
Pedro Machado
XIX International Workshop on Neutrino Telescopes
February 25th, 2021

New physics at the next neutrino facilities



25/02/2021 Pedro Machado | New physics at the next neutrino facilities                                                                                                      pmachado@fnal.gov

Why neutrinos?

2

Neutrino masses The nature of neutrinos Flavor Puzzle Proton decay

Matter-antimatter asymmetry
Unification

Babu Khan 2015

Portal to new physics?

mailto:pmachado@fnal.gov


25/02/2021 Pedro Machado | New physics at the next neutrino facilities                                                                                                      pmachado@fnal.gov

Why neutrinos?

3

Neutrino masses The nature of neutrinos Flavor Puzzle Proton decay

Matter-antimatter asymmetry
Unification

Babu Khan 2015

Portal to new physics?Why neutrinos now???

mailto:pmachado@fnal.gov


25/02/2021 Pedro Machado | New physics at the next neutrino facilities                                                                                                      pmachado@fnal.gov

New technological developments

4

MINOS event

1511.06178

mailto:pmachado@fnal.gov


25/02/2021 Pedro Machado | New physics at the next neutrino facilities                                                                                                      pmachado@fnal.gov

New technological developments

5

MINOS event NOvA event

https://cdcvs.fnal.gov/redmine/projects/novaart/wiki/Running_the_EventDisplay

mailto:pmachado@fnal.gov


25/02/2021 Pedro Machado | New physics at the next neutrino facilities                                                                                                      pmachado@fnal.gov

New technological developments

6

MINOS event NOvA event SK/T2K event

http://www-sk.icrr.u-tokyo.ac.jp/sk/sk/t2k-e.html

mailto:pmachado@fnal.gov


25/02/2021 Pedro Machado | New physics at the next neutrino facilities                                                                                                      pmachado@fnal.gov

New technological developments

7

MINOS event NOvA event SK/T2K event

https://icecube.wisc.edu/science

IceCube event

mailto:pmachado@fnal.gov


25/02/2021 Pedro Machado | New physics at the next neutrino facilities                                                                                                      pmachado@fnal.gov

New technological developments

8

MINOS event NOvA event SK/T2K event

http://w
w

w
2.lns.m

it.edu/~conrad/m
iniboone.htm

l

IceCube event

MiniBooNE event

mailto:pmachado@fnal.gov


25/02/2021 Pedro Machado | New physics at the next neutrino facilities                                                                                                      pmachado@fnal.gov

New technological developments

9

MINOS event NOvA event SK/T2K event IceCube event

MiniBooNE event Liquid scintillator event
(e.g. Daya Bay, JUNO, RENO, …)

1602.01733

mailto:pmachado@fnal.gov


25/02/2021 Pedro Machado | New physics at the next neutrino facilities                                                                                                      pmachado@fnal.gov

New technological developments

10

MINOS event NOvA event SK/T2K event IceCube event
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IceCube-Gen2 (~ 10 km3)
(sorry IceCube collaboration, your experiment is too big to fit my slide…)

Hyper-Kamiokande (260 kton)

DUNE (40 kton)

JUNO (20 kton)
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Hyper-Kamiokande (260 kton)

DUNE (40 kton)

JUNO (20 kton)

Add the most intense neutrino sources ever to this picture!

IceCube-Gen2 (~ 10 km3)
(sorry IceCube collaboration, your experiment is too big to fit my slide…)
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Topics to be discussed
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Joachim Kopp
sterile neutrinos and the SBL anomaly, non-standard interactions, 

acronyms for neutrino experiments

Pilar Coloma
sterile neutrinos broadly

Myself:
Old new ν physics

(NSI, steriles, HNLs, non-unitarity, Lorentz violation, …)

New new ν physics
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Dark neutrinos

Taken from J. Kopp’s slides on Friday
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Dark neutrinos

Taken from J. Kopp’s slides on Friday

Connect the MiniBooNE low 
energy anomaly to the 
generation of neutrino masses!  

May even address (g-2)μ and 
BaBar anomalies. 
(see Abdullahi’s and Guzowski’s talks)

  Dark neutrinos   

Bertuzzo et al 1807.09877, 1807.02500 
Ballett et al 1808.02915 
Arguelles et al 1812.08768 
Abdullahi et al 2007.11813

Neutrino masses are small because they are 
protected by a local symmetry.

The symmetry is broken at a low scale which 
explains why neutrino masses are small.

This naturally leads to a light gauge boson that 
couples more strongly to RH neutrinos

4

FIG. 1. Diagram for the dynamically induced light neutrino
masses in our model.

Remembering that the vevs of � and S2 are induced by
the dynamics of the scalar sector, we can rewrite the
previous operator in terms of H and S1, the fields whose
vev’s are present even in the limit {µ, µ

0
,↵} ! 0. We
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from which it is clear that, ultimately, neutrinos masses
are generated by a dimension 9 operator (see, e.g.,

Refs. [16] for generation of neutrino masses from higher
dimensional effective operators). In addition, we have a
further suppression due to the fact that µ and µ

0 can be
taken small in a technically natural way.

The mixing between active and dark neutrinos can be
explicitly written as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵D ND , (2.16)

↵ = e, µ, ⌧,D, where ⌫i and ⌫↵ are the neutrinos mass
and flavor eigenstates, respectively (we denote by ↵ = D

the 6 dark neutrinos flavor states, while U↵D is a 9 ⇥ 6
matrix). Schematically, we have that the mixing between
light and heavy neutrinos is y⌫v�/m. Note that the dark
neutrino can be made very light, without introducing too
large mixing, even for y⌫ ⇠ O(1) since v� ⌧ v.

C. ZD and the Gauge Sector

The new vector boson will, in general, communicate
with the SM sector via either mass mixing or kinetic mix-
ing. The relevant part of the dark Lagrangian is

LD �
m

2
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where mZD is the mass of ZD, gD is the U(1)D gauge
coupling, e is the electromagnetic coupling, g/cW is the
Z coupling in the SM, while ✏ and ✏

0 parametrize the
kinetic and mass mixings, respectively. The electromag-
netic and Z currents are denoted by J

em
µ

and J
Z

µ
, while

JDµ denotes the dark current.
In the limits we are considering, the Z and W

± masses
are essentially unchanged with respect to the SM values,
while the new gauge boson mass reads
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with mass mixing between Z and ZD given by

✏
0
'

2gD
g/cW

v
2

�

v2
. (2.19)

Of course, a non-vanishing mass mixing ✏
0 implies that

the Z boson inherits a coupling to the dark current

LZ =
m

2

Z

2
ZµZ

µ +
g

cW
Z

µ
J
Z

µ
� gD✏

0
Z

µ
JDµ . (2.20)

While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
ated (see e.g. Ref. [19]) by a loop of the H

±
D scalar which

magnitude is

✏LOOP ⇠
egD
480⇡2

m
2

ZD

m
2

H
±
D

. (2.21)

Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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Dark neutrinos

ZD

2

the ZD can only decay to electrons and light neutrinos. The dark neutrino decay width into ZD + ⌫0s is simply

�ND!ZD+⌫0s =
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while the ZD decay width into e+e� and light neutrinos
are, respectively,

�ZD!e+e� ⇡
↵ ✏2

3
mZD , (4)

and

�ZD!⌫⌫ =
↵D
3

�
1� |UD4|

2
�2

mZD . (5)

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

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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while the ZD decay width into e+e� and light neutrinos
are, respectively,
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3
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and
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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|
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⇠ 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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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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the ZD can only decay to electrons and light neutrinos. The dark neutrino decay width into ZD + ⌫0s is simply
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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-
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↵✏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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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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m4

ZD

m4
ND

◆
, (3)

while the ZD decay width into e+e� and light neutrinos
are, respectively,

�ZD!e+e� ⇡
↵ ✏2

3
mZD , (4)

and

�ZD!⌫⌫ =
↵D
3

�
1� |UD4|

2
�2

mZD . (5)

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

Not electron-like event

Electron-like event

Bertuzzo Jana M Zukanovich-Funchal PRL 1807.09877

Similar to transition magnetic moments

see e.g. Gninenko 0902.3802
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Dark neutrinos

Coloma M Martinez-Soler Shoemaker PRL 1707.08573 
Coloma EPJC 1906.02106

Double bang signatures at IceCube/DeepCore
New signatures in LArTPCs

SBND

Ν ee, μμ, π+π-

(always same flavor)

little or no
hadronic activity

ν

SBND

Ν ee, μμ, π+π-

(always same flavor)

hadronic activity

ν

Neutrino-electron scattering like events in Minerva (and others)
Arguelles Hostert Tsai PRL 1812.08768
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Millicharged particles

All electric charges, in the SM, are multiples of the down quark charge 
Q(down quarks) = -1/3     Q(up quarks) = +2/3     Q(e,μ,τ) = -1 

Are there particles with tiny charges? 

“Dark electromagnetism” typically leads to millicharged particles

mailto:pmachado@fnal.gov
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ArgoNeuT 1810.06502

ArgoNeuT demonstrated the LAr capability to 
detect sub-MeV depositions (blips)

No particle identification, no track, just a blip

What can be done with it?

Millicharged particles

0.24 tons active volume 
LAr TPC

47×40×90 cm3, 2 readout planes,
480 wires, 4 mm spacing, 
no light detection system

mailto:pmachado@fnal.gov
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R. Harnik, Zhen Liu, and O. Palamara, arXiv:1902.03246 

Millicharged particles
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R. Harnik, Zhen Liu, and O. Palamara, arXiv:1902.03246 

Millicharged particles
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R. Harnik, Zhen Liu, and O. Palamara, arXiv:1902.03246 

Millicharged particles
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Ultralight scalar dark matter could solve puzzles like cusp-vs-core, missing satellites and too-big-to-fail

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

Φ’’ << 3 H Φ’: slow roll regime
Later times: coherent oscillationsΦ

V(Φ)

friction
(@2

t + 3H@t +m
2
�)� = 0

Klein-Gordon
Damped harmonic oscillator

Coupling to SM: constants of nature may 
exhibit temporal variation!

Coupling to neutrinos: changes in 
oscillation probabilities

Modulation period ⌧� ⌘ 2⇡

m�
⇠ 10 min

✓
7⇥ 10�18 eV

m�

◆

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

~ 10-9 eV ~ 10-23 eV

2.7 μsec

(L ~ km) 14 orders of magnitude!!!

Regimes
Signal periodicity: 

temporal modulation of the neutrino oscillation probability
Averaged distorted neutrino oscillations: 

time averaged of the above (which is non-trivial)
Dynamical distorted neutrino oscillations: 

L-dependent matter effect

4

mPl

Bosonic Wave DM

mGUT

Thermal DM
Dark Sectors, WIMPsAxion, ALPs, “Fuzzy” DM

This Work

Composite, Primordial Black Holes
WIMPzillas, Nonthermal DM

100 mPlkeV GeV TeV10�22 eV eV

Dark Matter Mass log[m/GeV]

FIG. 1. Range of available dark matter candidates. Current observations allow for dark matter to
consist of quanta with an enormous range of masses. Here we classify these candidates as particle-
like when m & 1 eV, and ultralight, wave-like dark matter when m . 1 eV. A few prototypical
models are listed as examples.

II. MOTIVATIONS FOR MECHANICAL SENSORS

The present landscape of viable dark matter candidates is enormous, leading to a wide
variety of potential experimental signatures. Dark matter particles could range in mass
from 10�22 eV up to hundreds of solar masses, a range of some 90 orders of magnitude.1

Moreover, dark matter could interact with the standard model through many possible in-
teractions, although perhaps only through gravity. To span this diverse range of possible
models, di↵erent regions of parameter space will require di↵erent detector architectures and
measurement techniques. In particular, for models interacting with the standard model only
through mass or other extensive quantities such as nucleon number, massive mechanical sen-
sors may be required. Mechanical sensing technologies o↵er an extensive set of platforms,
as discussed in section IV, and thus have the potential to search for a wide range of such
dark matter candidates in regions of parameter space that are complementary to existing
searches.

The ability to monitor a large number of atoms in aggregate o↵ers two key advantages over
other approaches. The first advantage is the large volume integration of any putative dark
matter signal. Any dark-visible interactions are necessarily tiny, so using a large volume (or a
large mass of target nuclei or atoms, for models that can resolve the underlying substructure
of the masses) is key to meaningful detection prospects. The second advantage is that long-
wavelength signals can be integrated coherently across the full device, leading to greatly
enhanced sensitivities. Such coherent detection has applications in the search for signals
from wave-like dark matter signals like the axion or other ultralight bosons, as well as in
the case of impulses delivered with extremely small momentum transfers. In section III,
we give some examples of dark matter models leading to these types of signals, and discuss
prospects for their detection with mechanical sensors.

III. DETECTION TARGETS AND TECHNIQUES

Possible signals of dark matter are controlled by a few key parameters. Astrophysical ob-
servations tell us that the dark matter mass density in our neighborhood is ⇢ ⇠ 0.3 GeV/cm3

1 In this paper, we use natural units ~ = c = 1 to quote particle physics quantities like masses and momenta.

Dark Matter Mass Scale Courtesy of Gordan Krnjaic
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DUNE  Δm2 modulation

Dev M Martinez-Mirave 2007.03590
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Krnjaic M Necib 2017

see also 
Brdar et al  2017

Capozzi Shoemaker Vecchi 2017, 2018
Faran Ruiz 2019

Liao Marfatia Whisnant 2018
Ge Parke 2018

Ge Murayama 2019
Cline 2019

Choi Chun Kim 2020
Dev M Martinez-Mirave 2020 
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Berryman et al 1912.07622

DUNE 2002.03005
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Based on Kelly Kumar Liu 2011.05995
see also Brdar et al 2011.07054

BSM searches in near detectors
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Based on Kelly Kumar Liu 2011.05995
see also Brdar et al 2011.07054

BSM searches in near detectors
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Based on Kelly Kumar Liu 2011.05995
see also Brdar et al 2011.07054

Axion flux at DUNE’s near detector

Axion signature at DUNE’s near detector

BSM searches in near detectors
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Based on Kelly Kumar Liu 2011.05995
see also Brdar et al 2011.07054

BSM searches in near detectors
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Dark matter in neutrino experiments

Izaguirre Kahn Krnjaic Moschella PRD 1703.06881
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Dark matter in neutrino experiments

MiniBooNE PRD 1807.06137

Other experiments can also do similar searches, 
including JSNS2, DUNE, SHiP, FASER, …
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Dark matter in neutrino experiments

Toups et al SNOWMASS21-RF6_RF0-NF2_NF3-AF2_AF5-099

• PIP-II beamline upgrade at FNAL
• 100-ton LAr detector with 50 keV recoil threshold 
for CEvNS
• 5 years of data taking
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Conclusions

Neutrino physics is at its most exciting time

Diversity in EXPs
sizes

technologies
signatures 
energies

thresholds
sources

…

Diversity in THs
Dark neutrinos

Dark matter
Axions

Millicharged particles
HNLs
NSIs

…

What else can we do?
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