
     May/2019                                                                                                                                                                   pmachado@fnal.gov

Pedro A. N. Machado
May 2019

Neutrino-nucleus interactions from a neutrino phenomenology 
point of view

John Campbell
DOE Comparative Review
11 July 2018

Perturbative QCD:
applications to Higgs physics, Dark Matter and Exploring the Unknown

mailto:pmachado@fnal.gov?subject=


May/2019 P.A.N. Machado | Neutrino-nucleus interactions from a neutrino phenomenology point of view                               pmachado@fnal.gov2

Why do we need to:

1) Reconstruct incoming neutrino energy?

2) Reconstruct incoming neutrino direction?

3) Properly calculate backgrounds?

Answer with examples:

1) Precision oscillation physics

2) Atmospheric neutrinos

3) Short-baseline anomalies and new physics searches
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Case 1: Neutrino energy and precision oscillation physics

Neutrino oscillation is an energy dependent phenomenon

(simplified 2 flavor oscillations in vacuum)

Exact 2-flavor in vacuum

P (⌫µ ! ⌫µ) = 1� sin2 2✓ sin2
✓
1.27

�m2[eV2]L[km]

E[GeV]

◆

Smeared
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Case 1: Neutrino energy and precision oscillation physics

Difficulty 1: Beam neutrinos are produced via QCD…
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Case 1: Neutrino energy and precision oscillation physics

Difficulty 1: Beam neutrinos are produced via QCD…

Difficulty 2: Most useful neutrino energies: 0.4 ~ 5 GeV scale

Produce muons: Eν above 100 MeV

Δm2 L/E = 1 implies L/E = 400 km/GeV

12
,7

42
 k

m

Neutrino-electron scattering cross section is too small for our needs
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Case 1: Neutrino energy and precision oscillation physics
What do we measure?

Detector dependent but

 - Charged leptons

 - Charged hadrons

 - Sometimes the presence of neutrons

This is used to infer the neutrino energy…
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Case 1: Neutrino energy and precision oscillation physics
What do we measure?

Detector dependent but

 - Charged leptons

 - Charged hadrons

 - Sometimes the presence of neutrons

This is used to infer the neutrino energy…

DUNE flux

Probability

Cross section
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Case 1: Neutrino energy and precision oscillation physics
What do we measure?

Detector dependent but

 - Charged leptons

 - Charged hadrons

 - Sometimes the presence of neutrons

This is used to infer the neutrino energy…

mailto:pmachado@fnal.gov


May/2019 P.A.N. Machado | Neutrino-nucleus interactions from a neutrino phenomenology point of view                               pmachado@fnal.gov9

Case 1: Neutrino energy and precision oscillation physics
What do we measure?

Detector dependent but

 - Charged leptons

 - Charged hadrons

 - Sometimes the presence of neutrons

This is used to infer the neutrino energy…
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Case 1: Neutrino energy and precision oscillation physics
What do we measure?

Detector dependent but

 - Charged leptons

 - Charged hadrons

 - Sometimes the presence of neutrons

This is used to infer the neutrino energy…

Coloma et al 1311.4506
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Case 1: Neutrino energy and precision oscillation physics
What do we measure?

Detector dependent but

 - Charged leptons

 - Charged hadrons

 - Sometimes the presence of neutrons

This is used to infer the neutrino energy…

Coloma et al 1311.4506

DUNE-PRISM concept: movable near detector to disentangle 
neutrino interaction effects from the neutrino flux
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Case 1: Neutrino energy and precision oscillation physics

Uncertainties on neutrino interactions will play an important 
role on the precision neutrino physics program

Mis-modeling neutrino interactions can lead to wrong results

Wish list:

- Characterize impact of neutrino interaction uncertainties on 
oscillation parameter measurement. What exactly do we need 
to know/calculate?

- Systematically evaluate the impact of DUNE-PRISM. How 
much can we rely on it?
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Case 2: Neutrino direction and atmospheric neutrinos
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Case 2: Neutrino direction and atmospheric neutrinos

mailto:pmachado@fnal.gov


May/2019 P.A.N. Machado | Neutrino-nucleus interactions from a neutrino phenomenology point of view                               pmachado@fnal.gov15

Case 2: Neutrino direction and atmospheric neutrinos

�m2 cos ✓ = 2
p
2E⌫GFne
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Case 2: Neutrino direction and atmospheric neutrinos

MSW resonance (Δm231): 

 – mass ordering, small CP effect

 – broad zenith, needs Eν

�m2 cos ✓ = 2
p
2E⌫GFne

MSW resonance condition
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Case 2: Neutrino direction and atmospheric neutrinos

MSW resonance (Δm221): 

 – Solar splitting, large CP effect

 – broad Eν, needs pointing
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Case 2: Neutrino direction and atmospheric neutrinos

LArTPCs are ideal for the low energy:

 – Low thresholds (Kp > 21 MeV in ArgoNeuT!)

 – Detailed, 3D event reconstruction
ArgoNeuT 1810.06502

P(νe > νe)
sin22θ13 = 0.12

E n
eu

tri
no

 [G
eV

]
0.

1 
   

   
   

   
   

1 
   

   
   

   
   

10
   

   
   

   
  1

00

θzenith
180     150   120     90

Akhmedov et al 0804.1466

mailto:pmachado@fnal.gov


May/2019 P.A.N. Machado | Neutrino-nucleus interactions from a neutrino phenomenology point of view                               pmachado@fnal.gov19

Case 2: Neutrino direction and atmospheric neutrinos
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Case 2: Neutrino direction and atmospheric neutrinos
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Understanding nucleus ground state and 
final state interactions will be crucial to have 

a measurement of δCP independent from beam neutrinos
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Double neutrino-mode data in 
2016-2017

(6.46×1020 + 6.38×1020 POT)

Event excess: 381.2 ± 85.2 (4.5σ) 

Case 3: SM backgrounds and new physics
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The MiniBooNE anomaly

Double neutrino-mode data in 
2016-2017

(6.46×1020 + 6.38×1020 POT)

Event excess: 381.2 ± 85.2 (4.5σ) 

Is this new physics? 

What about e.g. coherent π0 and gamma backgrounds?see e.g. 
Rein Sehgal 1981
Alvarez-Ruso Nieves Wang 2015

Volume 104B. number 5 PHYSICS LETTERS 10 September 1981 

COHERENT PRODUCTION OF PHOTONS BY NEUTRINOS 

D. REIN and L.M. SEHGAL 
III. Physikalisches Inst itut , Technische Hochschule, Aachen, West  Germany 

Received 26 May 1981 

The reaction v + N -+ v + N + y, involving the coherent emission of a photon in a neutrino-nucleus collision, can pro- 
duce “single shower” events that simulate the reaction v + e -t v + e. The ratio of coherent photons to electrons (for an 
27A1 target) is estimated to be 40% at E, = 2 GeV and 10% at E, = 20 GeV. We examine the extent to which the “excess” 
of showers seen in the Aachen-Padova experiment could be understood by this mechanism. 

In the study of neutrino interactions with matter, 
one must expect to encounter, with a frequency 
10-2-10-3, final states containing a direct (hard) 
photon in addition to the usual outgoing lepton and 
hadron system. Among such channels, there is one 
that possesses an exceptionally distinctive signature. 
This is the reaction 

v+N-+v+N+y, (1) 

in which a photon is emitted in a coherent interaction 
of the neutrino with the target nucleus N, the nucleus 
recoiling without break-up. Such events will manifest 
themselves as a single-photon shower within a narrow 
forward cone, with no other visible particle. This is 
precisely the signature that also characterises the 
process 

u+e+vte (2) 

in any experiment that fails to distinguish between 
showers of electron or photon origin. The reaction 
(1) thus becomes relevant as a possible background 
to measurements of neutrino-electron scattering, 

The question of a background of this nature has 
assumed urgency because of an indication [l] that 
the data obtained in the Aachen-Padova experiment 
[2] contain more single-shower events close to the 
forward direction than expected from the process 
(2), as calculated in the standard theory. This has 
prompted the speculation that htis experiment may 
have recorded the electromagnetic decay [l] or inter- 

action [3] of a new type of neutral particle (the 
axion?) that accompanies the neutral beam [4]. The 
purpose of this letter is to examine carefully the mag- 
nitude and distribution of the coherent photon pro- 
cess (1) to see to what extent this could explain the 
observations in ref. [ 11. Our considerations have a 
bearing also on other experiments [5] aimed at a 
measurement of the neutrino-electron cross section. 

The process we wish to analyse is depicted in fig. 1. 
The requirement of coherence implies that the am- 
plitude is proportional to the nuclear form factor 
FN(t) and so is confined to values ItI 2 Re2 R being 
the nuclear radius. This implies, in particular, that 
the kinetic energy of the nuclear recoil is negligible, 
so that the energy of the incoming neutrino is shared 
between the outgoing neutrino and the photon: 

E=E’tE,. (3) 

In addition the 3-momenta are constrained by the re- 
lation ]p - p’ - k] 2 R-l, which has the effect of 
collimating the angle of the outgoing photon relative 
to the incident neutrino direction: 

Fig. 1. Diagram and kinematical labels for uN -f vNy. 

394 0 031-9163/Sl/OOOO-0000/$02.50 @North-Holland Publishing Company 
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ZD

2

the ZD can only decay to electrons and light neutrinos. The dark neutrino decay width into ZD + ⌫0s is simply
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while the ZD decay width into e+e� and light neutrinos
are, respectively,

�ZD!e+e� ⇡
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3
mZD , (4)

and

�ZD!⌫⌫ =
↵D
3

�
1� |UD4|

2
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We observe that as long as ↵✏2 � ↵D(1 � |UD4|
2)2, ZD

will mainly decay into e+e� pairs.
We want both ND and ZD to decay promptly. Tak-

ing the typical energy END , EZD ⇠ 1 GeV, and as-
suming for simplicity |Ue4|

2, |U⌧4|
2

⌧ |Uµ4|
2, we can

estimate � c ⌧ND ⇡ 2 ⇥ 10�9/(m2
ND

[MeV2]↵D |Uµ4|
2)

cm and � c ⌧ZD ⇡ 2 ⇥ 10�7/(m2
ND

[MeV2]↵✏2) cm, for
mZD = mND/5. So for ↵D ⇠ 0.25, |Uµ4|

2
⇠ 10�4 and

↵✏2 ⇠ 3⇥10�9, mND & 20 MeV would guarantee prompt
decay for both particles. We will see shortly that mND

and mZD between a few tens to a few hundred of MeV is
exactly what is needed to explain the experimental data.

Analysis and results.—The MiniBooNE experiment is
a pure mineral oil (CH2) detector located at the Booster
Neutrino Beam line at Fermilab. The Cherenkov and
scintillation light emitted by charged particles traversing
the detector are used for particle identification and neu-
trino energy reconstruction, assuming the kinematics of
CCQE scattering. MiniBooNE has observed an excess of
381± 85.2 (79.3± 28.6) electron-like events over the esti-
mated background in neutrino (antineutrino) beam con-
figuration in the energy range 200 < Erec

⌫ /MeV < 1250
corresponding to 12.84 ⇥ 1020 (11.27 ⇥ 1020) protons on
target [18].

Our proposal to explain MiniBooNE’s low energy ex-
cess from the production and decay of a dark neutrino
relies on the fact that MiniBooNE cannot distinguish a
collimated e+e� pair from a single electron. Muon neu-
trinos produced in the beam would up-scatter on the min-
eral oil to dark neutrinos, which will subsequently lead
to ZD ! e+e� as shown schematically in Fig. 1. If ND is
light enough, this up-scattering in CH2 can be coherent,
enhancing the cross section. To take that into account,
we estimate the up-scattering cross section to be

�total

proton
=

1

8
F 2(Er)�

coh
C +

✓
1�

6

8
F 2(Er)

◆
�p, (6)

where F (Er) is the nuclear form factor [21] for Carbon,
while �coh

C and �p are the elastic scattering cross sections

FIG. 1. Contributions to the cross section that in our model
gives rise to MiniBooNE’s excess of electron-like events.

on Carbon and protons, which can be easily calculated.
For Carbon, F (Er) is sizable up to proton recoil energies
of few MeV.
To obtain the spectrum of events, a simplified model

was implemented in FeynRules [22] in which Carbon and
protons were taken to be an elementary fermion and
events were generated in MadGraph5 [23]. Since Mini-
BooNE would interpret ZD ! e+e� decays as electron-
like events, the reconstructed neutrino energy would be
incorrectly inferred by the approximate CCQE formula
(see e.g. Ref. [24])

Erec
⌫ '

mp EZD

mp � EZD (1� cos ✓ZD )
, (7)

where mp is the proton mass, and EZD and ✓ZD are
the dark ZD boson energy and its direction relative to
the beam line. The fit to MiniBooNE data was then
performed using the �2 function from the collaboration
o�cial data release [18], which includes the ⌫µ and ⌫̄µ
disappearance data, re-weighting the Montecarlo events
by the ratio of our cross section to the standard CCQE
one, and taking into account the wrong sign contami-
nation from Ref. [25]. Note that the o�cial covariance
matrix includes spectral data in electron-like and muon-
like events for both neutrino and antineutrino modes.
In Fig. 2 we can see the electron-like event distribu-

tions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected
in all of them. The neutrino (antineutrino) mode data
as a function of Erec

⌫ is displayed on the top (middle)
panel. The corresponding predictions of our model, for
the benchmark point mND = 320 MeV, mZD = 64 MeV,
|Uµ4|

2 = 10�6, ↵D = 0.25 and ↵✏2 = 3 ⇥ 10�9, are de-
picted as the blue lines. The light blue band reflects

A
x

x
ν

ZD

N
ν

e+

e-

A
x

x

Mixing mixing mixing:
1) N has new interaction (ZD)
2) N mixes with ν, ν gets new interaction
3) ZD mixes with photon, now all charged particles acquire tiny ZD charge

Bertuzzo Jana M Zukanovich 1807.09877

Case 3: SM backgrounds and new physics
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of few MeV.
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the beam line. The fit to MiniBooNE data was then
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MiniBooNE. We clearly see the event excess reflected
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as a function of Erec
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If e+e- pair is not collimated, event will not look e-like

Event	Signatures

• Examples	of	%& CCQE,	
%) CCQE,	and	NC!2
event	topologies
• Use	primarily	
Cherenkov	light
• Compare	fits	of	
different	track	
reconstruction	
hypotheses	for	PID
• Insensitive	to	the	
difference	between	
single	photon	and	
single	electron	(time	
of	flight	might	help)
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Case 3: SM backgrounds and new physics
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are, respectively,
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We observe that as long as ↵✏2 � ↵D(1 � |UD4|
2)2, ZD

will mainly decay into e+e� pairs.
We want both ND and ZD to decay promptly. Tak-

ing the typical energy END , EZD ⇠ 1 GeV, and as-
suming for simplicity |Ue4|

2, |U⌧4|
2

⌧ |Uµ4|
2, we can

estimate � c ⌧ND ⇡ 2 ⇥ 10�9/(m2
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[MeV2]↵✏2) cm, for
mZD = mND/5. So for ↵D ⇠ 0.25, |Uµ4|

2
⇠ 10�4 and

↵✏2 ⇠ 3⇥10�9, mND & 20 MeV would guarantee prompt
decay for both particles. We will see shortly that mND

and mZD between a few tens to a few hundred of MeV is
exactly what is needed to explain the experimental data.

Analysis and results.—The MiniBooNE experiment is
a pure mineral oil (CH2) detector located at the Booster
Neutrino Beam line at Fermilab. The Cherenkov and
scintillation light emitted by charged particles traversing
the detector are used for particle identification and neu-
trino energy reconstruction, assuming the kinematics of
CCQE scattering. MiniBooNE has observed an excess of
381± 85.2 (79.3± 28.6) electron-like events over the esti-
mated background in neutrino (antineutrino) beam con-
figuration in the energy range 200 < Erec

⌫ /MeV < 1250
corresponding to 12.84 ⇥ 1020 (11.27 ⇥ 1020) protons on
target [18].

Our proposal to explain MiniBooNE’s low energy ex-
cess from the production and decay of a dark neutrino
relies on the fact that MiniBooNE cannot distinguish a
collimated e+e� pair from a single electron. Muon neu-
trinos produced in the beam would up-scatter on the min-
eral oil to dark neutrinos, which will subsequently lead
to ZD ! e+e� as shown schematically in Fig. 1. If ND is
light enough, this up-scattering in CH2 can be coherent,
enhancing the cross section. To take that into account,
we estimate the up-scattering cross section to be
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F 2(Er)�

coh
C +

✓
1�

6

8
F 2(Er)

◆
�p, (6)

where F (Er) is the nuclear form factor [21] for Carbon,
while �coh

C and �p are the elastic scattering cross sections

FIG. 1. Contributions to the cross section that in our model
gives rise to MiniBooNE’s excess of electron-like events.

on Carbon and protons, which can be easily calculated.
For Carbon, F (Er) is sizable up to proton recoil energies
of few MeV.
To obtain the spectrum of events, a simplified model

was implemented in FeynRules [22] in which Carbon and
protons were taken to be an elementary fermion and
events were generated in MadGraph5 [23]. Since Mini-
BooNE would interpret ZD ! e+e� decays as electron-
like events, the reconstructed neutrino energy would be
incorrectly inferred by the approximate CCQE formula
(see e.g. Ref. [24])

Erec
⌫ '

mp EZD

mp � EZD (1� cos ✓ZD )
, (7)

where mp is the proton mass, and EZD and ✓ZD are
the dark ZD boson energy and its direction relative to
the beam line. The fit to MiniBooNE data was then
performed using the �2 function from the collaboration
o�cial data release [18], which includes the ⌫µ and ⌫̄µ
disappearance data, re-weighting the Montecarlo events
by the ratio of our cross section to the standard CCQE
one, and taking into account the wrong sign contami-
nation from Ref. [25]. Note that the o�cial covariance
matrix includes spectral data in electron-like and muon-
like events for both neutrino and antineutrino modes.
In Fig. 2 we can see the electron-like event distribu-

tions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected
in all of them. The neutrino (antineutrino) mode data
as a function of Erec

⌫ is displayed on the top (middle)
panel. The corresponding predictions of our model, for
the benchmark point mND = 320 MeV, mZD = 64 MeV,
|Uµ4|

2 = 10�6, ↵D = 0.25 and ↵✏2 = 3 ⇥ 10�9, are de-
picted as the blue lines. The light blue band reflects
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If e+e- pair is collimated (cosθee > 0.99-ish), it will be classified as e-like

Case 3: SM backgrounds and new physics
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events were generated in MadGraph5 [23]. Since Mini-
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incorrectly inferred by the approximate CCQE formula
(see e.g. Ref. [24])
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where mp is the proton mass, and EZD and ✓ZD are
the dark ZD boson energy and its direction relative to
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performed using the �2 function from the collaboration
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one, and taking into account the wrong sign contami-
nation from Ref. [25]. Note that the o�cial covariance
matrix includes spectral data in electron-like and muon-
like events for both neutrino and antineutrino modes.
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tions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected
in all of them. The neutrino (antineutrino) mode data
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FIG. 2. The MiniBooNE electron-like event data [18] in the
neutrino (top panel) and antineutrino (middle panel) modes
as a function of Erec

⌫ , as well as the cos ✓ distribution (bot-
tom panel) for the neutrino data. Note that the data points
have only statistical uncertainties, while the systematic un-
certainties from the background are encoded in the light blue
band.. The predictions of our benchmark point mND = 320
MeV, mZD = 64 MeV, |Uµ4|2 = 10�6, ↵D = 0.25 and
↵ ✏2 = 3⇥ 10�9 are also shown as the blue lines.

an approximated systematic uncertainty from the back-
ground estimated from Table I of Ref. [18]. On the bot-
tom panel we show the cos ✓ distribution of the electron-
like candidates for the neutrino data, as well as the dis-
tribution for cos ✓ZD for the benchmark point (blue line).
The cos ✓ distribution of the electron-like candidates in
the antineutrino data is similar and not shown here and
our model is able to describe it comparably well. We
remark that our model prediction is in extremely good
agreement with the experimental data. In particular, our
fit to the data is better than the fit under the electron-
Volt sterile neutrino oscillation hypothesis [18] if one con-
siders the constraints from other oscillation experiments.
We find a best fit with �2

bf/dof = 31.2/36, while the

background only hypothesis yields �2
bg/dof = 63.8/38,

corresponding to a 5.4� preference for our model.
In Fig. 3 we see the region in the plane |Uµ4|

2 ver-
sus mND consistent with MiniBooNE data at 1� to 5�
CL, for the exemplifying hypothesis mZD = mND/5,
↵ZD = 0.25 and ↵✏2 = 3⇥10�9. Other values of these pa-

rameters can also provide good agreement with the data.
We also show the combined non-oscillation bounds from
meson decays, muon decay Michel spectrum and lepton
universality compiled in Refs. [26, 27], which exclude the
region above the red line. The dashed gray lines repre-
sent �c⌧ = 1 cm for ND and ZD with 1 GeV of energy, as
a reference. The ship hull shape region can be divided in
two parts: a high mixing region at |Uµ4|

2
⇠ 10�3

�10�6,
corresponding to mND & 300 MeV, and a low mixing re-
gion for |Uµ4|

2 . 10�7 and mND . 200 MeV. The latter
seems to be favored by spectral data. As a side remark,
we have checked that the typical opening angle ✓e+e�

of the e+e� pair satisfy cos ✓e+e� = 0.99, ensuring that
MiniBooNE will identify these events as electron-like.
The MicroBooNE experiment at Fermilab [28] is cur-

rently investigating the low energy excess of electron-like
events observed by MiniBooNE. They can distinguish
electrons from photon conversions into a e+e� pair by
their di↵erent ionization rate at the beginning of their
trajectory in the liquid argon detector. So by analyzing
the energy deposited along the track as a function of the
range (dE/dX) they hope to distinguish a photon from
a single electron. Our model predicts a dE/dX distribu-
tion similar to photons but with a prompt ZD decay to a
collimated e+e� pair. In addition our framework allows
for the possibility of the experimental observation of the
KL ! ⌫D⌫D, via o↵-shell ZD exchange, by the KOTO
or NA62 experiments as B(KL ! ⌫D⌫D) can go up to
O(10�10) for mND < mK [29].

We also have inquired into the possible e↵ects of ND
and ZD on oscillation experiments. While low energy
sources, such as the sun or nuclear reactors, do not have
enough energy to produce these particles, they could be,
in principle, produced in higher energy oscillation exper-
iments. Typically ⌫µ and ⌫µ beams in accelerator neu-
trino experiments have an insurmountable O(1%) con-
tamination of ⌫e + ⌫e, and atmospheric neutrinos have a
large ⌫e and ⌫e component. While Cherenkov detectors,
like Super-Kamiokande, cannot distinguish between elec-
trons and photons, detectors like MINOS, NO⌫A or T2K
would have a hard time to see any signal over their neu-
tral current contamination. That is particularly relevant
at lower energies where one would expect the signal of
new physics to lay.
In a di↵erent note, we do not foresee any issues with

cosmological data, as the particles in the dark sector de-
cay too fast to a↵ect Big Bang Nucleosynthesis, and the
⌫ � ⌫ self-interactions are too small to change neutrino
free streaming. Supernova cooling would not constrain
the model, as the ZD is trapped due to the large kinetic
mixing.
Finally, one may wonder if the phenomenological ap-

proach we propose here can arise in a UV-complete
anomaly free model. We have checked that such real-
ization is possible as follows. A gauge U(1)D symme-
try, under which the only charged fermions are the dark
neutrinos, protects neutrino masses from the standard
Higgs mechanism. An enlarged scalar sector is called

How do we test it???

Bertuzzo Jana M Zukanovich 1807.09877
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SBND

Ν ee

no or little hadronic activity

ν

No baseline dependence

Almost no hadronic activity to tag 
interaction vertex

Decays to collimated e+e- pairs

More events due to coherence:
6C vs 18Ar ~ 3 times more
events for same exposure

ν

Case 3: SM backgrounds and new physics
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SBND

γ
ee

no or little hadronic activity

ν

No baseline dependence

Almost no hadronic activity to tag 
interaction vertex

Decays to collimated e+e- pairs

More events due to coherence:
6C vs 18Ar ~ 3 times more
events for same exposure

What about the coherent π0 and gamma production?
If we do not understand the question neither the answer, it gets difficult…

ν

Case 3: SM backgrounds and new physics
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Conclusions

Understanding neutrino interactions is needed for

1) Perform a precision neutrino physics program

2) Enrich this program with novel searches and measurements

3) Look for new physics that is not attainable at colliders

We need to understand theoretically (this workshop) or 
measure experimentally (DUNE-PRISM, electron scattering) 

(or both!) how neutrinos interact with matter
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Backup 

Discovering BSM and messing it up

(how can we reconstruct the neutrino energy)
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Ultra-light dark matter

Φ

V(Φ) Very light scalar DM (<< eV):
- very high occupation number
- classical field

φνν coupling induce temporal changes in neutrino mass matrix!

of about 105, so the locally the amplitude of oscillations is larger by a factor of
p
105, corresponding

to a fractional time-variation in neutrino masses of order a percent. This is potentially large enough
to be observed in neutrino oscillation experiments. Note that the size of the e↵ect does not depend
on the mass of ✓.

Since the oscillations of ✓ dampen rapidly as the universe expands, the size of the e↵ect is increased
if the phase transition occurs at a later time, when the temperature of the universe is lower. From
Eq. (3.3), it can be seen that the temperature at which the phase transition occurs is logarithmically
sensitive to the cut-o↵ ⇤. In Appendix A we construct an extension of this minimal model that
includes sterile neutrinos, in which the global O(2) symmetry, though still not exact, is only softly
broken. In these models the cuto↵ ⇤ in the expression for the phase transition temperature, Eq. (3.3),
is replaced by the sterile neutrino mass, which could be as low as a few eV. In this class of models,
the fractional change of neutrino mass could be as large as 10%.

Finally, we note that any viable Twin cosmological history must avoid populating the B sector in
the early universe. In traditional Twin Higgs models the SU(4) preserving (H†H)2 quartic coupling
contains an |HA|

2
|HB |

2 portal interaction which can produce massless Twin sector particles from the
thermal bath and, thereby contribute unacceptably to �Ne↵ . Since there are multiple mechanisms to
prevent this interaction from thermalizing the Twin sector [], any of these can address this issue in
our scenario without spoiling any of its essential features.

4 Neutrino Phenomenology

In our model, the scalar field � sources Dirac mass terms for neutrinos and twin neutrinos. The exact
value of the VEV of the Goldstone phase ✓̂(x) sets the mass scale of the active neutrinos, as seen in
Eq. 2.6. The oscillation of ✓̂ only changes the overall scale of neutrino masses, which leads to two
general features of our model: (1) mixing angles do not modulate, and (2) all masses modulate the
same fraction. Therefore, the phenomenological e↵ect of ✓̂ oscillation can be encoded in

mij
⌫ = m̄ij

⌫ [1 + ✏ cos(!t)] , (4.1)

where ✏ is the amplitude �m⌫/m̄⌫ defined in eq. (1.2), and ! is the modulation frequency of ✓̂. The
modulation of atmospheric and solar mass splittings follows

�m2
ij(t) = (m2

i �m2
j ) [1 + ✏ cos(!t)]2 ' �m2

ij [1 + 2✏ cos(!t)] , (4.2)

where the ✏2 was dropped. The phenomenology of ✓̂ modulation can have distinct regimes which we
characterize as follows.

Signal periodicity. The signal periodicity regime is defined when the period of ✓̂, T✓̂, is below or
comparable to the experiment running time Texp but still large enough such that a time modulation of
neutrino events can be observed (see e.g. Ref. [2]). In fact, the traditional experimental analyses have
focused in this scenario for modulation of ✓12, using solar neutrinos [14–16], as well as Lorentz and
CPT violation (see e.g. Refs. [17–19]) in reactor experiments [20, 21], accelerator experiments [22–24],
and atmospheric neutrinos [25]. In our scenario, the period of modulation is not related to the sidereal
day, but with the mass of the scalar field ✓̂ which lies in a very large range of values. Periodicity in the
mass squared splittings is more challenging to probe than in the mixing angles, as it requires energy
dependent analyses of the time evolution of neutrino events.

To exemplify the e↵ect of signal periodicity, we show in Fig. 1 the ⌫µ ! ⌫µ oscillation probability
for the DUNE experiment (1300 km baseline) for maximal ✓23 and �m2

31 = 2.5 ⇥ 10�3 eV2 (black

– 6 –

✓ij(t) = ✓ij [1 + ✏ cos(!t)]

~ 10 years
 i n t e r e s t i n g     r e g i o n 

~ 10-12 eV ~ 10-23 eV

2.7 msec

(L = 800 km)
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Ultra-light dark matter - signal periodicity
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Ultra-light dark matter - signal periodicity
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Ultra-light dark matter - signal periodicity
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Ultra-light dark matter - signal periodicity
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Ultra-light dark matter - signal periodicity
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Ultra-light dark matter - signal periodicity
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Why do we need to understand neutrino interactions?

Assumption: discovery

This scenario leads to modulation at the probability level

Modulation at different energies are correlated or anti-correlated

Wrong neutrino energy reconstruction can change the interpretation of 
the discovery! 

Ultra-light dark matter - signal periodicity
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Backup 

Messing it up and thinking we discovered BSM

(how can we reconstruct the neutrino energy)
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Ultra-light dark matter - averaged DiNO
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Ultra-light dark matter - averaged DiNO
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Ultra-light DM can lead to 
averaging of oscillation 
probability

Understanding of 
energy reconstruction 
is crucial here

If we mess it up, we may think 
we discovered it…
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