delta, …, DIS




COHERENT Experiment at SNS

Low-energy neutrinos

• Observation of neutrino elastic scattering from entire nucleus

• Sensitive to the neutron distribution in the nucleus 

  Similar to parity-violating electron scattering (PREX, CREX, …)

• Also sensitive to Dark Matter and non-standard BSM neutrino-nucleus interactions

• Stopped pion source can also do inelastic measurements 

     neutrino-Ar scattering for detecting supernovae neutrinos from DUNE

• Astrophysical neutrinos more generally (neutrinos impact number of neutrons available for nucleosynthesis)



Astrophysical Energy Neutrinos (< 50 MeV)

Data on 12C from LSND, KARMEN  on nu-μ scattering to specific states

LSND used muon decay at rest ( 40 MeV) 
Best experiment uses electron capture (<3 MeV)

Projects on Ar cross sections underway for DUNE detectors

Vector currents can be constrained by electron scattering data

Neutrino Spectra from core-collapse SN


Multipole decomposition of Fe cross sections  
at 20 and 40 MeV


• Nucleosynthesis in core-collapse supernovae and neutron star mergers 
     depend upon neutrino cross sections (e.g. neutron to seed ratio, ….) 

• Cross sections on detector materials also very important

Limited data to date:

Much more data to come: 12C, 40Ar

              JSNS2 experiment uses proton target w/ Gd doping, prompt/delayed candidate 
                sensitive to energies up to ~50 MeV   
             12C K decay at rest  produces mono energetic neutrinos (236 MeV) 
                 ~5% backgrounds



Accelerator Neutrino Scattering
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed EQE

⌫ corresponds to a distribution
of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the ⌫e CCQE event selection requirements
with 200 < EQE

⌫ < 1250 MeV, compared to a back-
ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

⌫ < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.
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with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE
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in the figure, there is agreement among all three data
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corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.

MiniBoone (2018)

Need L/E for oscillation analysis

DUNE



Quasi-elastic scattering: neutrinos (and electrons)
• DUNE neutrino experiment 

   to measure neutrino mass hierarchy, CP violation


• A great deal of new data expected, near detector at FNAL (Ar)


• Electron scattering experiments (JLAB, …) help understand nuclear 
physics at scale of nucleon-nucleon separation and below  
( back-to-back final states, EMC effect,…) 


• Nuclear theory / computation to help constrain nuclear electroweak 
    response at QE energies



The scale of neutrino interactions: intermediate, ~0.1-20 GeV

11

Accelerator and atmospheric flux is ~0.1 GeV on 
up to 20+ GeV

- Range of CC and neutral current (NC) 
processes

Ann.Rev.Nucl.Part.Sci. 68 (2018)

Accelerator Neutrino Experiments

Flux versus Energy

CP violation sensitivity (DUNE)

DUNE



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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Quasi-elastic scattering: q ~ kF


Electron Scattering: 2 response functions


Neutrino/Antineutrinos:  5 response functions 

   vector and axial vector components

Compare to Electron Scattering



Superscaling in inclusive e-nucleus scattering

Different nuclei at the same kinematics


Superscaling: for the same kinematics, response looks

similar for different nuclei (q > kF )

Some basic Observations from Electron Scattering

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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Scaled longitudinal vs.  
transverse scattering from 12C

Incoherent Scattering from individual 

nucleons not the whole picture



Electron Scattering (q > kF)

scattering as being dominated by a single-nucleon knock
out. This fact also has implications for the nuclear weak
response probed in inclusive neutrino scattering induced by
charge-changing and neutral current processes. In particu-
lar, the energy dependence of the cross section is quite
important in extracting neutrino oscillation parameters. An
earlier study of the sum rules associated with the weak
transverse and vector-axial interference response functions
in 12C found [42] 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
antineutrino cross sections differ only in the sign of this
vector-axial interference response, and that this difference
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 Experiment (DUNE)[43].
We conclude by updating in Fig. 3 the results for the

Coulomb sum rule of 12C obtained in Ref. [5]. The
theoretical calculation (solid line) is identical to the one

reported in that work. In the present analysis of the
experimental data (empty and full circles), the inelastic
threshold has been assumed to correspond to the energy of
the 4þ state rather than to that of the 2þ state, as we have
explicitly accounted for the transitions to the low-lying
states. We recall that the empty circles are obtained by
integrating RLðq;ωÞ up to ωmax, the highest measured
energy transfer, while the full circles also include the “tail”
contribution for ω > ωmax and into the timelike region
(ω > 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 and 2, there is non-
vanishing strength in the timelike region (see in particular
the top panels of these figures which extend to ω > 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 Jπ ¼ 2þ, 0þ2 , and 4þ states. Given the choice of
normalization for SLðqÞ in Fig. 3, this contribution is
simply given by the sum of the squares—each multiplied
by Z ¼ 6—of the (longitudinal) transition form factors
listed in Table I. Among these, the dominant one is the form
factor to the 2þ state at a 4.44 MeV excitation energy. The
contributions associated with these states, in particular the
2þ state, were overlooked in the analysis of Ref. [5] and, to
the best of our knowledge, in all preceding analyses—the
difference between the total inelastic and quasielastic
strength alluded to earlier was not fully appreciated.
While they are negligible at large q (certainly at
q ¼ 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 describes
the electromagnetic response of 12C in the quasielastic
regime. The key features necessary for this successful

FIG. 2. Same as Fig. 1 but for the electromagnetic transverse
response functions. Because pion production mechanisms are not
included, the present theory underestimates the (transverse)
strength in the Δ peak region; see in particular the q ¼
570 MeV=c case.

FIG. 3. Coulomb sum rule in 12C: theory (black solid line
labeled 1bþ 2b) and analyses of experimental data (blue empty
and full circles labeled EXP-TR and EXP) are from Ref. [5]; the
(red square) data points, labeled EXP-TFF, include the contri-
butions of the low-lying Jπ ¼ 2þ, 0þ2 (Hoyle), and 4þ states,;
see the text for explanations.

PRL 117, 082501 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

19 AUGUST 2016

082501-4

Longitudinal (charge) scattering in 40Ca Transverse (current) scattering in 12C 

Note: Interaction moves charge strengths as a line in Fig. 3, and we observe that it decreases
with q. Second, for the continuum response we show a
band that reflects the uncertainty associated with the LIT
inversion and the model space, as we vary the harmonic
oscillator frequency ℏΩ from 18 to 20 and 22 MeV. As can
be seen in Fig. 3, for each momentum transfer we observe a
mild dependence on the interaction, the latter being
stronger at q ¼ 200 MeV=c. Comparing to the available
experimental data from Ref. [47], we find a generally very
good agreement, which is best for q ¼ 300 MeV=c. At
q ¼ 400 MeV=c, we see a quenching of the quasielastic
peak and an enhancement in the tail with respect to
experiment. We speculate that this could potentially be
explained by relativistic boost effects [43] or by the fact
that, especially at high q and high ω, we are reaching the
limits of applicability of chiral effective field theory set by
the regulator cutoff 450 MeV=c.
Finally, to quantify the effect of the final state interaction,

we will contrast the LIT-CC results with those of the simple
plane wave impulse approximation (PWIA). The point-
proton longitudinal response function is obtained in PWIA
assuming one outgoing free proton with mass m and a
spectator (A-1)-system with mass Ms,

RPWIA
L ðω; qÞ ¼

Z
dpnðpÞδ

!
ω −

ðpþ qÞ2

2m
−

p2

2Ms
− ωth

"
;

ð5Þ

and then augmented with nucleon electric form factors.
Here nðpÞ represents the proton momentum distribution
calculated from coupled-cluster theory using the NNLOsat
interaction, where c.m. corrections are found to be negli-
gible [48]. Unlike the LIT-CC results, the PWIA curves
shown in Fig. 3 are in poor agreement with the data: (i) they
miss the quasielastic peak position by up to 20 MeV,
(ii) they overestimate considerably the quasielastic peak
size by up to 40% and (iii) and they do not fully account for
the asymmetric shape of the response. The differences
between the LIT-CC and the PWIA results are very strong
at lower ω, where we observe that even for the highest
momentum transfers here considered q ¼ 400 MeV=c, we
describe the experimental data very well. This highlights
the importance of consistently including the final state
interaction.
In order to provide a prediction for future measurements

as opposed to a sole postdiction of existing data, we have
calculated also the q ¼ 200 MeV=c kinematics, where no
data exist yet. While this low-q range may be less important
for neutrino physics, this is where we have the largest
uncertainty band (range of low-q and low-ω). New precise
data could provide important tests of the ab initio nuclear
structure theory. An experimental program in this direction
is presently under development in Mainz [49].
Conclusions.—We performed an ab initio calculation of

the longitudinal response function of 40Ca and obtained very
good agreement with existing data. Our results are a proof of
principle that the LIT-CC method is suitable to deliver

(a) (b)

(c) (d)

FIG. 3. Longitudinal response of 40Ca for q ¼ 300, 350, 400 MeV=c for NNLOsat and ΔNNLOGOð450Þ potentials. For q ¼
200 MeV=c the strength of excited states was scaled by factor of 1=2 for better visibility. Experimental data taken from Ref. [47].
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Factorization at One (Spectral Fn) or Two-nucleon (STA) level 
component and the spectator nucleus, one can more easily incorporate relativistic kinemat-

ics and currents, pion production, and resonance production. Treating such e↵ects at the

two-nucleon level is vastly easier than calculating the same processes in a full A-nucleon

treatment. We expect that interference processes, for example di↵ernt processes leading to

pion production, may be important here as well.
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Can be used to begin to study exclusive final states: coupling to generators

I. INTRODUCTION

The scattering of electrons and neutrinos by nuclei is governed by the relevant electroweak

response functions. These are given in detail in Refs. [1, 2], generically they are given by:

RO(q,!) =

R
d⌦q

4⇡

X

f

h 0|O
†(q)| fih f |O(q)| 0i�(Ef � E0 � !), (1)

for all relevant electroweak current operators O. This can be equivalently written as a

current-current matrix element with the insertion of a real-time propagator in place of the

sum over final states:

RO(q,!) =

R
d⌦q

4⇡

Z
dt

2⇡
exp[i!t]h 0|O

†(q, t0) exp[�iHt]O(q, t = 0) 0i, (2)

The nuclear Hamiltonian is a sum of one-particle kinetic terms plus two- and three-nucleon

interactions: H =
P

i
�

~2
2mr

2
i
+

P
i<j

Vij +
P

i<j<k
Vijk. Similarly the current operators O

are written as a sum of one-, two- and in principle many-nucleon operators: O =
P

i
Oi +

P
i<j

Oij + ...

Calculations of nuclear response based upon realistic interactions and currents using

the imaginary-time formalism have been used to calculate electron[? ] and neutrino[?

] scattering. In this approach, one calculates the imaginary-time response RO(q, ⌧) =
R
exp[�!⌧ ]RO(q,!) through the imaginary-time correlation function, making the replace-

ment (t ! �i⌧) in Eq. 2. Quantum Monte Carlo methods can then be used to calculate

the relevant matrix elements. Since the nuclear response in the quasi-elastic region is fairly

smooth in the energy !, maximum entrop techniques are successful in obtaining the real-time

response from the imaginary time response.

This method has the advantage that final-state interactions and two-nucleon currents are

included completely, that these interactions and currents are tied to the same interaction

used to calculate the ground state | 0i, and that the current operators are the same as

those used to study other observables like nuclear form factors [, REF] low-energy transitions

including beta decay [, REF] and double beta decay [? , REF] The disadvantages of this

approach are that it is computationally intensive since it involves the propagation of the full

A-nucleon system, and that it provides direct information on only inclusive response, the

sum over all final states.

Other approaches including PWIA and spectral function approaches involve o↵-diagonal

density matrix elements of one (and sometimes two-) nucleons. However the propagation of

2
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Neutrinos in dense neutron matter

(Cooling of neutron stars)

Statics: structure factor S(q) in blue
Pair correlation function (spin-spin)

in red (inset)

Reconstructed response fns
vs. density (note assuming T > Tc)

Ignoring superfluid nature (T> Tc),
two-nucleon currents

Most of the response at high energies ~ EF 
Even though momentum transfer is low.

Analogous to RF response in cold atoms 
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Ties to fundamental symmetries: CKM unitarity

 low energy, mixed  Q

Superallowed beta decay 
Used to test unitarity of the CKM matrix 

Inner radiative corrections to nuclear beta decay

Involve connections to inclusive 

neutrino scattering

section, and note here that the splitting of the loop integral
into short-, long- and intermediate-distance contributions is
rather arbitrary, and so are the uncertainties assigned to
each contribution. It is our motivation to independently
reassess the model-dependent part of ΔR and the uncer-
tainty thereof in a data-driven dispersive approach.

III. DISPERSION REPRESENTATION OF THE
“INNER” γW-BOX CORRECTION TO gV

The γW-box correction is shown in Fig. 1 and is
defined as

TγW ¼ −
ffiffiffi
2

p
e2GFVud

×
Z

d4q
ð2πÞ4

ūeγμð=k − =qþmeÞγνð1 − γ5ÞvνT
γW
μν

q2½ðk − qÞ2 −m2
e&½1 − q2=M2

W &
;

ð12Þ

where k is the outgoing momentum of the electron. The
forward generalized Compton tensor for the β− decay
processWþn → γp (W−p → γn for the βþ process relevant
for nuclei) represented by the lower blob in Fig. 1 is given by

Tμν
γW ¼ 1

2

Z
dxeiq·xhpjT½JμemðxÞJνWð0Þ&jni ð13Þ

with the following definitions of the electromagnetic and
charged weak current:

Jμem ¼ 2

3
ūγμu −

1

3
d̄γμd;

JμW ¼ ūγμð1 − γ5Þd: ð14Þ

Notice that the definition of Tμν
γW above follows that in the

seminal paper by Sirlin [3]. The apparent extra factor of 1=2
is due to the difference in the normalization of the charged
weak current: Sirlin defined Jμw ¼ ūLγμdL (in the Vud ¼ 1
limit)whereas our definition is 2 times larger, as the latter is a
more commondefinition inmodern theory and experimental
papers.
As the box diagram contains only one heavy boson

propagator, it receives contribution from the loop momen-
tum q at all scales, ranging from infrared (i.e., q ∼me) to
ultraviolet. The infrared-singular piece inTγW , together with
the electron and proton wave function renormalization, as

well as the real-photon bremsstrahlung diagrams, give rise to
the Fermi function FðβÞ and the outer correction ḡðEmÞ
which are known analytically. In themeantime,most parts of
the inner corrections from TγW to gV are either exactly
known due to current algebra or depend only on physics at
high scale and are calculable perturbatively. The only piece
that depends on the physics at the hadron scale involves the
vector-axial vector correlator in Tμν

γW . Following a notation
similar to that in Ref. [4], we define its correction to the tree-
level W exchange Fermi amplitude as

TW þ TVA
γW ¼ −

ffiffiffi
2

p
GFVudð1þ□

VA
γWÞūe=pð1 − γ5Þvν; ð15Þ

so that it is straightforwardly connected to the universal
radiative correction ΔV

R via

□

VA
γW ¼ 1

2
ðΔV

RÞVAγW: ð16Þ

The explicit expression of □VA
γW is given by

□

VA
γW ¼ 4παRe

Z
d4q
ð2πÞ4

M2
W

M2
W þQ2

Q2 þ ν2

Q4

T3ðν; Q2Þ
Mν

;

ð17Þ

whereQ2 ¼ −q2, ν ¼ p · q=M withM the average nucleon
mass, and T3ðν; Q2Þ the parity-odd spin-independent
invariant amplitude of the forward Compton tensor Tμν

γW

defined through

Tμν
γW ¼

"
−gμν þ qμqν

q2

#
T1 þ

p̂μp̂ν

ðp · qÞ
T2 þ

iϵμναβpαqβ
2ðp · qÞ

T3;

ð18Þ

with p̂μ ¼ pμ − qμðp · qÞ=q2. Notice that since □

VA
γW is

insensitive to physics at the scale q ∼me, we have set me,
k → 0 as well as mn ¼ mp ¼ M to arrive at Eq. (17).
Furthermore, the fact that the electromagnetic current
comes as a mixture of an isoscalar and isovector permits
a decomposition of the forward amplitude in two isospin
channels:

T3 ¼ Tð0Þ
3 þ Tð3Þ

3 : ð19Þ

We apply Cauchy’s theorem to the definite isospin

amplitudes TðIÞ
3 ðν; Q2Þ (I ¼ 0, 3) accounting for their

singularities in the complex ν plane. These lie on the
real axis: poles due to a single nucleon intermediate state
in the s and u channels at ν ¼ 'νB ¼ ' Q2

2M, respectively,
and unitarity cuts at ν ≥ νπ and ν ≤ −νπ, where
νπ ¼ ð2Mmπ þm2

π þQ2Þ=ð2MÞ, mπ being the pion mass.
The contour is constructed such as to go around all these
singularities and is closed at infinity; see Fig. 2. The
discontinuity of the forward amplitude in the physical

FIG. 1. The γW-box diagram relevant for the neutron decay.
The blob represents the generalized forward Compton tensor.
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treatment on the example of the quasielastic contribution to
the γW-box calculation on nuclei.

VII. NUCLEAR CONTRIBUTIONS TO THE □VA
γW

FOR NUCLEAR DECAYS

When extracting Vud from superallowed Fermi transi-
tions, one must consider modifications of the free-nucleon
matrix elements due the presence of the nuclear environ-
ment. The standard approach to organizing the radiative
corrections to nuclear β decay followed in Refs. [4,5,44] is
summarized in Eq. (1). The quantity appearing in the
denominator is universal, nucleus independent, and related
to the measured ft values as

F tð1þ ΔV
RÞ ¼ ftð1þ δ0RÞð1 − δC þ δNSÞð1þ ΔV

RÞ: ð54Þ

Here, δ0R is the nuclear charge-dependent outer correction;
δC corrects the matrix element of the Fermi operator for the
nucleus-dependent isospin symmetry breaking effects; ΔV

R
stands for the universal part that stems from the γW box on
a free nucleon; and δNS accounts for nuclear structure
corrections within the γW box. The latter two corrections
combined together should be understood as the γW box
evaluated on a nucleus, with the inclusive nuclear and
hadronic intermediate states taken into account.
In the context of dispersion relations, it is useful to

visualize these contributions in terms of the nuclear
response to an external lepton in a manner analogous to
what is shown in Fig. 4. To that end, we show in Fig. 8 an
idealized structure of the nuclear electroabsorption spec-
trum. While the shape in the hadronic regime is similar to
that for a free nucleon in Fig. 4, the lower part of the nuclear
spectrum contains nuclear resonances and the QE peak.
The latter includes the one-nucleon knockout as well as the
knockout of two or more nucleons in a single scattering
process. The nuclear structure correction δNS thus accounts
for the additional features of the electroabsorption spectrum
on nuclei as compared to that on a free nucleon.
The γW box on a nucleus should in principle be

calculated in using the full nuclear Green’s function.
Doing so is challenging, however, since the latter should
be known in the full kinematical range to describe all the

effects from lowest-lying nuclear excitations to shadowing
at high energies. In practice, the nuclear modifications of
the γW box have been calculated using the nuclear shell
model with a semiempirical Woods-Saxon potential
(WSSH) [5] and nuclear density functional theory [45].
Attempts to address the calculation of δC in nuclear
approaches other than WSSH suggest that the understand-
ing of the nuclear structure corrections may not be at the
level needed to warrant the current ∼2 × 10−4 relative
precision of the F t values [46,47]. We refer the reader to a
detailed discussion in Ref. [5], which contains the list of
relevant calculations and the critique to those from the
standpoint of semiempirical Woods-Saxon potential shell
model advocated by the authors of that reference.
In what follows, we focus on the modification of the free-

nucleon Born correction ðα=2πÞCB due to the presence of
the QE response. We defer a treatment of the other features
of the low-lying nuclear spectrum to future work. To
proceed, we recall that the procedure for dividing the full
γW box on a nucleus into a universal and nucleus-
dependent corresponds to rewriting identically

□

VA;Nucl
γW ¼ □

VA;free n
γW þ ½□VA;Nucl

γW −□

VA;free n
γW &: ð55Þ

The first term is then absorbed inΔV
R , while the second term

makes part of δNS:

α
2π

Cfree n
B ⊂ □

VA;free n
γW ⊂ ΔV

R;

2½□VA;Nucl
γW −□

VA;free n
γW &≡ δNS: ð56Þ

Note that no approximation has been made at this step.
As a matter of self-consistency, one should compute the

two terms entering δNS in a common framework. In
practice, different approaches have been utilized to date.
The free-nucleon term has been evaluated using phenom-
enological input from intermediate- and high-energy data
as described in the previous sections. The second (nuclear)
term is at present calculated in nonrelativistic nuclear
models. The procedure of subtracting the former from
the latter may introduce additional model dependence,
raising concerns about additional as of yet unquantified
theoretical uncertainty. We observe that such uncertainty
would have to be primarily of a systematic, nucleus-
independent nature so as not to spoil the present agreement
with the CVC property of the charged current weak
interaction. In this section we argue that with the use of
dispersion relations one may evaluate both the free-nucleon
term and the nuclear γW-box correction on an equal
footing. In doing so, we will show that the previous
treatment of the latter has, indeed, omitted an important,
universal nuclear correction.
Working with the nucleons as the relevant degrees of

freedom for describing the nuclear structure, the γW-box
calculation has two generic contributions: one arising from

FIG. 8. Idealized structure of virtual photoabsorption on a
nucleus.
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Idealized structure of nuclear  
 virtual photoabsorption.

Quasielastic contrition is significant 
Present evaluation is a bit simplified

CQE − CB ¼ −0.47" 0.14: ð74Þ

We observe that the nuclear environment reduces the size
of the elastic box correction by about a half. This effect can
be qualitatively understood by noticing the ∼1=ν2 weight-
ing under the integral in Eq. (66). In the free-nucleon case,
the Q2 integration starts at zero, and so does the ν
integration since ν ¼ Q2=ð2MÞ. In nuclei, binding effects
shift that threshold to a finite value ν ¼ Q2=ð2MAÞ þ ϵ̄.
Pauli blocking provides an additional source of reduction.
Indeed, Ref. [30] observed the analogous effect of Pauli
blocking upon the γZ-box contribution to parity violation
in heavy atoms. We checked that in the limit ϵ̄; kF → 0 we
recover the Born contribution on a free nucleon.
For a meaningful comparison with Refs. [44,50], we

extract the average of their estimates for 20 decays,
½qð0ÞS qA − 1'CB ¼ −0.25ð6Þ, and notice a significantly
larger magnitude of the nuclear modification in our
approach. This means that, retaining all other nuclear
corrections in Ref. [5], the universal F t value should be
corrected by

α
π
ðCQE − qð0ÞS qACBÞ ¼ −ð5.1" 3.2Þ × 10−4; ð75Þ

leading to a new estimate

F̄ t¼3072.07ð63Þs→ ½F̄ t'new¼3070.50ð63Þð98Þs; ð76Þ

with the second uncertainty stemming from that of the QE
contribution.
This shift in the F t value partially cancels the large shift

in the value of Vud that followed from the new dispersion
evaluation of ΔV

R in the previous section,

jVnew
ud j ¼ 0.97370ð14Þ → jVnew;QE

ud j ¼ 0.97395ð14Þð16Þ:
ð77Þ

The corresponding change in the test of first-row CKM
unitarity reads

jVudj2 þ jVusj2 þ jVubj2 ¼ 0.9984" 0.0004

→ jVudj2 þ jVusj2 þ jVubj2 ¼ 0.9989" 0.0005: ð78Þ

The result in Eq. (78) is 2.2 standard deviations away from
exact unitarity and within one standard deviation from the
current PDG value, jVudj2 þ jVusj2 þ jVubj2 ¼ 0.9994"
0.0005.
We can relate this new result for the F t value with the

observation made in Ref. [37] for the free-neutron decay.
While the lifetime and the axial charge individually are not
very precisely known at present, a combination of them
τnð1þ 3λ2Þ forms a constant which is independent of the
uncertainty in ΔR;ΔV

R:

τnð1þ 3λ2Þ ≈ 1.70865
1þ ΔV

R

1þ ΔR
F t ¼ const: ð79Þ

The constant depends on nuclear-structure effects via the
F t value: while Ref. [37] obtains const ¼ 5172.0ð1.1Þs
based on the analysis of Ref. [5], our evaluation of the
QE contribution shifts this value to a lower value of
5169.7ð2.0Þs.
As mentioned above, we consider this new dispersion

relation-based estimate of the quasielastic nuclear correc-
tion as exploratory since it is based on a simple free Fermi
gas model and is not yet directly validated by experimental
data. This motivated us to assign a generous 30% model
uncertainty to the quasielastic result. A future evaluation
that will use a more sophisticated model of quasielastic
nuclear response will certainly decrease this uncertainty
while also being able to address the dependence of this
correction on the final nucleus charge Z. We postpone this
calculation to a future work. With these reservations, we
believe that our new evaluation of the “quenched Born
contribution” is much better justified, as compared to the
earlier approach of Ref. [44] used in computing δNS. The
dispersion relation approach also provides the basis for a
unification of the universal correction ΔV

R and the nuclear
structure-dependent correction δNS within the same frame-
work. To further advance the evaluation of these correc-
tions, the following steps will be necessary: (i) more
advanced calculations of the QE single-nucleon knockout
contribution using up-to-date nuclear theory and validated
by experimental QE data; (ii) advanced calculations of the
QE two-nucleon knockout that is the main contribution to
δNS, which should also be confronted with the experimental
data; (iii) new computations of the contributions to δNS
from low-lying nuclear states that directly incorporate the
dynamics responsible for the observed quenching of spin-
flip transitions; (iv) computations that include nuclear
shadowing effects which may affect the evaluation of
ΔV

R on a nucleus and have not been considered in the
literature. To set up this research program, a close co-
operation between particle and nuclear theorists and exper-
imentalists will be crucial.

VIII. RELATION TO eN-SCATTERING DATA

Besides making use of the neutrino scattering data,
one other possibility to probe the γW interference matrix
element in experiment is to relate it to the γZ matrix
element which can be measured in PV eN scattering
through isospin symmetry. To illustrate this point, we first
define a set of rank-one spherical tensors in the isospin
space using the axial current Aμ

i ¼ q̄γμγ5τiq:

A"1;μ
1 ¼ ∓ 1ffiffiffi

2
p ðAμ

1 " iAμ
2Þ;

A0;μ
1 ¼ Aμ

3 ð80Þ
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CQE − CB ¼ −0.47" 0.14: ð74Þ

We observe that the nuclear environment reduces the size
of the elastic box correction by about a half. This effect can
be qualitatively understood by noticing the ∼1=ν2 weight-
ing under the integral in Eq. (66). In the free-nucleon case,
the Q2 integration starts at zero, and so does the ν
integration since ν ¼ Q2=ð2MÞ. In nuclei, binding effects
shift that threshold to a finite value ν ¼ Q2=ð2MAÞ þ ϵ̄.
Pauli blocking provides an additional source of reduction.
Indeed, Ref. [30] observed the analogous effect of Pauli
blocking upon the γZ-box contribution to parity violation
in heavy atoms. We checked that in the limit ϵ̄; kF → 0 we
recover the Born contribution on a free nucleon.
For a meaningful comparison with Refs. [44,50], we

extract the average of their estimates for 20 decays,
½qð0ÞS qA − 1'CB ¼ −0.25ð6Þ, and notice a significantly
larger magnitude of the nuclear modification in our
approach. This means that, retaining all other nuclear
corrections in Ref. [5], the universal F t value should be
corrected by

α
π
ðCQE − qð0ÞS qACBÞ ¼ −ð5.1" 3.2Þ × 10−4; ð75Þ

leading to a new estimate

F̄ t¼3072.07ð63Þs→ ½F̄ t'new¼3070.50ð63Þð98Þs; ð76Þ

with the second uncertainty stemming from that of the QE
contribution.
This shift in the F t value partially cancels the large shift

in the value of Vud that followed from the new dispersion
evaluation of ΔV

R in the previous section,

jVnew
ud j ¼ 0.97370ð14Þ → jVnew;QE

ud j ¼ 0.97395ð14Þð16Þ:
ð77Þ

The corresponding change in the test of first-row CKM
unitarity reads

jVudj2 þ jVusj2 þ jVubj2 ¼ 0.9984" 0.0004

→ jVudj2 þ jVusj2 þ jVubj2 ¼ 0.9989" 0.0005: ð78Þ

The result in Eq. (78) is 2.2 standard deviations away from
exact unitarity and within one standard deviation from the
current PDG value, jVudj2 þ jVusj2 þ jVubj2 ¼ 0.9994"
0.0005.
We can relate this new result for the F t value with the

observation made in Ref. [37] for the free-neutron decay.
While the lifetime and the axial charge individually are not
very precisely known at present, a combination of them
τnð1þ 3λ2Þ forms a constant which is independent of the
uncertainty in ΔR;ΔV

R:

τnð1þ 3λ2Þ ≈ 1.70865
1þ ΔV

R

1þ ΔR
F t ¼ const: ð79Þ

The constant depends on nuclear-structure effects via the
F t value: while Ref. [37] obtains const ¼ 5172.0ð1.1Þs
based on the analysis of Ref. [5], our evaluation of the
QE contribution shifts this value to a lower value of
5169.7ð2.0Þs.
As mentioned above, we consider this new dispersion

relation-based estimate of the quasielastic nuclear correc-
tion as exploratory since it is based on a simple free Fermi
gas model and is not yet directly validated by experimental
data. This motivated us to assign a generous 30% model
uncertainty to the quasielastic result. A future evaluation
that will use a more sophisticated model of quasielastic
nuclear response will certainly decrease this uncertainty
while also being able to address the dependence of this
correction on the final nucleus charge Z. We postpone this
calculation to a future work. With these reservations, we
believe that our new evaluation of the “quenched Born
contribution” is much better justified, as compared to the
earlier approach of Ref. [44] used in computing δNS. The
dispersion relation approach also provides the basis for a
unification of the universal correction ΔV

R and the nuclear
structure-dependent correction δNS within the same frame-
work. To further advance the evaluation of these correc-
tions, the following steps will be necessary: (i) more
advanced calculations of the QE single-nucleon knockout
contribution using up-to-date nuclear theory and validated
by experimental QE data; (ii) advanced calculations of the
QE two-nucleon knockout that is the main contribution to
δNS, which should also be confronted with the experimental
data; (iii) new computations of the contributions to δNS
from low-lying nuclear states that directly incorporate the
dynamics responsible for the observed quenching of spin-
flip transitions; (iv) computations that include nuclear
shadowing effects which may affect the evaluation of
ΔV

R on a nucleus and have not been considered in the
literature. To set up this research program, a close co-
operation between particle and nuclear theorists and exper-
imentalists will be crucial.

VIII. RELATION TO eN-SCATTERING DATA

Besides making use of the neutrino scattering data,
one other possibility to probe the γW interference matrix
element in experiment is to relate it to the γZ matrix
element which can be measured in PV eN scattering
through isospin symmetry. To illustrate this point, we first
define a set of rank-one spherical tensors in the isospin
space using the axial current Aμ

i ¼ q̄γμγ5τiq:

A"1;μ
1 ¼ ∓ 1ffiffiffi

2
p ðAμ

1 " iAμ
2Þ;

A0;μ
1 ¼ Aμ

3 ð80Þ

DISPERSIVE EVALUATION OF THE INNER RADIATIVE … PHYS. REV. D 100, 013001 (2019)

013001-15



Double Beta decay

and the search for lepton number violation / Majorana Neutrinos

Low Energy Transition: 
Traditional  neutrino exchange - long range (1/r) propagator


Two nucleon EW currents

New contact Operator




Neutrino-nucleus interactions

and fundamental symmetries

• Nuclear Physics with neutrinos is important in astrophysics


• Nucleosynthesis and supernovae / neutron star mergers


• Neutron star cooling


• And in Fundamental Symmetries/ BSM Physics


• Neutrinoless double beta decay


• CKM unitarity via super allowed beta decay


• Accelerator neutrinos : mass hierarchy and CP violation 

• Theory/computation can make valuable contributions


