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Need a multi-pronged effort 
to find new physics. 
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Standard Model Case

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.
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dark photons,  
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NSI,  
dipole portal, 

Z’ (tridents) etc..
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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.

new states in propagationx

Sterile Neutrinos
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Neutrino BSM

Part 1

-Sterile Neutrinos
-Heavy Neutral Leptons
-Non-standard neutrino interactions (NSI)



BSM Space Schema
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Alexander Kusenko (UCLA/IPMU) MPIK 2012

Neutrino masses and light sterile neutrinos

Discovery of neutrino masses implies a plausible existence of right-handed (sterile) neutrinos.
Most models of neutrino masses introduce sterile states

{νe, νµ, ντ ,νs,1, νs,2, ..., νs,N}

and consider the following Lagrangian:

L = LSM + ν̄s,a

(

i∂µγ
µ) νs,a − yαaH L̄ανs,a −

Mab

2
ν̄c
s,aνs,b + h.c. ,

where H is the Higgs boson and Lα (α = e, µ, τ ) are the lepton doublets. The mass
matrix:

M =

(

0 D3×N

DT
N×3 MN×N

)

What is the natural scale of M?
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Mass Matrix: 

Sterile Neutrinos

• Unlike SM fermions, their # is not constrained by anomaly cancellation.
• Don’t know the number of steriles! 
• Need at least two of them for atm/sol mass splittings N =2.
• If N=3, can accommodate oscillations and DM. 
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SM gauge singlets

How can we find them? 
1) Modified oscillations 

2) Up-scattering production
3) Meson decay production



Inheriting Weak Interaction

Standard
Model
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Coloma, Machado, Martinez-Soler, Shoemaker 2017, Phys. Rev. Lett. 119, 201804 
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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

n, p “bang” 1

Step 1: produce N

⌫↵

N “bang” 2

Step 2: N decays 

No extra radiation between steps 1 and 2. 

incoming 
neutrino

heavy sterile 
neutrino

Low 
background!

Coloma, Machado, Martinez-Soler, Shoemaker 2017, Phys. Rev. Lett. 119, 201804 

digital optical  
modules



Heavy Neutrinos from 
the Atmosphere

Coloma, Machado, Martinez-Soler, Shoemaker 2017, Phys. Rev. Lett. 119, 201804 
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Assumes only existing data.  
Worst case: new ~GeV constraints.  

Best case: Sterile neutrino discovery.

Heavy Neutrinos from 
the Atmosphere

Coloma, Machado, Martinez-Soler, Shoemaker 2017, Phys. Rev. Lett. 119, 201804 



BSM Space Schema

New Neutrinos

N
ew

 F
or

ce
s
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Neutrinos

Z’, φ, 
ν2 f2

New but 
Non-sterile
Neutrinos



Why? 
• We like Occam. Nature doesn’t always seem to. 

• Dark Matter may suggest an entirely new sector of particles/
forces. 

• New theory ideas often: 

• Incite new experimental strategies.

• Interpret existing data in a new way.

• Novel synergistic complementarity of experiments. 



Dipole portal to heavy neutral leptons

2
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0.100

FIG. 1. Overview of projected sensitivities (95% CL) and constraints obtained from SHiP, LHC, LEP, Supernova 1987A and
experiments at the Short-Baseline Neutrino facility at Fermilab. We also show previously calculated favored regions of interest
(ROI) in parameter space for MiniBooNE and LSND, and constraints from NOMAD. Limits are shown for the dimension 5 (�
mediator) and dimension 6 (�+Z mediators) extensions. See Table II for an explanation of the labels. Each curve is discussed
and presented in the paper.

at high and medium energies.
Previously dipole interactions of neutrinos have been

studied in several specific contexts (that we are aware of).
If the SM neutrinos have a large flavor off-diagonal EM
dipole moment, the interaction of solar and reactor neu-
trinos may get enhanced. This provides stringent limits
on dipole moments of SM neutrinos [10]. Some theo-
retical and phenomenological aspects of the Dirac HNL
dipole operator were discussed in Refs. [11, 12] (see also
a more recent general discussion of dimension 5 effective
operators in the neutrino sector [13]). Another promi-
nent place where the transitional ⌫�N dipole appears is
the literature on searches of sterile neutrino dark matter
via a dipole-induced decay N ! ⌫� ([14] and references
therein). A more closely related case to the topic of our
study has arisen as a consequence of trying to accom-
modate MiniBoone and LSND anomalies, that we would
like to discuss now in more detail.

While there is an overall theoretical/experimental con-
sistency for the three-neutrino oscillation picture, there
are several experimental results that do not fit in. Two
notable exceptions are the anomalies observed at the
intensity frontier experiments LSND and MiniBooNE
[15, 16]. In these experiments, an excess of low energy
electron (anti-)neutrinos have been observed, the source

of which is currently unknown. Conceivably, there are
two possibilities: new physics or some unaccounted SM
processes. Thus, for example, single photons produced
via poorly understood SM neutrino interactions with nu-
clei [17] might lead to some partial explanation of the
anomalies. (At the signal level, a single photon can-
not be distinguished from charged-current quasi-elastic
events by MiniBooNE’s Cherenkov detector.)

The most popular proposal is the existence of a light
(m ⇠ eV) sterile neutrino ([18] and references therein),
which mediates the anomalous oscillation required to
explain the observed excess signal. A possibility of eV
sterile neutrinos being at the origin of the MiniBooNE
and LSND oscillation results is strongly challenged by
cosmological data. Indeed, the required parameters for
mass splitting and mixing angle will lead to a complete
thermalization of a new sterile species via oscillation
mechanism. This stands in sharp disagreement with
cosmological data (in particular, cosmic microwave
background (CMB), Big Bang Nucleosynthesis (BBN)
and late-time cosmology) that constrain not only the
total number of thermally populated relativistic degrees
of freedom in the early Universe, but also limits the
total neutrino mass

P
m⌫  0.17 eV at 95%CL [19].

Consequently, a single eV sterile neutrino is not con-

Magill, Plestid, Pospelov, Tsai [1803.03262]
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We consider generic neutrino dipole portals between left-handed neutrinos, photons, and right-
handed heavy neutral leptons (HNL) with Dirac masses. The dominance of this portal significantly
alters the conventional phenomenology of HNLs. We derive a comprehensive set of constraints
on the dipole portal to HNLs by utilizing data from LEP, LHC, MiniBooNE, LSND as well as
observations of Supernova 1987A and consistency of the standard Big Bang Nucleosynthesis. We
calculate projected sensitivities from the proposed high-intensity SHiP beam dump experiment,
and the ongoing experiments at the Short-Baseline Neutrino facility at Fermilab. Dipole mediated
Primakoff neutrino upscattering and Dalitz-like meson decays are found to be the main production
mechanisms in most of the parametric regime under consideration. Proposed explanations of LSND
and MiniBooNE anomalies based on HNLs with dipole-induced decays are found to be severely
constrained, or to be tested in the future experiments.

I. INTRODUCTION

The Standard Model of particles and fields (SM) shows
remarkable resilience under the scrutiny of numerous par-
ticle physics experiments. In particular, the LHC exper-
iments have put significant constraints on new hypothet-
ical colored states, pushing their masses to a TeV scale
and beyond. At the same time, owing to its smaller pro-
duction cross sections, the electroweak extensions of the
SM are far less constrained, and a plethora of new mod-
els may be hiding at energies of a few hundred GeV and
beyond. If such sectors are considered to be heavy, their
impact on the SM physics can be encoded in the higher-
dimensional extensions of the SM. Moreover, the elec-
troweak singlet components of such sectors can be light,
and still coupled to the SM states. In the last few years,
significant attention has been paid to the models con-
taining new singlet fermionic states N (often referred to
as heavy neutral leptons) that can couple to the SM lep-
tons L and Higgs field H via the so-called neutrino portal
coupling, NLH (see e.g. [1, 2]). Owing to the neutrality
of N , its mass mN is a free parameter with a wide range
of possibilities from the sub-eV scale and up, all the way
to the Planck scale. This range is somewhat narrower
if N is indeed taking part in generating masses for the
light active neutrino species. A great deal of experimen-
tal activity is devoted to searches of N particles, that
may show up in cosmological data, in neutrino oscillation
experiments, in meson decays, beam dump experiments
and at high energy colliders. (For a recent overview of
neutrino portal see e.g. [3].)

⇤
gmagill@perimeterinstitute.ca

†
plestird@mcmaster.ca

‡
mpospelov@perimeterinstitute.ca

§
yt444@cornell.edu

Given large interests in searches of heavy neutral lep-
tons, in this work we will analyze a less conventional case
of N particles coupled to the SM via the so-called dipole
portal encoded in the following effective Lagrangian,

L � N̄(i/@ �mN )N + (d⌫̄L�µ⌫F
µ⌫N + h.c). (1)

Here Fµ⌫ is the electromagnetic field strength tensor, and
⌫L is a SM neutrino field. This is an effective Lagrangian
that needs to be UV completed at energy scales not much
larger than ⇤ ⇠ d�1. We are going to stay on the effective
field theory grounds, noting that since our results show
the sensitivity to d to be much better than TeV�1, the
UV completion scale can be raised above the electroweak
scale. For now, Eq. (1) is also applicable only at energies
below the weak scale, as it does not respect the full SM
gauge invariance. Indeed, Fµ⌫ should be a part of the
U(1) and/or SU(2) field strength, and the insertion of the
Higgs field H is also required, so that d / hHi⇤�2. For
most of our analyses we will be interested in values of mN

in the interval from 1 MeV to 100GeV, and at relatively
small energies, so that a treatment using Eq. (1) is indeed
sufficient.

The main assumption made in Eq. (1) is the absence,
or subdominance, of the mass mixing operator NLH.
When the mass mixing operator is dominant, the pro-
duction and decay of N particles is mostly governed by
its interaction with the SM particles via weak bosons.
The phenomenological consequences of these minimally
coupled particles N is well understood. In contrast, if the
leading order operator is suppressed, the dipole operator
offers novel signatures and features in the production and
decay of N , such as a much enhanced role of electromag-
netic interactions in the production and decay of N . This
case has so far being addressed only in a handful of works
[4–9], and here we would like to present a comprehensive
analysis of the dipole N portal, and derive constrains on
d that result from a variety of different experiments, both
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• Systematically examine production mechanisms: up-scattering, off-shell 
photon, meson decays. 

• Astrophysics-terrestrial experiment complementarity. 

high-intensity SHiP beam dump experiment

See also: Brdar, Greljo, Kopp, Opferkuch (2020); Plestid (2020), IMS; Tsai, Wyenberg (2020). 
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FIG. 5: Iso-contours indicating the region of parameter space where more than one DB event is expected, for

the transition magnetic moment between ⌫⌧ and N . Results are shown for DUNE (left), Super-K (center),

and Hyper-K (right). Same plotting conventions as in Fig. 4. The shaded gray areas indicate the regions

currently disfavored by Borexino [46], DONUT [47], and ALEPH [48, 49] data. The shaded purple area

indicates the region leading to delayed neutrino-photon decoupling in the early universe [16].

Lastly, in Fig. 6 we show that DUNE’s LAr near detector can also be sensitive to DB events. In

this case, the large ⌫µ flux at the near detector can allow for ⌫µ �N transition moments to be very

well probed, and in fact push into new parameter space which is currently unconstrained. We note

that MiniBooNE [17] also constrains a small window of parameter space between the CHARM-II

and NOMAD bounds in Fig. 6. Based on the sensitivity we find in Fig. 6, we note that the DUNE

near detector appears capable of testing a dipole interpretation of the MiniBooNE excess [22].

VII. CONCLUSIONS

In this work we have studied the potential of present and future neutrino oscillation experi-

ments, namely, SK, HK and DUNE, to observe double-bang events at low energies, which are

characteristic signals of HNL production and decay within the detector. We have considered both

atmospheric neutrinos and neutrino beams from meson decays as possible sources for the events,

and computed the number of events that would be obtained for the signal in two different scenar-

ios: HNL that mixes with ⌫⌧ , and a dipole portal involving a transition magnetic moment between

the light neutrinos and the HNL. Our results include a detailed calculation of the QE cross section
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FIG. 2: The neutrino dipole portal LNDP � d (⌫̄L�µ⌫F
µ⌫N) al-

lows for a neutrino to up-scatter off a nucleus to a heavy neutral lep-
ton state N . This produces a distinctive recoil spectrum, while the
newly produced heavy neutral lepton decays outside the detector.

The remainder of this paper is organized as follows. In
Sec. II we compute a realistic spectrum of nuclear recoil
events at XENON1T from solar neutrinos mediated by the
NDP interaction. We find there that the new state will typi-
cally decay outside the detector after it is produced and that an

incoming neutrino is unlikely to undergo much up-scattering
in the Earth prior to arrival at the detector. In Sec. III we look
at what improvements can come in the near term, focusing
on a future run of SuperCDMS. Then in Sec. IV we discuss
the nature of models giving rise to the NDP, along with po-
tential ways in which future work could refine and extend the
analysis carried out here.

II. NEUTRINO TRANSITION MAGNETIC MOMENT
RATES

A. Mechanism

Incoming solar neutrinos may up-scatter to a heavy state
N through the NDP operator via the process shown in Fig. 2.
The coherent cross section for neutrino-nucleus scattering via
a NDP reads

d�⌫n!Nn

dER
= d

2
↵Z

2
F

2(ER)

"
1

ER
� m

2
4

2E⌫ERmN

 
1 � ER

2E⌫
+

mN

2E⌫

!
� 1

E⌫
+

m
4
4(ER � mN )

8E2
⌫E

2
Rm

2
N

#
(3)

where Z is the atomic number, ER is the nuclear recoil en-
ergy, E⌫ is the incident neutrino energy, mN is the mass of
the target nucleus, m4 is the mass of the heavy sterile neu-
trino, and F (ER) is the nuclear form factor.

B. Event Rates in Xenon1T Detector

Neutrino scattering at dark matter direct detection experi-
ments has been widely studied [16, 24–33] and depending on
the range of energies may include contributions from solar,
atmospheric and the diffuse supernova background. In fact,
the original DM direct detection proposal from Goodman and
Witten [34] was an extension of the detection method for so-
lar and reactor neutrinos via neutral currents by Drukier and
Stodolsky [35].

The nuclear recoil spectrum of neutrino induced scattering
events can be computed via:

dR
↵

dER
= MT ⇥

Z

Emin
⌫

d�↵
⌫

dE⌫

d�
↵
⌫n!Nn

dER
(E⌫ , ER

�
dE⌫ , (4)

where ↵=e, µ, ⌧ indexes the neutrino flavor, MT is the expo-
sure of the XENON1T experiment (equal to 1.3 Tonne⇥278.8
days), and �⌫ is the solar neutrino flux. The function
E

min
⌫ (ER) is the minimum energy of the incident neutrino to

up-scatter to the state of mass m4 while producing a nuclear

recoil ER:

E
min
⌫ (ER) =

m
2
4 + 2mNER

2
hp

ER(ER + 2mN ) � ER

i . (5)

The solar neutrino 8
B flux provides the dominant contri-

bution to NDP nuclear scattering in the XENON1T exper-
iment. We normalize the 8

B spectrum to the flux �8B =
5.1 ⇥ 106 cm2 s�1 [36]. For illustration, in Fig. 3 we plot the
expected recoil spectrum for a range of possible ⌫4 masses.
As one would expect, at low masses there is little dependence
on the recoil spectrum, while at masses around ⇠ 10 MeV
the rate starts to get very suppressed.

A detected nuclear recoil event will create a signal of n

photoelectrons (PEs) given by a poisson distribution with ex-
pectation value n, given by:

n = ERLy

�
ER

�
g1. (6)

Ly

�
ER

�
is the light yield as a function of ER as shown

in [37], and detector photon gain is g1 = 0.144 ± 0.007 [38].
The event rate is then given by:

dR
↵

dn
=

Z
Eff
⇥
ER

⇤ dR
↵

dER
⇥ Poiss(n|n) dER, (7)

where Eff
⇥
ER

⇤
, the efficiency as a function of nuclear recoil

energy, is given in Fig. 1 of Ref. [10]. Finally, we model the
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Figure 7. Comparison of the DUNE-FD sensitivity to |d⌧ | obtained in this work (red solid) with
current constraints (solid curves, shaded regions), and sensitivities of future projects or estimated
exclusions (dashed curves). Limits and sensitivities are from DONUT [43], Icecube [6], solar neu-
trinos [2, 5], SHiP, LEP, SN 1987A [1], Xenon1T, BBN 4He abundance [2], SuperCDMS [3].

curve, the induced cooling effect is too weak, and above the interaction becomes strong
enough so that steriles cannot escape the collapsing core. Finally, if the sterile is too
heavy, the gravitational pull will also prevent it from leaving the supernova, leading
to the vertical cut-off of the exclusion curve.

• In [6], bounds from double-bang events (a signal with two visibly separate cascades)
at IceCube from the atmospheric neutrino flux were calculated. These are denoted by
the blue dashed lines in figs. 6 and 7, namely one event during a data-taking period
of six years.

• Bounds from cosmology and Big-Bang Nucleosynthesis (BBN) are shown in pink.
The dipole interaction alters the expansion and cooling rates of the universe, leading
to a corrected neutron-to-proton ratio and baryon-to-photon ratio [2]. The final 4He

abundance depends on M4 and d↵. For the observed primordial-4He fraction Yp =

0.245± 0.006 (2�), the corresponding constraints of d↵ are illustrated in figs. 5 to 7.

4 DUNE-FD sensitivity to active-sterile mixing via U⌧4

So far we assumed that the mixing of the sterile neutrino with active flavours is negligible
compared to the dipole interaction. In this section we briefly comment on the opposite case
when the heavy neutrino mixes with strength |U↵4|

2 with active neutrinos and the dipole
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Mono-photon signals @ DUNE

Schwetz, Zhou, Zhu [2105.09699]
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NSI Phenomenology NSI

⌫ ⌫

f f

• Oscillation Data: solar, atmospheric, astrophysical. 

• Scattering Data: NuTeV, CHARM, COHERENT.

• Collider Data: LEP, Tevatron, LHC. 

[Guzzo, et al. (2001)], [Fornengo, et al. (2001)], [Friedland, Lunardini, Maltoni 
(2004)], [Friedland, Lunardini, Pena-Garay (2004)], [Guzzo, de Holanda, Peres 
(2004)], [Miranda, Tortola, Valle (2004)], [Mena, Mocioiu, Razzaque (2007)], 
[Friedland, IMS (2012)], [Mocioiu, Wright (2014)], [Coloma (2015)], Coloma,  
Gonzalez-Garcia, Maltoni (2020)], …

[Davidson et al. (2003)], [Coloma et al. (2017)], [Liao, Marfatia (2017)], [Dutta, 
Liao, Strigari, Walker (2017)], [Dent, Dutta, Liao, Newstead, Stirgari, Walker 
(2017)], [Denton, Farzan, IMS (2018)], Coloma, Esteban, Gonzalez-Garcia, 
Maltoni (2019)], …

[Berezhiani, Rossi (2001)], [Friedland, Graesser, IMS, Vecchi (2011)], …

[Review: Farzan, Tortola 1710.09360]

(very incomplete list) See B. Dev et al. “Neutrino Non-Standard 
Interactions: A Status Report” 2019



COHERENT Strategies 
for New Physics

ER

⌫

nucleus

COHERENT Collaboration: First detection of 
coherent elastic neutrino-nucleus scattering!

Stopped pion source = low-E neutrinos.  

COHERENT Collaboration, 2017 [1708.01294]. 

Can test BSM contributions to neutrino scattering. 

See: IMS [1703.05774]



Oscillation - Scattering 
Complementarity

• Oscillation data allow for large NSI in the “LMA-dark” window. 

standard LMA
✓12 ' 34�

LMA-dark
45� < ✓12 < 90�

NSI

⌫ ⌫

f f

⇠ " GF

+ " ⇠ O(1)

COHERENT breaks 
degeneracy, rules out 

LMA-D. 

Coloma, Gonzalez-Garcia, Maltoni, 
Schwetz [ 1708.02899]

http://arxiv.org/abs/arXiv:1708.02899


NSI @ low-masses
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Denton, Farzan, IMS [1804.03660]

• COHERENT + CMB data allow for a small window of masses with large NSI. 

• Future COHERENT data and reactor experiments (CONUS) will cover the gap.

future CONUS

future COHERENT

LMA-darkCurrent COHERENT

See Also:  
Coloma, Gonzalez-Garcia, 

Maltoni [2009.14220] 
& 

Chaves, Schwetz 
[2102.11981] 

http://arxiv.org/abs/arXiv:1804.03660


Non-Neutrino BSM
@ Neutrino Experiments

Part 2

-Light Dark Matter
-Axion-like particles
-New Force carriers

(Happy accidents!)



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
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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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� + A). Existing laboratory limits [61–63] are shown in gray,
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.



Conclusions
• BSM landscape is vast, likely still new continents 

to discover.

• We should cast a wide net 

• An array of interesting, well-motivated physics 
to search for in near future.

• 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. 


