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Neutrinos, Dark Matter, 
& the Quest for New Physics



Outline
• The Standard Model’s successes & 

limitations.

• The Hunt for New Physics: 

• Dark Matter

• Neutrinos

• Complementarity of Experimental 
Probes.



Landscape of Physics…



Introducing the 
Standard Model

Probably most of you are familiar with 
at least some of the standard model if 
you just think about some of the 
building black systems you know 
about round us, so I’ll start by 
reviewing some of those. 



The Standard Model



Matter and Forces
The Standard Model is a theory of matter but also forces.

Representative example: Hydrogen Atom
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Matter and Forces
The Standard Model is a theory of matter but also forces.

Particle Physicists Picture of an Atom
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Photon

Electromagnetism is mediated via the exchange of photons. 



The Standard Model
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Strong Nuclear Force is mediated via the exchange of gluons. 

gluons

Protons are composite objects made 
out of 2 up quarks + 1 down quark.



The Weak 
Interaction

� � decay

Apparent picture:

Data:

Apparent violation of 
energy/momentum!

Gained a proton & an electron. 

� � decay

Wolfgang Pauli  
proposes

A new light & neutral state carrying 
away energy/momentum. 

Correct picture:



The Standard Model

Weak Nuclear Force is mediated via the exchange of W/Z bosons. 

The Weak Force allows neutrons to decay and emit neutrinos. 



The Standard Model
the new Periodic Table, but unlike 
Mendelevye’s table includes not just 
matter but the force carriers with 
which matter interacts.

Weak force

Strong force
Electromagnetic

 force



The Standard Model
the new Periodic Table, but unlike 
Mendelevye’s table includes not just 
matter but the force carriers with 
which matter interacts.

Atomic Matter
= “1st generation”



The Standard Model
the new Periodic Table, but unlike 
Mendelevye’s table includes not just 
matter but the force carriers with 
which matter interacts.

“2nd generation”
= heavier version of 

1st generation



The Standard Model
the new Periodic Table, but unlike 
Mendelevye’s table includes not just 
matter but the force carriers with 
which matter interacts.

“3rd generation”
= heavier version of 

2nd generation



The Standard Model
the new Periodic Table, but unlike 
Mendelevye’s table includes not just 
matter but the force carriers with 
which matter interacts.

Higgs is responsible 
for giving mass to the 

other particles. 



Final Keystone Piece: Higgs!

July 4, 2012 at CERN



And yet… there’s more.
Standard Model



Most of the Universe’s 
Matter is Invisible



Neutrino Masses Imply New Physics

• In the Standard Model, masses are forbidden by gauge 
symmetry. 

• However, in the vacuum we live in, the Higgs field has a 
an expectation value breaking electroweak symmetry 

• Gives masses to the SM particles but not the 
neutrinos. 

• The origin of neutrino masses remains 
mysterious. 



Dark Matter



• Stable or long-lived.

• Not electrically charged 
(“dark”).

⌦DM ' 26 %• Comprises                    of the 
Universe. 

• Based on clustering 
properties, DM  appears cold 
= non-relativistic when 
gravitational clustering began. 

Visible Universe:  
The Standard Model (SM)

Known DM properties



Known DM properties
• Stable or long-lived.

• Not electrically charged 
(“dark”).

Visible Universe:  
The Standard Model (SM)

⌦DM ' 26 %• Comprises                    of the 
Universe. 

• Based on clustering 
properties, DM  appears cold 
= non-relativistic when 
gravitational clustering began. 

But, many models beyond the SM contain  
particles that can act as a good Dark Matter candidates. 



DM as a Thermal Relic
• The early Universe was a hot/dense place. 

X

X̄

DM 
annihilation

early

X X

less dense

X X

Universe 
expands

SM  
particles

h�vi

DM abundance “freezes”

X X

Universe 
expands



X XFinal “freeze-out” abundance

DM as a Thermal Relic

A thermal relic has the observed DM abundance if the 
interaction rate is just right. 

An experimental target. 

• The early Universe was a hot/dense place. 

X

X̄

DM 
annihilation

SM  
particles

h�vi



Search Complementarity
“Break it” - Indirect Detection

Search for products of DM annihilation 
in regions of high DM density. 

“Make it” - Colliders

Produce DM and find anomalous 
missing energy. 

“Wait for it” 
Direct 

Detection
DM-SM scattering 

in detector 

DM

DM

SM

SM



DM Direct Detection

DM Mass [~ units of proton mass]
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Very challenging to probe Dark Matter lighter than a proton mass. 



Boosting Light Dark Matter Searches

Low-Mass Dark 
Matter

(V ~ 200 km/s) Feeble recoils

Low-Mass Dark 
Matter
(V ~ c) Detectable 

recoils

Some of the ideas being pursued:

- Dark Matter can get “kicked” to high-speeds by high-energy particles in 
space: “cosmic-ray boosted Dark Matter.” 

- Dark Matter may be a Dark Sector with an array of new particles/forces 
able to decay or annihilate to energetic particles. 



Neutrinos as a Signal 
of New Physics

Write a script for this part???



Make Neutrinos
So you want to do some neutrino physics?

Ultra-Minimal steps: 
1) Produce them (interaction eigenstates)
2) Detect them
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Produce them (e.g. pion decay)

Pions decay to neutrinos of a definite flavor. 



Detect Neutrinos

Detect them
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Non-relativistic 
limit

“Feynman Diagram”

The atom is a composite object, built out 
of an electron and a nucleus. 

It is held together by the electromagnetic 
force, mediated by the photon

How a particle physicist pictures the atom:

⌫e e�

u
d
u

neutron proton

W

Outgoing 
charged lepton 
gives ability to 

identify 
incoming 

neutrino flavor. 

So you want to do some neutrino physics?

Ultra-Minimal steps: 
1) Produce them (interaction eigenstates)
2) Detect them



Neutrino Flavor Oscillates
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The atom is a composite object, built out 
of an electron and a nucleus. 

It is held together by the electromagnetic 
force, mediated by the photon

How a particle physicist pictures the atom:
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Detect themProduce them Oscillate 

6=Flavor 
state

energy 
state

Neutrino masses are nonzero!
The Standard Model cannot explain this. 

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”



Why do neutrinos 
have mass?
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Neutrinos have mass 

  Now textbook material, the see-saw mechanism goes back to P. Minkowski (1977); 
     M. Gell-Mann, P. Ramond and R. Slansky (1979); and T. Yanagida (1979) 

Would imply that the physics of neutrino mass is 
connected to extremely high energy scales (or at 
least new physics of some kind). 
 

Potential new physics signatures in oscillation expts: 
     non-unitarity, non-standard interactions, >3 neutrinos, large 
     extra dimensions, effective CPTv, decoherence, neutrino decay, … 

But they are very light!  See-saw mechanism?  – Heavy 
(possibly GUT-scale) RH neutrinos alongside light LH neutrinos: 

Most popular scenarios 
involve new particles 

called sterile neutrinos. 



How to detect sterile neutrinos?

-Modified oscillations.
-Rare particle decays.
-Can even play the role of Dark Matter. 
-“Up-scattering” in neutrino detectors. 



Earth

Atmospheric Neutrinos as a BSM probe

cosmic rays

air
⇡0s

IceCube

⇡± ! µ± + ⌫
(–)

µ

µ± ! e± + ⌫
(–)

µ + ⌫
(–)

e

Impose > 5GeV neutrino requirement. 


This is DIS regime. below ~5 GeV 
becomes resonance dominantes. 
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“Double-bangs” from Sterile Neutrinos

Introduction: Double Bang for new physics

Double bang signals to look for new physics

Two bangs inside the detector

I 1st shower ⌫ interaction

I 2nd shower N decay

I No cherenkov radiation in between

What kind of new physics?

Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 4 / 16

⌫↵

Z
n, p “bang” 1

Step 1: produce Sterile

⌫↵

“bang” 2

Step 2: Sterile decays 

No extra radiation between steps 1 and 2. 

incoming 
neutrino

heavy sterile 
neutrino

Low 
background!

Coloma, Machado, Martinez-Soler, Shoemaker 2017

digital optical  
modules
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Sterile Neutrinos from 
the Atmosphere
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Available channels: rho + nu, eta + nu, 
pi + nu, rho+ l, pi +l, K+l

Sterile Neutrino Mass [GeV] 
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Sterile Neutrinos from 
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Sterile Neutrino Mass [GeV] 

Worst case: new 
~GeV sterile neutrino 
constraints.  

Best case: Sterile 
neutrino discovery!



An important lesson: 
no need to re-invent the wheel!

Re-purpose existing experiments!

Happy accidents



DUNE = Deep Underground 
Neutrino Experiment

DUNE will pinpoint remaining neutrino oscillation unknowns. 



DUNE as a Dark Matter Experiment

target

p

detector

⌫

⌫Standard Model Case

1. Proton collisions create unstable mesons. 
2. Mesons decay to final states including neutrinos. 
3. Neutrinos undergo propagate. 
4. Neutrinos interact in detector via “known” SM processes.



target

p

detector

⌫

⌫BSM Cases

1. Proton collisions create unstable mesons. 
2. Mesons decay to final states including neutrinos. 
3. Neutrinos undergo trivial propagation. 
4. Neutrinos interact in detector via “known” SM processes.

stable BSM 

unstable 
BSM 

dark photons,  
Sterile neutrinos, …

unstable BSM stable BSM 

Thermal relic  
dark matter

+ new particlesx

DUNE as a Dark Matter Experiment



The Next Standard Model?
Dark Matter

Neutrino Masses

??

? ?



• The Standard Model gives us a detailed understanding of the 
matter and forces at work in the Universe

• Dark Matter & Neutrino masses indicate that the SM is 
incomplete. 

• We don’t know the full story yet. 

• But there is a vigorous pursuit for new phenomena in a broad set 
of experiments.

• We need to simultaneously expand the theoretical terrain and to 
widen the experimental search strategies if we are going to 
uncover the New Standard Model.

Conclusions and Outlook

Stay tuned!



Thank you!
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Neutrino Oscillations

Losc ⌘
4⇡E

�m2

P (⌫µ ! ⌫e) = sin2(2✓) sin2
✓
�m2L

4E

◆
Two-flavors: 

Magnitude set by: 

sin2(2✓)

Energy dependence: 

For now, only need 3 neutrinos to explain oscillation data.



Cosmic-ray dark matter paradigm
- Idea due to Bringmann and Pospelov (PRL, arXiv:1810.10543)
- Direct detection requires/assumes a DM-proton interaction, with no further 

assumptions we expect cosmic ray-DM collisions

Interstellar space Lab (on Earth)

9
Slow DM

High energy  
cosmic ray

Fast DM

Fast DM

nucleus

Cosmic Ray “Boosted” Dark Matter 



Bounds on the cross section
          Spin independent                                            Spin dependent

16
Variations:  
-Realistic models: Dent, Dutta, 
Newstead, Shoemaker (2019). 
-Dark Matter  
- Electron interactions: Dent, Dutta, 
Newstead, Shoemaker, Tapia 
Arellano (2020)  
-Inelastic Dark Matter: Bell, Dent, 
Dutta, Newstead, Shoemaker (2021). 

“Standard” XENON1T search 
for Dark Matter @~200 km/s  

XENON1T search for 
“boosted Dark Matter”: 
get access to very low 

DM masses!

Cosmic Ray “Boosted” Dark Matter 



Secluded DM 

Standard
Model

Dark
Sector

Dark (Hidden) ((Secluded)) Sector Models

portal
array of new particles–a “hidden” or “dark” sector–shares no gauge interactions with the SM. In

lieu of gauge interactions, the visible and hidden sectors may communicate through gauge invariant

combinations of the fields in the two sectors. At the renormalizable level there are a surprisingly

small number of options for such “portals”

Lportal =

8
>><

>>:

✏Fµ⌫F
0µ⌫
h (photon portal)

h|H
2
||H

2
h| (Higgs portal)

y(LH)N (neutrino portal),

(1.1)

where F 0
µ⌫ , Hh, and N are respectively hidden sector field strengths, Higgses, and fermions. Typically

the impact of each of these portals is separately treated, as each one leads to distinct search strategies.

In this paper we study the impact of the photon portal for light DM, in which the SM photon

kinetically mixes with a U(1) dark photon [1]. The implications of � � �
0 kinetic mixing for DM

has been widely studied [2, 3, 4, 5, 6, 7, 8]. At the phenomenological level, the photon portal gives

rise to two main classes of probes: (1) direct detection signals from DM-proton or DM-electron

scattering, and (2) the production of DM at accelerators and colliders. Given the strong direct

detection constraints, we will focus on the sub-GeV regime for DM. Notice that the strength of the

direct detection constraints for > GeV DM masses is partly thanks to the coherent enhancement of

the DM scattering on the nucleus.

In light of the recent discovery of coherent neutrino-nucleus scattering [9] by the COHERENT

collaboration, we ask what the COHERENT data brings to bear on photon portal models of light

DM. The possibility of producing and detecting light DM at coherent neutrino-nucleus experiments

was was studied in [10]. We additionally study the ability of reactor neutrino experiments like

TEXONO to constrain light DM from their electron recoil events. The mass reach of TEXONO

extends to ⇠ MeV masses, while COHERENT’s stopped pion source can access DM masses out to

⇠ 65 MeV.

The remainder of this paper is organized as follows. In Sec. 2 we introduce the model of study

with a kinetically mixed dark photon interacting with pairs of DM particles. In Sec. 3 we examine

the sensitivity at TEXONO to dark photons produced via, �e� ! V
0
e
�, with V

0 decaying to DM

which then produces electronic recoil events. In Sec. 4 we look at the sensitivity at COHERENT

to producing dark photons from neutral pion decay. At COHERENT the rate is dominated by the

coherently enhanced nuclear recoil events. In Sec. 5 we show the derived COHERENT constraints on

light DM in the context of the existing constraints on light DM finding that COHERENT excludes

previously allowed thermal relic parameter space for . 30 MeV masses. Finally in Sec. 6 we conclude

and comment on the potential for future limits on the model.

2. Light DM with Dark Photon Portal

We assume that the hidden sector U(1) gauge group spontaneously breaks to give the dark photon

V
0
µ a mass. Then the relevant terms of the Lagrangian for DM interacting with a kinetically mixed

2

Only 3 renormalizable portals!

[Batell, Pospelov, Ritz (2009)]
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FIG. 3. Expected upper exclusion limits for the dark photon model, assuming a total DUNE-PRISM
running time of 5 years (5.5 ⇥ 1021 pot) in neutrino mode. We compare results for on-axis-only running (red
solid), off-axis-only running (purple dashed), and a realistic DUNE-PRISM strategy with equal amounts
of data taken at seven different locations (cyan dot-dashed). The left panel corresponds to a total rates
(cut & count) analysis as in ref. [13], while the analysis in the right panel includes spectral information.
Gray shaded regions indicate existing limits on the model, while dotted black lines show projections for
other future experiments. Black crosses indicate the exemplary model parameter points presented in fig. 2.

background-only data. To do so, we use a Poissonian log-likelihood function, log L(⇥,X), defined
in eq. (B1), which depends on the physical model parameters ⇥ = (✏4↵D, mA0 , m�) and a set
of nuisance parameters X. The latter parameterize systematic normalization uncertainties and
spectral “tilts” in both the signal and the background spectra. We consider systematic errors that
are uncorrelated between different on-/off-axis positions (assuming 1% relative error) in addition
to errors which are correlated among all positions (assuming 10% relative error). The sensitivity
limits on ✏

4
↵D for fixed values of mA0 and m� are determined by comparing the log-likelihood

ratio, defined in eq. (B4), to the 90% quantile of a �
2 distribution with one degree of freedom.

See appendix B for further details on our statistical procedure.

II.D Sensitivity to Light Dark Matter in the Dark Photon Model

We present our main results for the dark photon model in fig. 3. In this figure, we compare
on the one hand different running strategies: all data taken on-axis, all data taken off-axis, and
combining data taken at different on-axis and off-axis locations as in DUNE-PRISM. On the other
hand, we also compare two different analysis strategies, namely a total rates analysis (nbins = 1 in
eq. (B1)) in the left panel and a spectral analysis (nbins = 80 equal-width bins up to 20GeV) in the
right panel. The former type of analysis is similar to the one discussed in ref. [13], and we confirm
the main conclusion of these authors, namely that the DUNE-PRISM strategy of combining runs
in seven different on-axis and off-axis locations (cyan dot-dashed) benefits the sensitivity to light
DM in the dark photon model. It yields better results than both an on-axis-only run (red solid)
and an off-axis-only run (purple dashed). Interestingly, though, we reach a different conclusion
when including the event spectrum: as shown in the right panel of fig. 3, the sensitivity in this case
is about the same for on-axis-only running and for the PRISM strategy. This can be understood
by going back to fig. 2, where we see that the signal-to-background ratio at energies & 2 GeV is
significantly better on-axis than it is off-axis. For a total rates analysis, these high energy events
do not contribute because of the steep drop of the event rate compared to the lowest energy bins.
A spectral analysis, however, is able to harness also the statistical power of high-energy events

FERMILAB-PUB-19-116-T

Hunting On- and O↵-Axis for Light Dark Matter with DUNE-PRISM

Valentina De Romeri,1 Kevin J. Kelly,2 and Pedro A.N. Machado2

1AHEP Group, Instituto de F́ısica Corpuscular, CSIC/Universitat de
València, Calle Catedrático José Beltrán, 2 E-46980 Paterna, Spain

2Theoretical Physics Department, Fermilab, P.O. Box 500, Batavia, IL 60510, USA

We explore the sensitivity of the Deep Underground Neutrino Experiment (DUNE) near
detector and the proposed DUNE-PRISM movable near detector to sub-GeV dark matter,
specifically scalar dark matter coupled to the Standard Model via a sub-GeV dark photon.
We consider dark matter produced in the DUNE target that travels to the detector and
scatters o↵ electrons. By combining searches for dark matter at many o↵-axis positions with
DUNE-PRISM, sensitivity to this scenario can be much stronger than when performing a
measurement at one on-axis position.

I. INTRODUCTION

Although dark matter (DM) is undoubtedly present
in our universe, its detection via non-gravitational ef-
fects has eluded us [1–16]. One well-motivated hypoth-
esis regarding DM is that, in the early universe, it was
in thermal equilibrium with the standard model (SM)
plasma before its interactions froze out, resulting in a
relic abundance that persists today [17]. One scenario
that fits this description is that of a light dark sector
where a DM particle interacts with the SM via a new
gauge boson.

Recently, significant attention has been paid to the
prospects of detecting sub-GeV DM in neutrino de-
tectors, leveraging the accompanying intense proton
beams of these experiments [18–27]. DM can be pro-
duced in the collision of protons on a target and travel
to a near detector, interacting with nuclei or electrons
– Fig. 1 provides a schematic picture of this concept.
Since DM interactions would look very similar to neu-
tral current neutrino interactions, a usual way to re-
duce the neutrino background is to look at events o↵
the beam axis [22, 26]. Neutrinos come from charged
meson decays, which are focused by a magnetic horn
system in the forward direction, while DM is produced
via the decay of neutral, unfocused mesons. There-
fore, the signal-to-background ratio of DM to neutrino
events grows for larger o↵-axis positions.

In this paper, we focus on the possibility of
the future Deep Underground Neutrino Experiment
(DUNE) [30] to probe such a DM scenario. Specifically,
we focus on the proposed DUNE-PRISM concept [29]
in which the near detector moves up to ⇠36 m o↵-
axis. We show that performing searches for DM at
several o↵-axis locations provides a sensitivity much
stronger than performing a search at any one location

FIG. 1. Schematic setup of the proposed search for dark
matter using DUNE-PRISM. This diagram is not to scale.
See Refs. [28, 29] for more detailed schematics.

by reducing correlated uncertainties regarding the neu-
trino/DM flux and cross sections. Even with reduced
statistics from moving o↵-axis, such a search can probe
significantly more parameter space for the light dark
matter scenario with the same amount of time collect-
ing data.

This manuscript is organized as follows: in Sec-
tion II, we discuss how such light dark matter par-
ticles are produced in a neutrino facility. For clarity,
we focus on scalar DM; fermionic DM is discussed in
the Appendices. Section III discusses the signals (and
their associated backgrounds) of interest for this study.
We also discuss the advantages of having both on- and
o↵-axis measurements concretely, and explain our sta-
tistical procedures for this search. Section IV discusses
existing limits on this scenario and presents our results,
and finally, Section V o↵ers some concluding remarks.
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FIG. 5. Expected DUNE On-axis (dashed) and PRISM (solid) sensitivity at 90% C.L. using �e� ! �e� scattering. We
assume ↵D = 0.1 in both panels, and MA0 = 3M� (M� = 20 MeV) in the left (right) panel. Existing constraints are shown
in grey, and the relic density target is shown in a black dot-dashed line. We compare our results against the proposed
LDMX experiment in blue [89].

V. DISCUSSION & CONCLUSIONS

In this paper we have estimated the sensitivity of
the future DUNE experiment to light dark matter
models taking into account the potential of the DUNE-
PRISM detector. Two scenarios were considered for
the estimate: scalar and fermionic dark matter be-
low the GeV scale which interacts with the SM par-
ticles via a light dark photon kinetically mixed with
the photon. We have found that, in both cases, the ex-
perimental sensitivity is substantially increased by the
DUNE-PRISM ability to look at events o↵ the beam
axis. An analysis with DUNE-PRISM will allow sen-
sitivity to reach regions of parameter space predicted
by simple, thermal relic dark matter models – this will
not be possible without a moving near detector.

In this way, DUNE-PRISM will be competitive with
dedicated experiments in probing light dark matter
scenarios. Specifically, we find that DUNE-PRISM
will be sensitive to values of "2 only a factor of ⇠ 3††

higher than those probed by phase I of LDMX, an ex-

†† Assuming ↵D = 0.1 and at MA0 = 3M� = 90 MeV. At smaller
DM masses (or larger ↵D) this factor could get slightly worse,
but not larger than ⇠ 7.

periment designed specifically to search for light dark
matter [89]. In this work we have shown that DUNE-
PRISM, an experiment that is very likely to occur due
to other scientific goals, will have competitive sensi-
tivity to future, dedicated experiments. This fact is
non-trivial and had not been previously shown in the
literature.
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FIG. 1. Tree-level ALP production through the Primako↵
process (top left), ALP scattering through the inverse Pri-
mako↵ process (top right), and ALP decays (bottom).

ter space. We demonstrate that a DUNE-like experiment
can explore a wide range of the ALP mass [from O(1)
GeV to the massless limit] vs the ALP-photon coupling
parameter space, covering some regions where there exist
no (laboratory-based) constraints, e.g., the “cosmological
triangle” and the region beyond the current beam-dump
limits. An accurate estimate in the photon flux is essen-
tial for a more accurate estimate in the signal sensitivity.
For this purpose, we simulate the photon flux using the
GEANT4 [41] package as conventional event generators are
unable to handle secondary photon production such as
cascade photons whose contribution is significant [42].
We also consider the SM background to estimate more
realistic constraints on the parameter space.

ALP production at the target. In order to investi-
gate the ALP parameter space, we will focus on a generic
model where the ALP field (henceforth denoted by a) can
couple to a photon as described by interaction terms in
the Lagrangian of the form

L � �
1

4
ga�aFµ⌫ F̃

µ⌫ , (1)

where Fµ⌫ and F̃µ⌫ are the usual field strength tensor of
the SM photon and its dual and where ga� parameterizes
the ALP-photon coupling in the unit of inverse energy.
While this coupling appears at the tree level in DFSZ-
type models of the QCD axion, it also arises in models
of ALP dark matter and shows up naturally in string
axiverse scenarios.

Given the above coupling, ALPs can be produced by
the Primako↵ scattering process, � + A ! a + A with A
symbolizing the atomic system of interest, as diagramat-
ically displayed in Fig. 1. The production cross-section
�P in ALP scattering angle d⌦0

a = sin ✓0ad✓0ad�0
a is given

by

@2�P

@✓0a@�0
a

=
g2a�↵

8⇡

p4a
q4

sin3 ✓0aF
2(q) , (2)

where ↵ and ma are the fine structure constant and the
ALP mass, respectively and where q2 = m2

a � 2E�(Ea �

pa cos ✓0a). Here, form factor F 2(q) encapsulates an im-
portant coherent enhancement of the atomic number Z2.

For the high energy photon flux in the target, the rel-
evant coherence length (and momentum transfer) will be
at the nuclear scale. We therefore use the nuclear form
factor, for which we adopt the Helm parameterization

F 2
N (q) = Z2

✓
3j1(qR1)

qR1

◆2

e�q2s2 , (3)

with s = 0.9 fm and R1 =
p

(1.23A1/3 � 0.6)2 + 2.18 fm
with A being the atomic mass number. The results do
not change if we replace the nuclear form factor by the
atomic form factor.

We next discuss how the ALP flux is connected to the
photon flux at DUNE. Let us work in the frame (x, y, z)
such that z points along the beam axis and each photon
created in the target lies in the xz plane with an angle ✓�
with respect to the z axis. Then, the conversion event on
an atom at (0, 0, 0) involves a photon with unit vector �̂ =
(sin ✓� , 0, cos ✓�) and an ALP, which is generated at an
angle ✓0a with respect to the photon direction according
to the angular distribution generated by @2�P /@✓0a@�0

a
as in Eq. (2). The ALP direction in the frame (x0, y0, z0)
where the photon momentum points along the z0 axis is

â0 = (cos �0
a sin ✓0a, sin �0

a sin ✓0a, cos ✓0a) (4)

where �0
a is an azimuthal angle around the z0 axis. â0 can

be transformed to â defined in the unprimed coordinate
frame by a rotation by �✓� about the y0 axis:

â = ( cos ✓� cos �0
a sin ✓0a � cos ✓0a sin ✓� , sin ✓0a sin �0

a,

cos ✓0a cos ✓� + cos �0
a sin ✓0a sin ✓�) , (5)

from which we find that the polar angle of ALP ✓a mea-
sured in the unprimed frame is

✓a = arccos(cos ✓0a cos ✓� + cos �0
a sin ✓0a sin ✓�) . (6)

Assuming that the face of the detector spans a cir-
cular aperture of radius r, a distance ` from the target
for simplicity, we see that the ALP flux would enter the
detector as far as ✓a is less than the detector opening an-
gle ✓det = arctan(r/`). We then convolve the di↵erential
photon flux in E� and ✓� with the di↵erential Primako↵
production cross-section in Eq. (2):

d�a

dEa
=

Z
@2��

@E�@✓�


1

�P + ��

@2�P

@✓0a@�0
a

�
�(Ea � E�)

⇥ ⇥(✓det � ✓a)d�0
ad✓0ad✓� . (7)

The factor of 1
�P+��

@2�P
@✓0

a@�
0
a

is the di↵erential branching

fraction of ALP production, which is used to take into ac-
count the fraction of photons that convert into ALPs in
the target versus those that are absorbed through stan-
dard interactions such as photoelectric absorption and
pair production. One may find that above an MeV, the
total photon absorption cross-section �� ⇠ 1 barn in car-
bon.
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while astrophysical limits [64–68] are shown in tan.
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FIG. 1. Tree-level ALP production through the Primako↵
process (top left), ALP scattering through the inverse Pri-
mako↵ process (top right), and ALP decays (bottom).

ter space. We demonstrate that a DUNE-like experiment
can explore a wide range of the ALP mass [from O(1)
GeV to the massless limit] vs the ALP-photon coupling
parameter space, covering some regions where there exist
no (laboratory-based) constraints, e.g., the “cosmological
triangle” and the region beyond the current beam-dump
limits. An accurate estimate in the photon flux is essen-
tial for a more accurate estimate in the signal sensitivity.
For this purpose, we simulate the photon flux using the
GEANT4 [41] package as conventional event generators are
unable to handle secondary photon production such as
cascade photons whose contribution is significant [42].
We also consider the SM background to estimate more
realistic constraints on the parameter space.

ALP production at the target. In order to investi-
gate the ALP parameter space, we will focus on a generic
model where the ALP field (henceforth denoted by a) can
couple to a photon as described by interaction terms in
the Lagrangian of the form

L � �
1

4
ga�aFµ⌫ F̃

µ⌫ , (1)

where Fµ⌫ and F̃µ⌫ are the usual field strength tensor of
the SM photon and its dual and where ga� parameterizes
the ALP-photon coupling in the unit of inverse energy.
While this coupling appears at the tree level in DFSZ-
type models of the QCD axion, it also arises in models
of ALP dark matter and shows up naturally in string
axiverse scenarios.

Given the above coupling, ALPs can be produced by
the Primako↵ scattering process, � + A ! a + A with A
symbolizing the atomic system of interest, as diagramat-
ically displayed in Fig. 1. The production cross-section
�P in ALP scattering angle d⌦0

a = sin ✓0ad✓0ad�0
a is given

by

@2�P

@✓0a@�0
a

=
g2a�↵

8⇡

p4a
q4

sin3 ✓0aF
2(q) , (2)

where ↵ and ma are the fine structure constant and the
ALP mass, respectively and where q2 = m2

a � 2E�(Ea �

pa cos ✓0a). Here, form factor F 2(q) encapsulates an im-
portant coherent enhancement of the atomic number Z2.

For the high energy photon flux in the target, the rel-
evant coherence length (and momentum transfer) will be
at the nuclear scale. We therefore use the nuclear form
factor, for which we adopt the Helm parameterization

F 2
N (q) = Z2

✓
3j1(qR1)

qR1

◆2

e�q2s2 , (3)

with s = 0.9 fm and R1 =
p

(1.23A1/3 � 0.6)2 + 2.18 fm
with A being the atomic mass number. The results do
not change if we replace the nuclear form factor by the
atomic form factor.

We next discuss how the ALP flux is connected to the
photon flux at DUNE. Let us work in the frame (x, y, z)
such that z points along the beam axis and each photon
created in the target lies in the xz plane with an angle ✓�
with respect to the z axis. Then, the conversion event on
an atom at (0, 0, 0) involves a photon with unit vector �̂ =
(sin ✓� , 0, cos ✓�) and an ALP, which is generated at an
angle ✓0a with respect to the photon direction according
to the angular distribution generated by @2�P /@✓0a@�0

a
as in Eq. (2). The ALP direction in the frame (x0, y0, z0)
where the photon momentum points along the z0 axis is

â0 = (cos �0
a sin ✓0a, sin �0

a sin ✓0a, cos ✓0a) (4)

where �0
a is an azimuthal angle around the z0 axis. â0 can

be transformed to â defined in the unprimed coordinate
frame by a rotation by �✓� about the y0 axis:

â = ( cos ✓� cos �0
a sin ✓0a � cos ✓0a sin ✓� , sin ✓0a sin �0

a,

cos ✓0a cos ✓� + cos �0
a sin ✓0a sin ✓�) , (5)

from which we find that the polar angle of ALP ✓a mea-
sured in the unprimed frame is

✓a = arccos(cos ✓0a cos ✓� + cos �0
a sin ✓0a sin ✓�) . (6)

Assuming that the face of the detector spans a cir-
cular aperture of radius r, a distance ` from the target
for simplicity, we see that the ALP flux would enter the
detector as far as ✓a is less than the detector opening an-
gle ✓det = arctan(r/`). We then convolve the di↵erential
photon flux in E� and ✓� with the di↵erential Primako↵
production cross-section in Eq. (2):

d�a

dEa
=

Z
@2��

@E�@✓�


1

�P + ��

@2�P

@✓0a@�0
a

�
�(Ea � E�)

⇥ ⇥(✓det � ✓a)d�0
ad✓0ad✓� . (7)

The factor of 1
�P+��

@2�P
@✓0

a@�
0
a

is the di↵erential branching

fraction of ALP production, which is used to take into ac-
count the fraction of photons that convert into ALPs in
the target versus those that are absorbed through stan-
dard interactions such as photoelectric absorption and
pair production. One may find that above an MeV, the
total photon absorption cross-section �� ⇠ 1 barn in car-
bon.
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DM from Neutrino Scattering
Dodelson, Widrow (1993)

for the neutrinos are then10:

L = µ

(

φ

v

)

ν̄LνR + MνRνR + h.c. (1)

where φ is the standard model Higgs field with 〈φ〉 = v. The usual HDM case,

wherein the active neutrinos constitute the dark matter, corresponds to
{

µ = 92h2eV, M # µ
}

or
{

µ2/M = 92h2eV, M $ µ
}

. When sterile neutrinos are the dark matter, the

relevant mass is M . At tree-level, νR couples only to νL and therefore the most

efficient way to produce sterile neutrinos11,12,13 is via oscillations νL → νR. The

probability of observing a right-handed neutrino after a time t given that one starts

with a pure monoenergetic left-handed neutrino is sin2 2θM sin2 vt/L where θM is

the ‘mixing angle’, L is the oscillation length, and v is the velocity of the neutrinos.

In vacuum, and with µ # M (see-saw model) θM = µ/M and L = 4E/
(

M2 − µ2
)

where E is the energy of the neutrinos. In the early Universe, the observation

time t is replaced by the interaction time for the left-handed neutrinos. Recent

work14,15,16 has fine-tuned this picture taking into account the effect of finite den-

sity and temperature on the mixing angle.

Here we are interested in the case where the right-handed neutrinos are pro-

duced at temperatures of order 100 MeV though the production rate is never so

fast that they equilibrate. We begin with the Boltzmann equation for the sterile

neutrinos:
(

∂

∂t
− HE

∂

∂E

)

fS(E, t) =

[

1

2
sin2(2θM (E, t)) Γ(E, t)

]

fA(E, t) (2)

where fS and fA are the distribution functions of the sterile and active neutrinos.

In the epoch under consideration (T $ 1 MeV) the left-handed neutrinos are in

thermal equilibrium so that fA =
(

eE/T + 1
)−1

'
(

ep/T + 1
)−1

. The quantity

in square brackets is the probability per time of an active neutrino converting

into a sterile one16 where we have used the fact that for parameters of interest,

the collision time is always much greater than the oscillation time (i.e. sin2 vt/L

averages to 1/2). The mixing angle and the collision rate are17

sin2(2θM ) =
µ2

µ2 + [(cΓE/M) + (M/2)]2
; Γ '

7π

24
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where c ' 4 sin2(2θW )/15α ' 26.

4

Oscillations + Collisions in expanding Universe:

⌫ Phase Transitions and Dodelson-Widrow Production
(Dated: today)

Some notes on how to achieve phase transition with a temperature dependent mixing angle.

CHECK: (1) colder than normal DW since mass increases!, and (2) that Higgs portal NC isn’t

larger than GF?

PACS numbers:

MODEL SETUP

The seesaw mechanism is an elegant way to explain the
smallness of neutrino masses. In simplified 2⇥2 setup,
the mass matrix takes the form

M =

✓
0 mD

mD mM

◆
, (1)

where mD and mM are the Dirac and Majorana masses.
In the limit that mM � mD, the eigenvalues are mM

and m
2
D
/mM . Thus the heavy state with mass mM can

exist at some large scale, while the second state can be
naturally small since it is suppressed by the largeness of
mM . One can also find that the mixing angle in this
setup is approximately ✓ ' mD/mM .

Here we will explore the implications of a modified
setup in which there are two contributions to the Ma-
jorana mass which are relevant at di↵erent epochs in the
early Universe. To this end, we will restrict our attention
to the following simplified Lagrangian

L � �mDN⌫L �mM N̄
c
N � y�N̄

c
N, (2)

where N is a right handed neutrino, ⌫L is the neutral
component of the lepton doublet, and � is a new SM
singlet scalar. The strength of the interaction between �

and N is controlled by the Yukawa coupling y.
We further assume that the scalar potential of � is such

that at high-temperatures, h�i = 0 and at some critical
temperature TC , the vacuum prefers a nonzero value for
the expectation value of the field, h�i 6= 0. We will refer
to the low-T VEV as �0 ⌘ h�i|T=0.

Then as long as the seesaw relations are obeyed
(CHECK THIS!), the temperature dependent masses and
mixing angle are:

ma ' mD

mM + y�(T )
, (3)

ms ' mM + y�(T ), (4)

✓ ' mD

mM + y�(T )
. (5)

When y�0 is large compared to mM this predicts a sup-
pression of the mixing angle in the aftermath of the phase
transition. This can be helpful for sterile neutrino dark
matter since large mixing angles in the early universe do
not then imply equally large mixing angles at the present-
day.

NOTE: The above is highly simplified since in re-
ality we need minimally 3 RH neutrinos for ster-
ile neutrino dark matter + neutrino masses. See:
https://arxiv.org/pdf/hep-ph/0503065.pdf

DODELSON WIDROW ORIGINAL

CALCULATION

Main assumption seems to be that g⇤ is con-
stant. Eq. (9) of DW is (https://arxiv.org/pdf/hep-
ph/9303287.pdf)
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p
g⇤
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(7)

(CORRECT THE ABOVE) correct expression for DM
density

mX

nX

s0
=

⌦CDM⇢c

s0
(8)

using s0 ' 2891.2 cm�3, ⌦CDMh
2 = 0.1186 and ⇢c =

1.05371 h
2 ⇥ 104 eV cm�3. This implies

mX⌘X ' 4.32⇥ 10�10 GeV (9)

Since ms⌘s = 5mp⌘B ' 10�9 GeV, and ⌘s ' ns/s0.
Moreover n0

a
' 100 cm�3 and s0 ' 2900 cm�3. Therefore

the LHS of the above is

ns

na

= 30

✓
10�3 keV

ms

◆
(10)

We then find for ⌦sh
2 ' 0.1 we need

1 = 5⇥ 107
⇣
ms

keV

⌘2 sin2 2✓
p
g⇤

(11)

! sin2(2✓) ' 2⇥ 10�10 p
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10 keV

ms

◆2

(12)

! sin2(2✓) ' 9⇥ 10�10

✓
g⇤(T = 100 MeV)
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Mechanism gives correct DM abundance if:

Peak production occurs when “collision rate” = “oscillation rate”:

Tmax ' (ms/GF )
1/3 ' 200 MeV

⇣ ms

keV

⌘1/3



How do you detect it?
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FIG. 4. Decay channels for a sterile neutrino, ⌫s, through (A) a two-body radiative process

(⌫s ! ⌫↵�) and (B) charge- and neutral-current contributions to a three-body final state.

• ms - the sterile neutrino mass

• sin ✓↵ - the mixing angle between ⌫s and active neutrinos of flavor ↵; in what follows,

we will only consider ⌫s � ⌫e mixing.

The mixing above can be induced, for example, in supersymmetric theories with a superpo-

tential, W = XLLE
c. The two-body decay rate for a Majorana neutrino is given by [89]
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while the three-body decay rate is [90]
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Here the neutrino flavor ↵ = e, c↵ = 1+4 sin2 ✓W+8 sin4 ✓W
4 ' 0.59 [90], and we are only consid-

ering decays to e
+
e

� pairs. The resulting gamma-ray fluxes from both channels contribute

at roughly similar levels once the splitting function is introduced.

The relic abundance of sterile neutrinos is model dependent and varies according to the

specific production mechanism and dynamics in the early Universe. An irreducible and
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• ms - the sterile neutrino mass

• sin ✓↵ - the mixing angle between ⌫s and active neutrinos of flavor ↵; in what follows,

we will only consider ⌫s � ⌫e mixing.

The mixing above can be induced, for example, in supersymmetric theories with a superpo-

tential, W = XLLE
c. The two-body decay rate for a Majorana neutrino is given by [89]
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while the three-body decay rate is [90]
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Here the neutrino flavor ↵ = e, c↵ = 1+4 sin2 ✓W+8 sin4 ✓W
4 ' 0.59 [90], and we are only consid-

ering decays to e
+
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� pairs. The resulting gamma-ray fluxes from both channels contribute

at roughly similar levels once the splitting function is introduced.

The relic abundance of sterile neutrinos is model dependent and varies according to the
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• ms - the sterile neutrino mass

• sin ✓↵ - the mixing angle between ⌫s and active neutrinos of flavor ↵; in what follows,

we will only consider ⌫s � ⌫e mixing.

The mixing above can be induced, for example, in supersymmetric theories with a superpo-

tential, W = XLLE
c. The two-body decay rate for a Majorana neutrino is given by [89]
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• ms - the sterile neutrino mass

• sin ✓↵ - the mixing angle between ⌫s and active neutrinos of flavor ↵; in what follows,

we will only consider ⌫s � ⌫e mixing.

The mixing above can be induced, for example, in supersymmetric theories with a superpo-

tential, W = XLLE
c. The two-body decay rate for a Majorana neutrino is given by [89]
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while the three-body decay rate is [90]
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Here the neutrino flavor ↵ = e, c↵ = 1+4 sin2 ✓W+8 sin4 ✓W
4 ' 0.59 [90], and we are only consid-

ering decays to e
+
e

� pairs. The resulting gamma-ray fluxes from both channels contribute

at roughly similar levels once the splitting function is introduced.

The relic abundance of sterile neutrinos is model dependent and varies according to the

specific production mechanism and dynamics in the early Universe. An irreducible and
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Sterile Neutrino DM is unstable
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Dodelson-Widrow doesn’t work for DM above ~700 keV masses. 



X-ray limits are strong
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FIG. 5. Constraints on the sum of sterile-neutrino decay to �⌫ and ⌫e+e� using the decay widths in

Eqs. (11) and (12). The constraints from the di↵use gamma- and X-ray data are HEAO-1 (orange),

INTEGRAL (green), COMPTEL (blue), and EGRET (red). Within the solid black region, the

neutrino energy density must be greater than the observed DM density. Above (below) the black

solid line, the neutrino lifetime is shorter (longer) than the age of the Universe. Within the green

boundaries, the sterile neutrino is ruled out by Ly-↵ forest data [48, 49]. Two cases for the sterile-

neutrino energy density are assumed. In the left plot, the density is assumed to precisely equal

the DM energy density everywhere below the dark and light gray regions. In the right plot, the

density is determined by the (irreducible) DW mechanism.

UV-insensitive contribution to the abundance of sterile neutrinos arises from the so-called

Dodelson-Widrow (DW) mechanism [91] in which the neutrinos are produced via oscillations.

Thus, in the absence of new dynamics at low temperature, one finds [48]

⌦s & 0.25

✓
sin2 2✓

4.3 ⇥ 10�13

◆ ⇣
ms

MeV

⌘1.8

. (13)

Additional contributions may arise from, e.g., non-thermal production [8] or due to an

extended Higgs sector [92, 93].

In order to place model-independent bounds on the parameter space of sterile neutrinos,

we consider two di↵erent possibilities for the size of the sterile-neutrino relic abundance.

First, we consider an unspecified UV mechanism that contributes to the DM density in those

regions where the DM is under-abundant, setting ⌦⌫s = ⌦DM. Next, we assume the relic
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Roach et al, [1908.09037]
Essig et al, [1309.4091]

Strongly excludes minimal DM production mode.

⌫ Phase Transitions and Dodelson-Widrow Production
(Dated: today)

Some notes on how to achieve phase transition with a temperature dependent mixing angle.

CHECK: (1) colder than normal DW since mass increases!, and (2) that Higgs portal NC isn’t

larger than GF?

PACS numbers:

MODEL SETUP

The seesaw mechanism is an elegant way to explain the
smallness of neutrino masses. In simplified 2⇥2 setup,
the mass matrix takes the form

M =

✓
0 mD

mD mM

◆
, (1)

where mD and mM are the Dirac and Majorana masses.
In the limit that mM � mD, the eigenvalues are mM

and m
2
D
/mM . Thus the heavy state with mass mM can

exist at some large scale, while the second state can be
naturally small since it is suppressed by the largeness of
mM . One can also find that the mixing angle in this
setup is approximately ✓ ' mD/mM .

Here we will explore the implications of a modified
setup in which there are two contributions to the Ma-
jorana mass which are relevant at di↵erent epochs in the
early Universe. To this end, we will restrict our attention
to the following simplified Lagrangian

L � �mDN⌫L �mM N̄
c
N � y�N̄

c
N, (2)

where N is a right handed neutrino, ⌫L is the neutral
component of the lepton doublet, and � is a new SM
singlet scalar. The strength of the interaction between �

and N is controlled by the Yukawa coupling y.
We further assume that the scalar potential of � is such

that at high-temperatures, h�i = 0 and at some critical
temperature TC , the vacuum prefers a nonzero value for
the expectation value of the field, h�i 6= 0. We will refer
to the low-T VEV as �0 ⌘ h�i|T=0.

Then as long as the seesaw relations are obeyed
(CHECK THIS!), the temperature dependent masses and
mixing angle are:

ma ' mD

mM + y�(T )
, (3)

ms ' mM + y�(T ), (4)

✓ ' mD

mM + y�(T )
. (5)

When y�0 is large compared to mM this predicts a sup-
pression of the mixing angle in the aftermath of the phase
transition. This can be helpful for sterile neutrino dark
matter since large mixing angles in the early universe do
not then imply equally large mixing angles at the present-
day.

NOTE: The above is highly simplified since in re-
ality we need minimally 3 RH neutrinos for ster-
ile neutrino dark matter + neutrino masses. See:
https://arxiv.org/pdf/hep-ph/0503065.pdf

DODELSON WIDROW ORIGINAL

CALCULATION

Main assumption seems to be that g⇤ is con-
stant. Eq. (9) of DW is (https://arxiv.org/pdf/hep-
ph/9303287.pdf)
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using s0 ' 2891.2 cm�3, ⌦CDMh
2 = 0.1186 and ⇢c =

1.05371 h
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mX⌘X ' 4.32⇥ 10�10 GeV (9)

Since ms⌘s = 5mp⌘B ' 10�9 GeV, and ⌘s ' ns/s0.
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the LHS of the above is
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NuSTAR Tests of Sterile-Neutrino Dark Matter:

New Galactic Bulge Observations and Combined Impact
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We analyze two dedicated NuSTAR observations with exposure ⇠190 ks located ⇠10� from the
Galactic plane, one above and the other below, to search for x-ray lines from the radiative decay of
sterile-neutrino dark matter. These fields were chosen to minimize astrophysical x-ray backgrounds
while remaining near the densest region of the dark matter halo. We find no evidence of anomalous
x-ray lines in the energy range 5–20 keV, corresponding to sterile neutrino masses 10–40 keV.
Interpreted in the context of sterile neutrinos produced via neutrino mixing, these observations
provide the leading constraints in the mass range 10–12 keV, improving upon previous constraints
in this range by a factor ⇠2. We also compare our results to Monte Carlo simulations, showing that
the fluctuations in our derived limit are not dominated by systematic e↵ects. An updated model
of the instrumental background, which is currently under development, will improve NuSTAR’s
sensitivity to anomalous x-ray lines, particularly for energies 3–5 keV.

I. INTRODUCTION

Multiple lines of cosmological evidence indicate that
⇠80% of the matter density of the Universe, and ⇠25%
of its energy density, is non-baryonic and non-luminous,
hence its name, dark matter (DM) [1]. At present, the
e↵ects of DM are only measurable via its gravitational
e↵ects on astronomical scales, ranging from the motions
of galaxies and galaxy clusters to the power spectrum
of the Cosmic Microwave Background [2–7]. The lack
of a viable Standard Model candidate for particle DM
(hereafter symbolized �) has led to a plethora of theo-
retical models, many of which are also motivated by a
desire to account for other phenomena not explained by
the Standard Model (e.g., baryogenesis, neutrino masses,
the hierarchy problem, etc).

The techniques of indirect detection use astronomi-
cal observations to search for the decay and/or anni-
hilation of DM into Standard Model particles such as
electrons/positrons, (anti)protons/nuclei, neutrinos, and
photons [12]. Because photons are not deflected by as-
trophysical magnetic fields, it is possible to determine
their arrival direction within the angular resolution of
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FIG. 1. The impact of NuSTAR on the ⌫MSM parameter
space, with details shown in the left frame of Fig. 5. The
tentative signal at E ' 3.5 keV [8–10] is indicated by the red
point. For a more detailed view of the non-NuSTAR con-
straints, see Fig. 6 of Ref. [11].
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