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Neutrino Oscillations and cross sections
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Detectors measure the neutrino interaction rate:

Ne(Erec, L) /
X

i

�e(E,L)�i(E)f�i(E,Erec)dE
l-

Cross Section

v

Smearing 
matrixReconstructed 

ν energy    

A precise determination of σ(E) is crucial to extract ν oscillation parameters



How do we describe a nucleus
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We start from the interaction 
between a proton and a neutron

We iterate to obtain more 
complex structures

Nuclear properties are 
self-emerging
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Different reaction mechanisms contributing to 
lepton-nucleus cross section



A closer look to our Results

Super-Kamiokande Detector: 50 kton 
water, ~11000 photomultiplier tubes 
(PMT) placed 1000 m underground
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FIG. 4. MiniBooNE flux-folded double differential cross sections per target neutron for νµ-CCQE scattering on 12C, displayed
as a function of the muon kinetic energy (Tµ) for different ranges of cos θµ. The experimental data and their shape uncertainties
are from Ref. [46]. The additional 10.7% normalization uncertainty is not shown here. Calculated cross sections are obtained
with ΛA =1.0 GeV.

E ≈ 20 MeV). The remaining terms in the δ-function
are the final energies of the struck nucleon and recoiling
(A–1) system of mass mA−1. From these RPWIA

αβ we ob-
tain the corresponding flux-folded cross sections shown
in Figs. 4 and 5 by the short-dashed (black) line labeled
PWIA. Also shown in this figure by the dot-dashed (pur-
ple) line (labeled PWIA-R) are PWIA cross sections ob-
tained by first fixing the nucleon electroweak form factor
entering xαβ(p,q,ω) at Q2

qe, and then rescaling the vari-
ous response functions by ratios of these form factors, as
indicated in Sec. II B.

A couple of comments are in order. First, the cross
sections in PWIA are to be compared to those obtained
with the GFMC method by including only one-body cur-
rents (curves labeled GFMC 1b): they are found to be
systematically larger than the GFMC predictions, par-
ticularly at forward angles. Furthermore, it appears that
the (spurious) excess strength in the PWIA cross sections
(in the same forward-angle kinematics) matches the in-

crease produced by two-body currents in the GFMC cal-
culations (difference between the GFMC 1b and GFMC
12b curves). This should be viewed as accidental.

Second, the PWIA and PWIA-R cross sections are
very close to each other, except in the ν case at back-
ward angles. In this kinematical regime there are large
cancelations between the dominant terms proportional
to the transverse and interference response functions; in-
deed, as θµ changes from 0◦ to about 90◦, the ν cross
section drops by an order of magnitude. As already
noted, these cancellations are also observed in the com-
plete (GFMC 12b) calculation, and lead to the rather
broad uncertainty bands in Fig. 5. Aside from this qual-
ification, however, the closeness between the PWIA and
PWIA-R results provides corroboration for the validity
of the rescaling procedure of the electroweak form fac-
tors, needed to carry out the GFMC computation of the
Euclidean response functions.
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Our results for the T2K experiment. We 
compared theoretical calculations with 
experimental data of neutrino 
interactions with nuclei in the SK 
detector 



Interplay with BSM scenarios
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FIG. 6: Expected sensitivity to the transition magnetic moment ⌫µ�N from DBs signals in the DUNE LAr

near detector. The CHARM-II and NOMAD bounds are reproduced from Ref. [16].

for both scenarios within the spectral function formalism, and a proper treatment of the kinematic

effects due to the nonzero HNL mass.

We have shown that an analysis of current Super-K data may be able to set new and competitive

bounds, especially in the HNL mass range 0.3-1 GeV for the mixing scenario. We have also found

that DUNE will be able to extend this bound by roughly half an order of magnitude using the

DUNE beam flux. This is contrast with the atmospheric neutrinos which do not extend the bounds

in the allowed mass range. We have also examined the bounds on active-heavy transition magnetic

moments and find that Super-K may be able to considerably improve over the DONUT bounds on

tau-flavored transition moments.

Our analysis may be improved on several fronts. First, we are only including QE and DIS

events in our signal rates, and the inclusion of resonant scattering processes will only improve the

sensitivity further. Second, a detailed analysis of the backgrounds for LAr TPC detectors may

reveal additional handles which could be used to reduce the minimum separation between the two

events while keeping a good signal-to-background ratio. Finally, a third possibility could be to

go beyond the QE and DIS contributions considered here for the magnetic moment scenario and

also include the coherent contributions to ⌫ ! N up-scattering, where the interaction takes place

with the whole nucleus. Although this would considerably enhance the signal rate [17, 20, 21], it
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Expected sensitivity to the transition 
magnetic moment νμ − N from DBs 
signals in the DUNE LAr near detector 
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Figure 2. The CCQE differential cross sections for neutrinos scattering on an oxygen target, as a
function of the neutrino energy. We show results for ⌫µ scattering (left panel) and for ⌫⌧ scattering
(right panel). The cross sections for ⌫e scattering are very similar to those for ⌫µ in the energy range
considered here. The different colored curves correspond to operators with different Lorentz structures,
with the SM (LL) case shown in gray. For interactions depending on the axial form factor, we compare
different parameterizations of that form factor: the dipole from eq. (2.18) (dotted), the z-expansion
fitted to neutrino–deuteron scattering data (dashed) and lattice QCD results (solid). The shaded area
between these lines indicates the degree of uncertainty coming from the axial form factor. Dot-dashed
lines correspond to the neutrino–nucleon (as opposed to neutrino–nucleus) cross sections, which we
show for comparison.

table 2. This affects the SM contribution as well as many types of new interactions, no-
tably those with right-handed and pseudoscalar Lorentz structures. We see that using
lattice QCD, which predicts a larger form factor, as input leads to cross sections that
are larger by an O(1) factor than those based on the dipole form factor or neutrino–
deuteron scattering. Discrepancies are largest in the multi-GeV energy range which is
most relevant to long-baseline experiments like DUNE. Note, however, that the large
uncertainties affect mostly the normalization of the cross section, not the energy de-
pendence. Therefore, the energy spectrum of observed neutrino events can be used to
distinguish different types of new interactions.

3. Nuclear effects are crucial even at multi-GeV energies, in contradiction to the widespread
assumption that neutrino scattering on free nucleons is a good approximation in the
calculation of the CCQE cross sections at large q2. This is particularly apparent for
tensor interactions (dark red in fig. 2) at energies � 4GeV.
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Neutrino cross sections in the quasi elastic regime, for 
arbitrary Weak EFT interactions 

Z. Tabrizi, J. Kopp, NR,  JHEP 08 (2024) 187


