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New Physics with DUNE near detector



Big Questions in Physics

“Missing mass” – what is it? 

New particle, new force, …? Both? How to find out? 
Challenges ?? Too many options for DM. In “direct detection” or collider 
experiments there is an extrapolations from ~ kpc scale (~ 1021 cm)  
down to 102 cm scale. 
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Types of New Physics to be explored

p Standard stuff: p+, K+,.. n

Exotic stuff: light DM c, light mediators V

Neutrino detectorOptions:

1. Exotic stuff is “metastable”, decays to SM inside the detector

2. Exotic stuff is ”stable”, but can scatter on SM particles

3. Exotic particles can modify neutrino scattering itself. 

e, g etcV

n



5

Types of new physics

4.  There is of course also a possibility of active-sterile oscillation

5. Combination of all of the above: e.g. Sterile neutrinos can have 
”secret interactions”, and also scatter off SM particles.  

n Sterile state

New neutrino efforts (DUNE, SNB experiments at Fermilab, 
neutrino detector at SHiP, etc) offer possibilities for new physics 
searches. My talk is aimed at raising awareness of these possibilities
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Outline of the talk 

1. Introduction. 
2. Light dark matter and light mediators. 
3. Dark sector searches at short baseline neutrino experiments.
4. Probing new forces in neutrino scattering.
5. Search for HNLs in non-minimal setups (examples with B-L, 

and dipole portal)
6. Conclusions. 
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Weakly interacting massive particles
Imagine a stable particle “X” with small-ish annihilation cross section,
X + X à SM states.  

10-36 cm2 = a2/L2  à L = 140 GeV. L ~ weak scale (!) First 
implementations by (Lee, Weinberg; Dolgov, Zeldovich,….)

Honest solution of Boltzmann 
equation gives a remarkably simple 
result. WX = WDM, observed if the 
annihilation rate is 
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Examples of DM-SM mediation
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Search for WIMP-nucleus scattering
(latest LUX, XENON 1T and PANDA-X results)

§ Optimum sensitivity, mWIMP ~ mNucleus (a little lighter because of 
nuclear form factor). 

§ No sensitivity below mWIMP ~ few GeV, due to exceedingly small 
recoil that does not give much light or scintillation. But do we really 
need to look below MWIMP < GeV, given Lee-Weinberg window?

What about MeV 
mass range ?
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Light WIMPs are facilitated by light mediators

(Boehm, Fayet; MP, Riz, Voloshin …)  Light dark matter is not ruled out 
if one adds a light mediator. 

WIMP paradigm:    

Electroweak mediators lead to the so-called Lee-Weinberg window, 

If instead the annihilation occurs via a force carrier with light mass, DM 
can be as light as ~ MeV (and not ruled out by the CMB if it is a scalar). 

• The minimal dark photon model, with no light particles charged under U(1)⇥ is excluded
(or close to be excluded) by experiments. The most di⌅cult part of the parameter
space, the vicinity of mA� ⇤ 30 MeV, has been finally ruled out as a solution to the
g � 2 puzzle only recently [18,20].

• A slightly extended model of dark photon, can still o⇥er a solution to the g � 2 dis-
crepancy. A⇥ ⌃ ⇥⇥̄ decay, for example, can dilute ”visible” A⇥ ⌃ e�e+ modes. In any
case, it appears that mA� < 200 MeV is required [48].

• Finally, the least constrained model is based on gauged Lµ�L⇥ vector portal [27,28,30],
and the vector mass belowmV ⇤ 400 MeV can still be considered as a potential solution
to the muon g � 2 discrepancy [49,50].

To summarize, the light vector particle remains an attractive solution to the muon g� 2
discrepancy, and more experimental work is required to exclude this possibility in as much
a model-independent way as possible.

3.3 Mediator of interaction with DM (both heavy and light)

Vector portals may have an interesting relation to dark matter. In the last few years, the
direct searches for dark matter have intensified, paralleled by the broad investation of the-
oretical opprtunities for dark matter. Weakly interacting dark matter (WIMP) paradigm
o⇥ers perhaps the largest number of opportunities for the experimental discovery of dark
matter via its non-gravitational interaction. In the standard WIMP paradigm, known from
1970s [51,52], the correct cosmological abundance of dark matter is achieved via its self an-
nihilation at high temperatures, T ⇤ m⇤, where m⇤ is the WIMP mass. Simple calculations
show that the required WIMP abundance is achieved if

�annih(v/c) ⇤ 1 pbn =� �DM ⌥ 0.25, (3.2)

where v/c is the approximate relative velocity at the time of annihilation. The nature of a
force responsible for the self-annihilation of WIMPs to the SM states is important. It sets
the size of the self-annihilation cross section, and ultimately the abundance of WIMP dark
matter. If the interactions are mediated by forces that have the weak strength, and operate
with the exchange of the weak scale particles, then for small and large masses one would
expect the following scaling with the WIMP mass,

�(v/c)  

�
⇤

⇥
G2

Fm
2
⇤ for m⇤ ⌅ mW ,

1/m2
⇤ for m⇤ ⇧ mW .

=� few GeV < m⇤ < few TeV (3.3)

This famously determines the so-called ”Lee-Weinberg window”, or the mass range for the
DM in the assumption of weak-scale mediators. According to this logic, MeV-GeV scale
dark matter is disfavored.
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Figure 3: Light (m� ⇥ few MeV) scalar dark matter annihilating to electron-positron pairs
due to mixed ⇥ � A� propagator. The annihilation occurs in the p-wave.

The crucial piece of assumption in the argument above is link between the weak scale
and the mass of the mediator particles. As was argued in previous sections, some vector
portal do allow interaction strengths much in excess of GF . This, in turn opens the door for
the construction of rather natural models of light dark matter, which can be made as light
as MeV [53]. It is important to realize that such WIMPs fall under the category of dark
matter that is extremly di⇥cult to discover via direct scattering of galactic DM particles on
atoms [54], and therefore alternative ways of covering this mass range have to be provided.

On the phenomenological side, the light dark matter can be behind an unexpectedly
strong emission of 511 keV photons from the galactic bulge, as observed by the SPI/INTEGRAL
[55]. It is presently unclear whether New Physics needs to be invoked for the explanation of
such emission, and we refer readers to the on-going debate in the literature [56]. Nonetheless,
the dark matter-related origin of 511 keV excess can be entertained, supplying the nonrela-
tivistic or semi-relativistic positrons from the DM annihilation or decay [57]. For example,
scalar dark matter charged under new U(1)� with masses in m� ⇥few MeV range can pass all
the existing constraints [53], and supply the requisit source for positrons. Direct calculations
in the model where mediation of the SM-DM interaction occurs due to the dark photon, Fig.
3, gives the annihilation cross-section in the form

⇧annih(v/c) ⌅
4⌅

3
�D�⇤

2v2
m2

�

(m2
A� � 4m2

�)
2
. (3.4)

Here �D = (g�)2/(4⌅), and m� ⇤ me is assumed. MP: I need to check the numerical
coe�cient. The extra factor of velocity square in this formula is indicative of the p-wave
annihilation, and is what ulmitately allows this model escaping strong constraints on light
dark matter annihilation imposed by the accurate measurements of CMB anisotropies. The
least constrained region of the parameter space corresponds to very light mediators, mA� <
100 MeV, and 2m� < mA� . With this choice of parameters, ⇧annih(v/c) can be significantly
larger than 1 pbn, making MeV-scale dark matter possible.

Another prominent subject where the DM-related explanation have attracted a lot of at-
tention is the observation of the increase with energy in the fraction of high-energy postrons in
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the nonrelativistic or semi-relativistic positrons from the DM annihilation or decay [59]. For
example, scalar dark matter charged under new U(1)0 with masses in m� ⇠few MeV range
can pass all the existing constraints [55], and supply the requisit source for positrons. Direct
calculations in the model where mediation of the SM-DM interaction occurs due to the dark
photon, Fig. 3, gives the annihilation cross-section in the form

�
annih

(v/c) ' 8⇡↵↵D✏2(m2

� + 2m2

e)v
2

3(m2

A0 � 4m2

�)
2

q
1�m2

e/m
2

�. (3.4)

Here ↵D = (g0)2/(4⇡), and m� � me is assumed. The extra factor of the relative velocity
square in this formula is indicative of the p-wave annihilation, and is what ulmitately allows
this model escaping strong constraints on light dark matter annihilation imposed by the
accurate measurements of CMB anisotropies. The least constrained region of the parameter
space corresponds to very light mediators, mA0 < 100 MeV, and 2m� < mA0 . With this
choice of parameters, �

annih

(v/c) can be significantly larger than 1 pbn, making MeV-scale
dark matter possible.

Another prominent subject where the DM-related explanation have attracted a lot of
attention is the observation of the increase with energy in the fraction of high-energy postrons
in the total astrophysical flux. In 2008, the results of PAMELA satellite showed [60,61] that
the fractions of galactic anti-proton flux, np̄/(np + np̄), as a function of energy, behaves
according to the fiducial expectations of the astrophycal modelling of cosmic ray origin and
propagation. In contrast, the corresponding fraction of positrons, nē/(ne + nē), exhibited
a significant upturn above E > 10 GeV, prompting speculations about the necessity of
additional primary sources of energetic positrons. This measurement was independently
confirmed through FERMI-LAT observations [62], and brought to the new level of accuracy
by the AMS-2 experiment [63]. The annihilation of heavy dark matter with m� > MW

could be a theoretically attractive source of such positrons. Yet, the simplest WIMP models
do not fit the positron excess because of the two problem. The required annihilation rate
capable of supplying the positron excess is above the WIMP freeze-out annihilation rate by
⇠ two orders of magnitude. In addition, models where the final state annihilation products
are heavy SM particles (b, t, W, Z, h) will necessarily produce antiprotons, and therefore
are tightly constrained by np̄/(np + np̄).

It was soon realized that these problems can be rather e�ciently circumvented if the
heavy WIMP dark matter is interacting with the SM via relatively light mediators [64, 65],
and the DM!SM annihilation occurs via an intermediate stage of light mediators, Fig. 4.
In particular, for the light vector mediator one finds that

• The WIMP dark matter abundance is regulated via ��̄ ! V V ! SM particles annihi-
lation process. If mV is su�ciently light, then the v ⇠ 0.3c and v ⇠ 10�3c annihilation
regimes (freeze-out vs galactic environment) can be markedly di↵erent. The existence
of dark-force-induced attraction between WIMP and anti-WIMP particles creates a
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Search for dark photons
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Figure 2: One-loop correction to the muon magnetic moment due to dark photon exchange
diagram.

3.1 A possibility of extra U(1)s in top-down physics, and natural range for
masses and mixing angles

3.2 Putative solution to the muon g � 2 discrepancy

The persistent discrepancy of the measured muon g � 2 and the standard model (SM)
prediction at the level of ⇤3⌅ [44] has generated a lot of experimental and theoretical activity
in search of a possible explanation. The intense scrutiny of the SM contributions to the
g � 2 has not produced any obvious candidate for an extra contribution �ae ⇤ +3 ⇥ 10�9

that would cover a theoretical shortfall and match the observed value. Among the new
physics explanations for this discrepancy are weak scale solutions [45], as well as possible
new contributions from light and very weakly coupled new particles (see, e.g., [13, 46, 47]).
With the LHC continuously squeezing the available parameter space for the weak-scale g�2-
relevant new physics, solutions with light particles appear as an attractive opportunity.

It is easy to see that light vector particles coupled to muons via vector portal provide an
upward correction to the g � 2. In most models the new vector particle does not have an
axial-vector coupling to charged leptons, and the simple one loop diagram, Fig. 2 gives a
positive correction to the magnetic anomaly

aVl =
�

2⇤

�
g⇥

e

⇥2

⇥
⌃ 1

0

dz
2m2

l z(1� z)2

m2
l (1� z)2 +m2

V z
=

�

2⇤

�
g⇥

e

⇥2

⇥

⇤
⇧

⌅
1 for ml ⇧ mV ,

2m2
l /(3m

2
V ) for ml ⌅ mV .

(3.1)
In this expression, g⇥/e is the strength of Vµ coupling to the muon vector current in units
of electric charge. For the kinetically-mixed dark photon A⇥, g⇥/e = ⇥. For the choice of
⇥ ⇤ few⇥10�3 at mV ⇤ mµ, the new contribution is capable to bring theory and experiment
in agreement. Since 2008, a lot of experimental and theoretical work has been done that
scrutinized this possibility. The following picture has emerged:
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FIG. 6. Parameter space for dark photons (A⇥) with mass mA0 > 1 MeV (see Fig. 7 for

mA0 < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A⇥ can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of �. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e� colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for � > 10�4 � 10�3; their reach is not explicitly shown.

string theory constructions can generate much smaller �. While there is no clear minimum

for �, values in the 10�12 � 10�3 range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A⇥ is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A⇥ could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the di�erent possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21

Dark photon with kinetic mixing 
~ 10-3 is the simplest model that 
can account for anomalous  
Daµ~3 10-9, MP, 2008

Search for dark photons (A’à e+e-) 
has become an important part of the 
intensity frontier program, Snowmass 
exercise, Minneapolis, 2013

By 2018, there is a large community in 
place (”Cosmic Vision” summary, 100s 
of authors, 2017), where the search for 
dark photon is one of the priorities. 
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

i Aµ extension)
LH N neutrino Yukawa coupling, N – RH neutrino  
Jµ

i Aµ requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
Jµ

A  ¶µ a /f      axionic portal
……….

Neutral “portals” to the SM



“Simplified models” for light DM
some examples

§ Scalar dark matter talking to the SM via a dark photon 
(variants: Lmu-Ltau etc gauge bosons). With 2mDM < mmediator.

§ Fermionic dark matter talking to the SM via a “dark scalar” 
that mixes with the Higgs. With mDM > mmediator.

After EW symmetry breaking S mixes with physical h, and can be 
light and weakly coupled provided that coupling A is small. Let’s 
call it dark Higgs. (Possibilities for SHiP and LArND (?)) 13
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How to look for light WIMP DM ? 

1. Detect missing energy associated with DM produced in collisions of 
ordinary particles

2. Produce light dark matter in a beam dump experiment, and detect its 
subsequent scattering in a large [neutrino] detector

3. Detect scattering of light ambient DM on electrons, and keep 
lowering the thresholds in energy deposition.

All three strategies are being actively worked on, and pursued by several 
ongoing and planned experiments. 
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p + p(n) �⇥ V � �⇥ �̄�

Fixed target probes - Neutrino Beams

30

⇤0, ⇥ �⇥ V � �⇥ ⌅̄⌅�
� + N � � + N

proton 
beam

(near) 
detector

� + e� � + e

We can use the neutrino (near) detector as a dark matter 
detector, looking for recoil, but now from a relativistic 
beam. E.g.

MINOS
120 GeV protons

1021 POT
1km to (~27ton) 

segmented detector

MiniBooNE
8.9 GeV protons

1021 POT
540m to (~650ton) 
mineral oil detector

T2K
30 GeV protons

(! ~5x1021 POT)
280m to on- and off-

axis detectors

Proposed in Batell, MP, Ritz, 2009. Strongest constraints on MeV DM
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Light DM - trying to see production + scattering

Same force that is responsible for depletion of χ to acceptable levels in 
the early Universe will be responsible for it production at the collision 
point and subsequent scattering in the detector.

Signal scales as (mixing angle)4. 

DM Production & Scattering

� �

e e

� �

N N

� �

q q

V V V

Elastic scattering 
on electrons

Elastic scattering 
on nucleons

Deep inelastic 
scattering

p

N

target
absorber

decay volume
dirt

�

detector

⇥0 ! �V, V ! ⇤⇤⇤

p ! �0 +X

⇥0, �
V

�
�

�⇤ V

�⇤

�

q̄

q

In the detector:



MiniBooNE search for light DM
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MiniBoone has completed a long run in the beam dump mode, as 
suggested in

By-passing Be target is crucial for reducing the neutrino background 
(Richard van de Water et al. …) . Currently, suppression of n flux ~50. 

Timing is used (10 MeV dark matter propagates slower than neutrinos) 
to further reduce backgrounds. First results – 2016, 2017

Important contribution from P deNiverville, B Batell. 

MiniBooNE
90% C.L.

MiniBooNE sensitivity to vector portal DM

23
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to

Be

Target

Earth

Air

Decay Pipe

Steel

Beam Dump

MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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MiniBoone results
Results of the “neutrino-less” run are now published

The off-target run of MiniBoone is a success (despite the absence of DM 
signal!):
• Neutrino background from the beam is brought down to be 

comparable from cosmics
• Data are well described by MC 18

Full NCEOff Distribution
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Total Bkg (sys errors)
Beam unrel. bkg

detν

dirtν
#events uncertainty

BUB 697
�det bkg 775
�dirt bkg 107

Total Bkg 1579 14.3% (pred. sys.)

Data 1465 2.6% (stat.)

I No nuisance parameters applied yet
I Data consistent with background only
I Systematics dominated

R. T. Thornton September 23, 2016 39
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New parts of the parameter space get excluded

Improves over LSND, SLAC experiments, and Kaon decays in the range 
of the mediator mass from ~ 100 to few 100 MeV. Details can be found 
in 1702.02688,  PRL 2017. Are there ways to improve with LArND ?

Comparing to other experiments
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I First dedicated proton beam-dump search for DM
I Exclude new parameter space1

1Amount of parameter space newly excluded depends on slice plotted
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Future directions for light dark matter in collisions 

To improve on sensitivity to light dark matter in beam dump/fixed target 
experiments:

• Coherent neutrino scattering experiments

• SHiP

• NA64 with more intensity (LDMX)

• More experiments at short neutrino baseline program and DUNE near 
detector

• ….

• Ultimate beam dump experiment looking for light DM in scattering = 
powerful accelerator next to large neutrino detectors deep 
underground for least background. 



Future: SHiP project at CERN

21

!"#$%&'()%*+,'&*#-,.%/)0%1-2+.%/345% 8%

The SHiP experiment 
( as implemented in Geant4 ) 

A proposal for a large experiment at CERN SPS to look for all types of 
hidden particles: sterile neutrinos, axion-like particles, dark photons, 
dark Higgses. Can also be used to study scattering signature of light DM
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SHiP sensitivity to light DM
• Estimated in deNiverville et al.
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More coverage of dark sector using 
underground accelerators and neutrino 

detectors
with Eder Izaguirre and Gordan Krnjaic, 2014, 2015

+

Borexino, Kamland, 
SNO+, SuperK, 
Hyper-K (?) …

LUNA, DIANA,…,     
1 e-linac for 
calibration

MeV-Scale Dark Matter Deep Underground

Eder Izaguirre,1 Gordan Krnjaic,1 and Maxim Pospelov1, 2

1Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada
2Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia, Canada

We demonstrate that current and planned underground neutrino experiments could o�er a pow-
erful probe of few-MeV dark matter when combined with a nearby high-intensity low-to-medium
energy electron accelerator. This experimental setup, an underground beam-dump experiment, is
capable of decisively testing the thermal freeze-out mechanism for several natural dark matter sce-
narios in this mass range. We present the sensitivity reach in terms of the mass-coupling parameter
space of existing and planned detectors, such as Super-K, SNO+, and JUNO, in conjunction with
a hypothetical 100 MeV energy accelerator. This setup can also greatly extend the sensitivity of
direct searches for new light weakly-coupled force-carriers independently of their connection to dark
matter.

I. INTRODUCTION

The existence of Dark Matter (DM) is clear evidence
of physics beyond Standard Model (SM) and has inspired
a major experimental e�ort to to uncover its particle na-
ture. If DM achieves thermal equilibrium with the SM in
the early universe, its present-day abundance can arise
from DM annihilation with characteristic cross section
⇥v ⇥ 3 � 10�26cm3/s. Alternatively if its abundance
at late times is set by a primordial particle-antiparticle
asymmetry, a thermal origin requires at least as large of
an annihilation rate to avoid cosmological overproduc-
tion. For either scenario, this requirement sets a pre-
dictive target of opportunity to search for many of the
simplest light DM models.

Current and planned direct and indirect detection,
and collider experiments will cover a vast subset of DM
masses motivated by the thermal origin paradigm. How-
ever, significant gaps remain in our current search strate-
gies for low-mass DM. Indeed, the MeV-to-GeV DMmass
window remains an elusive blind spot in the current
search e�ort [1], despite the existence of viable mod-
els [2–8] – including those invoked to explain the ex-
cess 511 keV photon line from the galactic bulge [9]
with MeV scale DM annihilation into electron-positron
pairs [3, 4]. Recent progress in our understanding of
the status of MeV-scale DM has come from a combi-
nation of re-interpretation of surface-level proton-beam
neutrino experiments results [10–13], rare meson decays
[14–18], electron beam dump experiments [19–22], B-
factories [19, 23], precision measurements [5, 19, 24], the
CMB [25–29], and DM-electron scattering in direct de-
tection experiments [30].

In this paper we propose a powerful new setup depicted
schematically in Fig. 1 — the combination of a large un-
derground detector such as those housed in neutrino fa-
cilities and a low-energy (10-100 MeV) but high inten-
sity electron-beam — which is capable of sharply testing
the thermal origin scenario below ⇥ few 10s of MeV in
DM mass. While our proposal requires a substantial in-
vestment in an accelerator and beam-dump deep under-
ground, it can significantly surpass the sensitivity of all

5

=
⌅

Overburden
⇥ few km=⌅

e� �⇤

Beam

· · · · · ·
· · · · · ·

· · · · · · · · · · · · · · ·DM
DM

e, p,N . . .

A�

� Detector

Displaced decay

(visible)

Prompt decay

(invisible)

e+

e�

FIG. 1. Schematic diagram of the proposed setup: a high
intensity electron accelerator is placed in the vicinity of a
large, underground neutrino detector. The electron beam im-
pinges on a fixed-target or beam-dump to produce a dark
force-carrier A⇥, which can decay either visibly to e+e� or to
DM particles. If the A⇥ decays visibly and is long lived, it can
enter the detector and directly deposit a large electromag-
netic signal. If the A⇥ decays invisibly to DM, the daughter
particles inherit forward-peaked kinematics and scatter in the
detector inducing observable target-particle recoils.

other existing e�orts in this mass range. This concept
complements the DAE�ALUS light-DM proposal [31] in-
volving an underground proton beam as well as other
underground accelerator concepts [32–34] with di�erent
physics goals.
For concreteness, we consider light DM that interacts

with the visible sector through a kinetically-mixed [35]
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Sensitivity to light DM

One will significantly advance sensitivity to light DM in the sub-100 
MeV mass range. Assuming 1024 100 MeV electrons on target

Izaguirre, Krnjaic, MP, 1507.02681, PRD
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FIG. 2. Sensitivity production for 1024 electrons with 100-MeV energies impinging on an aluminum target positioned 10 m
near the SNO+, JUNO, and SuperK detectors – since the latter two have comparable fiducial volumes, their projections are
presented as a common curve. We conservatively assume thresholds of ER > 10 MeV for which the backgrounds are negligible.
The CMB and direct detection constraints assume ⇤/⌅ constitutes all of the dark matter and regions above the relic curve
correspond to parameter space for which each scenario can accommodate a subdominant fraction of the total DM (note that
for subdominant DM, the CMB and direct detection bounds would also weaken). For the pseudo-Dirac scenario the relic
curve was computed assuming only a small mass-splitting (100 keV < � < m�/') between the states that couple to the A�

so standard freeze out is largely una⇥ected, but scattering at direct detection experiments is kinematically inaccessible. Since
Kaon, mono-photon, and beam-dump constraints don’t scale as y, we conservatively adopt �D = 0.5 and m�/'/mA0 = 3 to
not overstate these bounds; the plotted arrows show how the constraint moves when the product �D(m�/mA0)4 is reduced by
a factor of ten. The dotted LSND � SIDM curve denotes where the LSND bound shifts if �D is chosen to satisfy the bound on
DM self interactions ⇥self/m� ⇥< 0.1 cm2/g instead of the nominal �D = 0.5 which is conservative in other regions of parameter
space. Note that for scalar inelastic DM, the key di⇥erence relative to the right panel is that the Xenon10 region disappears as
the scattering can be turned o⇥.

massive dark-photon A⇤ [36]. Since light DM requires
a comparably light mediator to avoid overclosure, this
starting point loses no essential generality and our re-
sults are qualitatively similar for di�erent mediators. The
most general renormalizable Lagrangian for this dark sec-
tor contains

LD ⇤ �Y
2
F ⇤
µ⇥Bµ⇥ +

m2
A0

2
A⇤

µA
⇤µ + LDM , (1)

where A⇤ is the dark photon that mediates an abelian
U(1)D force, F ⇤

µ⇥ = �[µ,A
⇤
⇥] and Bµ⇥ = �[µ,B⇥] are

the dark and hypercharge field strength tensors, and
m⇤,A0 are the appropriate dark sector masses. After elec-
troweak symmetry breaking, diagonalizing the gauge bo-
son mass matrices induces a kinetic mixing with the pho-
ton field strength � ⇥ �Y cos ⇥W , where ⇥W is the weak
mixing angle. The DM Lagrangian contains a fermionic
or bosonic MeV-scale DM particle charged under U(1)D,

LDM =

�
⇤̄(i ⇧D �m⇤)⇤, fermionic DM,
|Dµ⌅|2 �m2

⌅⌅
⇥⌅, bosonic DM,

(2)

where Dµ = �µ+ig⇤A⇤
µ is the covariant derivative. These

simplest realizations of LD assume a Dirac fermion or
complex scalar DM states, but the model can readily

be generalized to the “split” states of Majorana/pseudo-
Dirac fermions or real scalars, in which case A⇤ can cou-
ple o�-diagonally (inelastically) to the di�erent mass-
eigenstates and m⇤(⌅) should be understood as a ma-
trix acting on the split states. Moreover, each variation
above can be particle/antiparticle asymmetric, which al-
lows for weaker bounds from late-time annihilations into
the CMB than the symmetric case [26].
One of the most important questions for such a model

is the hierarchy of masses in LD. If mA0 < m⇤/⌅, the
mediator is the lightest state in the dark sector, so it will
decay into SM particles. In this regime, the annihila-
tion process that sets the relic density is t-channel (e.g.
⇤⇤̄ ⌅ A⇤A⇤) and, thus, independent of the mediator’s
coupling to the SM. However, if mA0 > m⇤(⌅), then the
relic density is achieved through ⇤⇤̄ ⌅ e+e� annihila-
tion, which proceeds via a virtual s-channel A⇤ exchange
and depends on both DM and SM couplings to the medi-
ator1. This latter scenario is predictive: since dark sec-
tor couplings are bounded by perturbativity, su⇤cient

1 In a certain region of parameter space, the mA0 > m� sce-
nario can still achieve the observed relic abundance through
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Constraints on Higgs-like mediators

From Krnjaic 2015 (certain curves need to be revised) See also G 
Perez talk yesterday.

Question: Is there a further sensitivity to S from Kàp S followed by S
decay in the LArND detector at SNB ? DUNE?



Z’ in neutrino scattering

1. Neutrino scattering itself can be sensitive to “mediators”, if they have 
sizeable couplings to them.

2. [Dark photon cannot be probed efficiently, as its coupling to 
neutrinos is additionally suppressed.]

3. Neutrino scattering provides best constraints on such a well-
motivated model as Z’ of U(1)B-L

4. Muon neutrino initiated lepton pair-production (aka “trident”) can 
also be sensitive to models where Z’ does not couple to light quarks 
and electrons. 



Z’ of gauged B-L number
Constraints can be derived from a variety of neutrino-electron scattering, 
from large (LSND) and small (e.g. Texono) experiments

⌫̄e ⌫̄e

A0

e� e�

⌫̄e ⌫̄e

A0

e� e�

�

⌫̄e ⌫̄e

Z

e� e�

A0

(a) (b) (c)

Figure 2. Interactions of neutrinos with electron via t channel dark photon A0 exchange in

panel (a). The panels (b) and (c) are for the kinetic mixing between photon-dark photon and Z

boson-dark photon, respectively.

other studies using a broken [28] and unbroken [29] U(1)B�L scenarios to discuss neutrino-

electron scattering.

Let us mention what is new in this study. First of all, the importance of interference

e↵ects which is overlooked in the literature is discussed. Our results show that interference

e↵ects are not always negligible and can enhance the results as large as one order for some

cases. Second, we obtained bounds on gB�L without relating it through the bound on the

kinetic mixing parameter ✏. For this purpose ✏ parameter is not considered at all. Third, the

analyses for the TEXONO, LSND and CHARM II data have been done for the first time,

and we repeat analyses for GEMMA and BOREXINO and found out that, unlike GEMMA

case, the bound on gB�L gets better for the BOREXINO when the interference e↵ects are

included.

After this preliminary remarks, let calculate contributions of light dark photon to the

neutrino electron scattering processes. (See Fig. 2) Note that the diagrams Fig. 2b and 2c

would exist only when there is a kinetic mixing between the dark photon and the SM neutral

gauge bosons. Thus, such contributions are ignored.

The pure contribution of this new diagram to the neutrino electron scattering is calculated

and the di↵erential cross section is obtained as

h d�
dT

(⌫e� ! ⌫e�)
i

DP
=

g4
B�L

m
e

4⇡E2
⌫

(M2
A

0 + 2m
e

T )2

⇣
2E2

⌫

+ T 2 � 2TE
⌫

�m
e

T
⌘
, (5)
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Figure 5. The 90% C.L. exclusion limits of the gauge coupling constant gB�L of the U(1)B�L

group as a function of the dark photon mass M
A

0 by including interference e↵ects. The regions

above the curves are excluded.

100 MeV, respectively, whereas by accelerator neutrinos data from CHARM II (⌫̄
µ

) for

M
A

0 > 100 MeV.

The behavior of the exclusion curves of Fig. 5 can be understood through the dark photon

cross section expression of Eqn. (5), with a dependence of (M2
A

0 + 2mT )�2 . Accordingly,

studies of dark photons favor experiments with low energy neutrinos like those from reac-

tors. At M
A

0 ⌧ T , cross section is insensitive to M
A

0 , implying that (i) neutrino-electron

scattering experiments would not be able to resolve dark photons with mass less than keV,

which is the lower reach of current sensitivities on T ; (ii) accelerator experiments with E
⌫

and T at the GeV range would not provide good sensitivities, except at M
A

0 also larger than

GeV .

Exclusion regions from the ⌫ � e scattering experiments are displayed with other labo-

ratory and cosmological bounds in Fig. 6, which corresponds to an update of Fig. 8a in

15

Aliev et al, 2015. Constraints follow from consistency of the SM 
calculations with the observed e nà e n scattering. 
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Constraints on Z’ of Lµ - Lt
Experimental results

Hypothetical Z’ (any Z’ coupled to Lµ) contributes constructively to cross 
section.  

9

dent cross-section to the SM prediction is given by

⇥

⇥SM
⇧

1 +
�
1 + 4s2W + 2v2/v2⇤

⇥2

1 + (1 + 4s2W )
2 . (34)

Neutrino trident production has been observed by
three experiments: the first positive results came from
the CHARM-II collaboration [53]; the next measurement
was by the CCFR collaboration [54], further confirmed by
the NuTeV collaboration [55]. Combining the measured
cross sections with the corresponding SM predictions we
find

⇥CHARM�II/⇥SM = 1.58± 0.57 , (35)

⇥CCFR/⇥SM = 0.82± 0.28 , (36)

⇥NuTeV/⇥SM = 0.67± 0.27 . (37)

A weighted average gives

⇥exp/⇥SM = 0.83± 0.18 , (38)

which leaves only little room for positive NP contribu-
tions. Combining Eq. (38) with (34) we find

v⇤ � 750 GeV . (39)

This bound completely excludes an explanation of the
(g � 2)µ anomaly for the mZ0 � 10 GeV region we con-
sider in this paper. The constraint coming from Eq. (38)
as well as the individual constraints from Eqs. (35)
and (36) are shown by the red lines in Fig. 3 in the mZ0

- g⇤ plane.

• Final remarks. Fig. 3 is a summary of all the lep-
tonic constraints on Lµ � L⇥ discussed in this section.
Remarkably, a major part of the parameter space rel-
evant for the B ⌅ K⇥µ+µ� anomaly, and all of the
parameter space relevant for the muon g � 2 anomaly,
is probed by the observation of neutrino trident produc-
tion. The enormous potential of this process in providing
full coverage of the parameter space strongly motivates
future experiments looking to measure this process more
precisely.

Finally, using the lower bound on the VEV from the
neutrino tridents, we can predict a minimum e⇥ect in
Bs mixing, if the Z ⇤ is to explain the B ⌅ K⇥µ+µ�

anomaly. We find that the mass di⇥erence in the Bs

system, �Ms is a⇥ected by at least 3%, and the e⇥ect
grows quadratically with v�. While a 3% e⇥ect in �Ms

is well within the uncertainty of the SM prediction, for
generic values of the Yukawa couplings one should expect
an e⇥ect of the same order also in the theoretically clean
Bs mixing phase, which should be detectable with an
LHCb upgrade [56]. The expected e⇥ects in Bs mixing
are indicated in the white region of Fig. 3 by the dotted
contours.

e�ective 4-fermion operator is accurate as long as mZ0 � 10 GeV.
A detailed analysis of neutrino trident production in the presence
of a lighter Z� will be presented elsewhere [22].

V. OUTLOOK AND CONCLUSIONS

This work was devoted to a comprehensive study of
a model with a Z ⇤ vector-boson that couples to lep-
tons through the Lµ �L⇥ portal, and to quarks through
general e⇥ective couplings. Our goal was to determine
whether such a model yields a plausible explanation for
the recent discrepancy shown by the LHCb collabora-
tion in angular distributions of the B ⌅ K⇥µ+µ� de-
cay products. We conclude that such an explanation is
viable, and it is such that future measurements in the
high-energy and high-intensity frontiers may reveal fur-
ther deviations from the SM tied to the manifestations
of this new vector-boson. Unlike models based on a Z ⇤

that couples with full strength to all leptons and quarks,
the model we consider in this paper is well-hidden. In
contradistinction to most of the Z ⇤ proposals made in
connection with the LHCb discrepancy, which envision a
Z ⇤ above � 3 TeV, the mass of the vector-boson consid-
ered in this work can be very low, possibly well below the
electroweak scale! While a variety of UV-completions are
possible for the coupling of Z ⇤ to quarks, we have chosen
one with vector-like quarks in the multi-TeV mass scale.
While this model can hardly be imagined to be the fi-
nal word, it does o⇥er a general and consistent frame-
work within which it is possible to discuss the di⇥erent
low-energy constraints and structures likely to emerge in
more refined constructions.
Among the leptonic observables, we have identified two

particular processes which result in powerful constraints
on the parameter space of the model: the Z decay to four
muons and the neutrino trident production. In particu-
lar, we find that the tentative explanation of the (g�2)µ
discrepancy in this model is fully ruled out by the latter
process, at least for multi-GeV and heavier Z ⇤. While
in this work we have applied it to the Lµ � L⇥ portal,
it is absolutely clear that neutrino trident production is
immediately relevant to other models that appeal to Z ⇤

coupled to leptons via any current that contains Lµ (such
as e.g. total lepton number). Generalizing this constraint
to other models and extending it to a wider range of the
Z ⇤ mass is the subject of our upcoming work [22].
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Neutrino trident production has been observed by
three experiments: the first positive results came from
the CHARM-II collaboration [53]; the next measurement
was by the CCFR collaboration [54], further confirmed by
the NuTeV collaboration [55]. Combining the measured
cross sections with the corresponding SM predictions we
find

⇥CHARM�II/⇥SM = 1.58± 0.57 , (35)

⇥CCFR/⇥SM = 0.82± 0.28 , (36)

⇥NuTeV/⇥SM = 0.67± 0.27 . (37)

A weighted average gives

⇥exp/⇥SM = 0.83± 0.18 , (38)

which leaves only little room for positive NP contribu-
tions. Combining Eq. (38) with (34) we find

v⇤ � 750 GeV . (39)

This bound completely excludes an explanation of the
(g � 2)µ anomaly for the mZ0 � 10 GeV region we con-
sider in this paper. The constraint coming from Eq. (38)
as well as the individual constraints from Eqs. (35)
and (36) are shown by the red lines in Fig. 3 in the mZ0

- g⇤ plane.

• Final remarks. Fig. 3 is a summary of all the lep-
tonic constraints on Lµ � L⇥ discussed in this section.
Remarkably, a major part of the parameter space rel-
evant for the B ⌅ K⇥µ+µ� anomaly, and all of the
parameter space relevant for the muon g � 2 anomaly,
is probed by the observation of neutrino trident produc-
tion. The enormous potential of this process in providing
full coverage of the parameter space strongly motivates
future experiments looking to measure this process more
precisely.

Finally, using the lower bound on the VEV from the
neutrino tridents, we can predict a minimum e⇥ect in
Bs mixing, if the Z ⇤ is to explain the B ⌅ K⇥µ+µ�

anomaly. We find that the mass di⇥erence in the Bs

system, �Ms is a⇥ected by at least 3%, and the e⇥ect
grows quadratically with v�. While a 3% e⇥ect in �Ms

is well within the uncertainty of the SM prediction, for
generic values of the Yukawa couplings one should expect
an e⇥ect of the same order also in the theoretically clean
Bs mixing phase, which should be detectable with an
LHCb upgrade [56]. The expected e⇥ects in Bs mixing
are indicated in the white region of Fig. 3 by the dotted
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e�ective 4-fermion operator is accurate as long as mZ0 � 10 GeV.
A detailed analysis of neutrino trident production in the presence
of a lighter Z� will be presented elsewhere [22].

V. OUTLOOK AND CONCLUSIONS

This work was devoted to a comprehensive study of
a model with a Z ⇤ vector-boson that couples to lep-
tons through the Lµ �L⇥ portal, and to quarks through
general e⇥ective couplings. Our goal was to determine
whether such a model yields a plausible explanation for
the recent discrepancy shown by the LHCb collabora-
tion in angular distributions of the B ⌅ K⇥µ+µ� de-
cay products. We conclude that such an explanation is
viable, and it is such that future measurements in the
high-energy and high-intensity frontiers may reveal fur-
ther deviations from the SM tied to the manifestations
of this new vector-boson. Unlike models based on a Z ⇤

that couples with full strength to all leptons and quarks,
the model we consider in this paper is well-hidden. In
contradistinction to most of the Z ⇤ proposals made in
connection with the LHCb discrepancy, which envision a
Z ⇤ above � 3 TeV, the mass of the vector-boson consid-
ered in this work can be very low, possibly well below the
electroweak scale! While a variety of UV-completions are
possible for the coupling of Z ⇤ to quarks, we have chosen
one with vector-like quarks in the multi-TeV mass scale.
While this model can hardly be imagined to be the fi-
nal word, it does o⇥er a general and consistent frame-
work within which it is possible to discuss the di⇥erent
low-energy constraints and structures likely to emerge in
more refined constructions.
Among the leptonic observables, we have identified two

particular processes which result in powerful constraints
on the parameter space of the model: the Z decay to four
muons and the neutrino trident production. In particu-
lar, we find that the tentative explanation of the (g�2)µ
discrepancy in this model is fully ruled out by the latter
process, at least for multi-GeV and heavier Z ⇤. While
in this work we have applied it to the Lµ � L⇥ portal,
it is absolutely clear that neutrino trident production is
immediately relevant to other models that appeal to Z ⇤

coupled to leptons via any current that contains Lµ (such
as e.g. total lepton number). Generalizing this constraint
to other models and extending it to a wider range of the
Z ⇤ mass is the subject of our upcoming work [22].
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whereKF is a loop function that can be found e.g. in [43].
Out of the three SM neutrinos only the muon-neutrino
and tau-neutrino are a�ected by Z ⇥ loops. Therefore, the
correction to the Z coupling to neutrinos is e�ectively
given by

gV ⇤

gSMV ⇤

=
gA⇤

gSMA⇤

=

����1 +
2

3

(g⇥)2

(4⌅)2
KF (mZ0)

���� . (33)

In order to obtain constraints on the mass and coupling
of the Z ⇥, we combine the experimental results from LEP
and SLC [44] on the Z couplings to all leptons and neu-
trinos, taking into account the error correlations. We
find the 95% C.L. constraints depicted in gray in Fig. 3.
We note also that the constraint on the parameter space
would be stronger, if we had a sizable kinetic mixing [45].

• Z � 4⇥ searches at the LHC. Both ATLAS and
CMS collaborations have reported the measurement of
the branching ratio of Z decaying into four charged lep-
tons [46, 47]3. In particular, the ATLAS analysis [47] has
been performed with the full 7+8 TeV LHC data set and
it gives BR(Z ⌅ 4✏) = (4.2 ± 0.4)10�6, to be compared
to the SM prediction BR(Z ⌅ 4✏) = (4.37 ± 0.03)10�6.
Our model gives a positive NP contribution to the pro-
cess. The most important e�ect comes from the Feynman
diagram shown in Fig. 5, with an intermediate on-shell
Z ⇥ boson dominating the rate formZ0 < mZ (see also [19]
for a recent analysis).

We have recast the ATLAS analysis in [47], gener-
ating events using MadGraph 5 [49], interfaced with
Pythia6.4 [50] for parton showering. Events should have
exactly four isolated leptons with the leading three with
pT > 20, 15, 8 GeV, and if the third lepton is an electron
it must have pT > 10 GeV. Lepton identification e⌅cien-
cies have been taken from [51]. The invariant mass of the
opposite sign same flavor (OSSF) lepton pair closest to
the Z mass should be m1 > 20 GeV. The second OSSF
lepton invariant mass should be m2 > 5 GeV. Finally,
the invariant mass of the four lepton system should be
close to the Z mass: 80GeV < m4↵ < 100GeV.

NP e�ects arise only in the four muon bin. In this bin,
ATLAS observes 77 events, to be compared to the 78
events expected. To set the bound, we assume a Poisson
distribution for the observed events, and we exclude at
the 95% C.L. the benchmarks that predict more than 94
events in the four muon bin. The region on the left of
the dashed black line in Fig. 3 is excluded by the ATLAS
analysis. As we can note from the figure, the region fa-
vored by (g � 2)µ has been almost fully probed by LHC
measurements of Z to four leptons.

3 Note that LEP performed the measurement of the cross section
of the four-fermion final state arising from the process e+e� ⇥
⇥+⇥�ff̄ where ⇥ is a charged or neutral lepton and f any charged
fermion [48]. However, as also shown in [15], the constraints on
the g⇥�mZ0 parameter space coming from this measurement are
slightly less stringent than the LHC constraints discussed in the
following.

q

q

Z

µ

µ

Z �
µ

µ

FIG. 5. The main NP contribution to the Z � 4⇤ process at
the LHC.

�

N N

⇥

⇥

µ�

µ+

Z ⇥

FIG. 6. The leading order contribution of the Z⇥ to neutrino
trident production. This diagram interferes constructively
(destructively) with the corresponding SM diagram involving
a W -boson (Z-boson).

• Neutrino trident production. In the last part
of this section, we present a powerful new constraint on
the Lµ � L⌅ current coming from measurements of neu-
trino trident production, i.e. the production of a muon
anti-muon pair in the scattering of muon neutrinos in
the Coulomb field of a target nucleus. The leading con-
tribution of the Z ⇥ to such a process is shown in Fig. 6.
This diagram interferes with the SM contribution involv-
ing similar diagrams, but with the W and Z bosons in-
stead of the Z ⇥. In the SM, the contribution from the
Z-boson is smaller than the one of the W -boson and
comes with an opposite sign that leads to destructive
interference [52]. The Z ⇥ coupling to both muons and
muon-neutrinos has the same sign and the Z ⇥ contribu-
tion interferes constructively (destructively) with the W -
boson (Z-boson), leading therefore to an enhancement of
the trident production. Working in the approximation
of a heavy Z ⇥, where the leptonic 4-fermion operator is
(g⇥)2 (µ̄��µ) (⇤̄��PL⇤) /m2

Z0
4, the ratio of the total tri-

4 We estimate that the description of the Z⇥ contribution by an

In the heavy Z’ limit the effect 
simply renormalizes SM answer:

~8-fold enhancement of cross section 
for muon g-2 relevant paremeters
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Muon pair-production by neutrinos

• NuTeV results:

Trident production was seeing with O(20) events, and is fully consistent 
with the SM destructive W-Z interference. 
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We present a measurement of neutrino tridents, muon pairs induced by neutrino scattering in the
Coulomb field of a target nucleus, in the Columbia-Chicago-Fermilab-Rochester neutrino experiment at
the Fermilab Tevatron. The observed number of tridents after geometric and kinematic corrections,
37.0+ 12.4, supports the standard-model prediction of 45.3+ 2.3 events. This is the first demonstration
of the 8 -Z destructive interference from neutrino tridents, and rules out, at 99% C.L., the V—2 predic-
tion without the interference.

PACS numbers: 13.10.+q, 12.15.3i, 14.80.Er, 25.30.Pt

A neutrino trident is the scattering of a neutrino in the
Coulomb field of a target nucleus (N),

v„(v„)+N~ v„(v„)+p+p +N.
Momentum is balanced by the coherent exchange of a
virtual photon between one of the emergent muons and
the nucleus. The signature is a dimuon event with zero
visible hadron energy. In the standard model this reac-
tion can proceed via two channels (Fig. 1): charged (W)
and neutral (Z) boson exchange. A measurement of this
process determines the interference between 8' and Z
channels providing a crucial test of the gauge structure
of the standard model. We report the first measurement

FIG. 1. Feynman diagram showing the neutrino trident pro-
duction in v„-8 scattering via the 8'and the Z channels.

of this destructive interference in v tridents,
Many theoretical papers discuss v-trident produc-

tion. ' As an almost purely leptonic process, its cross
section can be precisely calculated using the known elec-
tromagnetic form factor of the iron nucleus. Most early
theoretical papers deal only with the V—A theory (W
exchange alone) ignoring the W-Z interference. Howev-
er, in the standard model the neutral-current channel
(Z mode) interferes destructively with the charged-
current channel (W —). Assuming the standard vector
and axial-vector couplings, the interference causes an ap-
proximate 40% suppression of the trident production as
compared to the prediction using 8'exchange only. '

In spite of the elegance of the theoretical prediction,
the experimental study of v tridents has been difficult for
two reasons: (a) the extremely small cross section, about
2.3 && 10 (4.6 x 10 ) of the inclusive v„N(v„N)--
charged-current process at (E,) =160 GeV; and (b) the
relatively low energy of the secondary muon associated
with the trident. These difficulties are overcome in a
high-statistics high-energy neutrino experiment. Early
experimental investigations of v tridents (for a review,
see Ref. 10) failed to conclusively demonstrate their ex-
istence. ' ' ' More recently, the CCFR experiment '

and, notably, the CHARM II experiment' have report-
ed clear evidence for v tridents. Although these data are
consistent with the standard-model prediction, there has

1991 The American Physical Society 3117
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to Czyz et al. and Brown et al. These agreed within
3%, and were also in agreement with the approximate
calculation (using a virtual-photon approximation) in
Refs. 1 and 9. The iron-nucleus electromagnetic form
factor was taken from the electron scattering data. '

The contribution to the trident signal from incoherent
scattering from target nucleons (as opposed to scattering
off target nuclei) was also included, where the nucleon
form factor was taken from Olsson et al. Target nu-
cleons contribute approximately —,

' of the tridents pro-
duced by target nuclei. It should be noted that the tri-
dent calculation is rather precise; the form-factor mea-
surements do not constitute the largest source of error.
The largest source of theoretical uncertainty is the es-
timation of the Pauli suppression which aA'ects only the
neutrino-nucleon trident production (16% of the total tri-
dent production cross section). The combined systematic
error on the theoretical prediction of v tridents is es-
timated to be 5%. For 8' exchange alone, or for the
V—2 theory, the predicted number of trident events is

N(trident, V—A) =78.1+ 3.9. (3)

Our data, with 37.0+ 12.4 events, clearly support the
destructive-interference hypothesis, and rule out the lack
of interference at & 99% C.L.
The trident cross section can be calculated from the

measured absolute v-% charged-current cross section
of'

o,~(CC) =(0.680~0.015)E,&&10 cm /GeV,

and the observed rate of tridents with respect to
all charged-current interactions [rate = (1.33 ~ 0.43)
x 10 ']. The cross section is

cma(v trident) =(4.7+ 1.6)E,x10 Fe nucleus
at (E,) =160GeV. (5)
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FIG. 16. Comparison of the final result (MC) to the
low-EHAD two-muon data for (a,b) EHAD, (c,d) Mµ+µ− , (e,f)
∆φ. The left side is ν mode; the right side is ν̄ mode.
The Mµ+µ− and ∆φ distributions are for EHAD < 3 GeV.
The points represent the data while the histogram shows the
Monte Carlo.

The consideration of all sources of low-EHAD two-
muon events allows us to measure diffractive charm pro-
duction. The D±

S and D∗±
S sources have been combined

in proportion to the theoretical predictions and a single
fit parameter used. This yields cross-sections of

σ
(

νµFe → µ−(DS + D∗
S)Fe

)

= (3.3 ± 1.1) fb/nucleon,

evaluated at Eν = 130 GeV using the modified
VMD and PCAC predictions to extrapolate in en-
ergy under the assumptions σ

(

νµFe → µ−D∗+
S Fe

)

=
σ

(

ν̄µFe → µ+D∗−
S Fe

)

and σ
(

νµFe → µ−D+
S Fe

)

=
σ

(

ν̄µFe → µ+D−
S Fe

)

. A second fit performed with
the neutrino trident parameter fixed to the Stan-
dard Model prediction yielded the consistent results
σ (νµFe → µ−(DS + D∗

S)Fe) = (3.0 ± 0.8) fb/nucleon
at Eν = 130 GeV. The quoted errors are completely dom-
inated by statistics. This result assumes an isotropic
D∗

S decay. Studies showed effects of a possible D∗
S po-

larization to be small. The largest change, correspond-
ing to nearly complete longitudinal polarization, lowered
σ(DS + D∗

S) by 0.4 fb/nucleon.
Previously, the Big Bubble Chamber Neutrino Collab-

oration combined various data samples to measure the
diffractive rate of charmed strange mesons ( D±

S + D∗±
S )

per charged-current νI (I is an isoscalar target) interac-
tion [1]. They measured a rate of (2.8 ± 1.1) × 10−3.
The observation of D∗±

S production by CHORUS [2] is in
agreement with this rate. Using the results of our second
fit, we find a rate of (3.2 ± 0.6) × 10−3, which is

FIG. 17. The two muon invariant mass (Mµµ) for the J/ψ
Monte Carlo. The curve shows a Gaussian fit.

consistent with previous results.
Table V lists the number of events contribution of each

source in the low-EHAD two muon data sample as deter-
mined by this analysis.

B. Neutral-Current Analysis

Neutral-current J/ψ production produces a clear sig-
nature in the two muon invariant mass, particularly if
EHAD ≤ 3 GeV is imposed to select diffractively pro-
duced events. There is no evidence for a J/ψ signal in
Fig. 13; however, the relatively poor resolution of the
NuTeV detector may be obscuring a contribution from
this source. To assess this possibility, a diffractive J/ψ
sample was simulated via Monte Carlo to obtain the Mµµ

distribution shown in Fig. 17. A Gaussian fit to this dis-
tribution yields a resolution σ0 = 0.40 GeV/c2.

A maximum likelihood fit was then performed to de-
termine the amount of J/ψ present in the data. The fit
function was taken to be

N(Mµµ) = Mα
µµe(β+γMµµ) + A × e−

1
2
(

Mµµ−M0
σ0

)2 , (5.1)

where Mµµ is the two muon invariant mass. M0 and σ0

are the mass and width of the J/ψ as measured by the
Monte Carlo. The first term represents a smooth param-
eterization of the background description where α and
γ determine the shape and β the normalization. The
second term is a Gaussian description of the J/ψ con-
tribution with mean mass M0 and width σ0 set to the
Monte Carlo prediction. The parameter A measures the
amount of J/ψ in the data.

The results of the fit are shown in Table VI. A 90%
confidence level (CL) on the J/ψ contribution is set by
fixing the J/ψ amplitude to various increasing levels
and fitting for the background. The likelihood function
(L(A)) was plotted as a function of A and the 90% CL

limit set by
∫ ACL

A0
L(A) dA/

∫ ∞

A0
L(A) dA = 0.90. The

10
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Constraints on Lµ-Lt MZ’ - g’ parameter space

Muon pair production process excludes solutions to muon g-2 discrepancy via 
gauged muon number in the whole range of

MZ’ > 400 MeV 

In the “contact” regime of heavy Z’>5 GeV, the best resolution to g-2 overpredicts
muon trident cross section by a factor of ~ 8. 

Altmannshofer, Gori, MP, Yavin, 2014

See the improved analysis by Magill and Plestid, 2016. 

Limits on (g’)2/(mZ’)2 are better than GFermi.

3

solid angle �⇥, ⇣ < t < s, and 4m2 < ⇣ < s. The inte-
gration over phase-space is best done first over the solid
angle, then over t and ⇣ (see also ref. [23]). Keeping only
leading order terms in the muon mass we find the follow-
ing expression for the inclusive SM cross-section,

⌃(SM) ⌥ 1

2

�
C2

V
+ C2

A

⇥ 2G2
F� s

9⇧2

⇧
log

⇤ s

m2

⌅
� 19

6

⌃
. (9)

The destructive interference between the charged and
neutral vector-boson contributions leads to a reduction
of about 40% of the SM cross-section compared to the
pure V-A theory. Our results corrects a missing factor of
2 in the corresponding expression in ref. [16].

We can obtain a similarly concise expression for the Z⇥

contribution in the heavy mass limit, mZ0 ⇧
↵
s [13],

⌃(SM+Z0)

⌃(SM)
⌥

1 +
⇤
1 + 4 sin2 ⇥W + 2v2SM/v2

Z0

⌅2

1 +
�
1 + 4 sin2 ⇥W

⇥2 . (10)

This expression also holds for the di⇥erential cross-
section in this limit, up to muon mass corrections.

In the limit of light Z⇥, mZ0 ⌅
↵
s, we write

⌃(SM+Z0) = ⌃(SM) + ⌃(inter) + ⌃(Z0) , (11)

where the second term stands for the interference be-
tween the SM and the Z⇥ contributions. In the leading
log approximation, this contribution is given by

⌃(inter) ⌥ GF↵
2

g⇥2CV�

3⇧2
log2

⇤ s

m2

⌅
. (12)

The Z⇥ contribution alone, for m ⌅ mZ0 ⌅
↵
s, is

⌃(Z0) ⌥ 1

m2
Z0

g⇥4�

6⇧2
log

⇧
m2

Z0

m2

⌃
, (13)

while for mZ0 ⌅ m ⌅
↵
s it is

⌃(Z0) ⌥ 1

m2

7g⇥4�

72⇧2
log

⇧
m2

m2
Z0

⌃
. (14)

As can be expected, at highmZ0 the Z⇥ contribution is ad-
ditive with respect to the SM one (as shown in Eq. (10))
and decouples as m�2

Z0 . For light Z⇥, on the other hand,
the cross-section is only log sensitive to mZ0 and the cen-
ter of mass energy of the event.

To get the total ⌅µN ⌃ ⌅µNµ+µ� cross-section, the
real-photon contribution can be easily integrated against
the Weizsäcker-Williams probability distribution func-
tion, Eq. (2), in s2/(4E2

⇥) < q2 < �, where E⇥ is the
neutrino energy, and 4m2 < s < �. Using a simple ex-
ponential form factor, we find good agreement between
our results from the EPA and a direct numerical calcu-
lation of the full process following [19]. As a cross check
we also reproduced the trident cross sections reported
in [19, 22], for V-A theory and for the SM, for various
neutrino energies, using both the EPA and the numeri-
cal calculation. For large mZ0 the relative size of the Z⇥

0.01 0.1 1 10 102 103

10�3

0.01

0.1

1

m Z ' �GeV⇥

g '

CCFR

�g�2⇥⇥ ⌃2⇤

Z⇧4⇥⌅LHC

FIG. 2. Parameter space for the Z0 gauge boson. The light-
grey area is excluded at 95% C.L. by the CCFR measurement
of the neutrino trident cross-section. The grey region with
the dotted contour is excluded by measurements of the SM
Z boson decay to four leptons at the LHC [24, 25]. The
purple (dark-grey) region is favored by the discrepancy in the
muon g-2 and corresponds to an additional contribution of
�aµ = (2.9± 1.8)� 10�9 to the theoretical value [26].

contribution is independent on the neutrino energy. For
low mZ0 on the other hand, lower neutrino energies lead
to an enhanced sensitivity to the Z⇥. In determining the
sensitivity to the {g⇥,mZ0} parameter space, we use full
numerical results for the phase-space integration rather
than analytic approximations and keep the full depen-
dence on the muon mass.
Neutrino trident production has been searched for in

several neutrino beam experiments. Both the CHARM-
II collaboration [27] (using a neutrino beam with mean
energy of E⇥ ⇤ 20 GeV and a glass target) and the CCFR
collaboration [28] (using a neutrino beam with mean en-
ergy of E⇥ ⇤ 160 GeV and an iron target) reported detec-
tion of trident events and quoted cross-sections in good
agreement with the SM predictions,

⌃CHARM�II/⌃SM = 1.58± 0.57 , (15)

⌃CCFR/⌃SM = 0.82± 0.28 . (16)

(Corresponding results from NuTeV can also be used al-
beit with some caution due to a rather large di⇥erence
in the background treatment between the initial report
[29] and the publication [30].) These results strongly
constrain the gauged Lµ � L⇤ model, and more gen-
erally any new force that couples to both muons and
muon-neutrinos. Implementing the phase space integra-
tions that correspond to the signal selection criteria of
CCFR and CHARM-II, we arrive to the sensitivity plots
in Figs. 2 and 3. Our results show that the parameter

8

whereKF is a loop function that can be found e.g. in [43].
Out of the three SM neutrinos only the muon-neutrino
and tau-neutrino are a�ected by Z ⇥ loops. Therefore, the
correction to the Z coupling to neutrinos is e�ectively
given by

gV ⇤

gSMV ⇤

=
gA⇤

gSMA⇤

=

����1 +
2

3

(g⇥)2

(4⌅)2
KF (mZ0)

���� . (33)

In order to obtain constraints on the mass and coupling
of the Z ⇥, we combine the experimental results from LEP
and SLC [44] on the Z couplings to all leptons and neu-
trinos, taking into account the error correlations. We
find the 95% C.L. constraints depicted in gray in Fig. 3.
We note also that the constraint on the parameter space
would be stronger, if we had a sizable kinetic mixing [45].

• Z � 4⇥ searches at the LHC. Both ATLAS and
CMS collaborations have reported the measurement of
the branching ratio of Z decaying into four charged lep-
tons [46, 47]3. In particular, the ATLAS analysis [47] has
been performed with the full 7+8 TeV LHC data set and
it gives BR(Z ⌅ 4✏) = (4.2 ± 0.4)10�6, to be compared
to the SM prediction BR(Z ⌅ 4✏) = (4.37 ± 0.03)10�6.
Our model gives a positive NP contribution to the pro-
cess. The most important e�ect comes from the Feynman
diagram shown in Fig. 5, with an intermediate on-shell
Z ⇥ boson dominating the rate formZ0 < mZ (see also [19]
for a recent analysis).

We have recast the ATLAS analysis in [47], gener-
ating events using MadGraph 5 [49], interfaced with
Pythia6.4 [50] for parton showering. Events should have
exactly four isolated leptons with the leading three with
pT > 20, 15, 8 GeV, and if the third lepton is an electron
it must have pT > 10 GeV. Lepton identification e⌅cien-
cies have been taken from [51]. The invariant mass of the
opposite sign same flavor (OSSF) lepton pair closest to
the Z mass should be m1 > 20 GeV. The second OSSF
lepton invariant mass should be m2 > 5 GeV. Finally,
the invariant mass of the four lepton system should be
close to the Z mass: 80GeV < m4↵ < 100GeV.

NP e�ects arise only in the four muon bin. In this bin,
ATLAS observes 77 events, to be compared to the 78
events expected. To set the bound, we assume a Poisson
distribution for the observed events, and we exclude at
the 95% C.L. the benchmarks that predict more than 94
events in the four muon bin. The region on the left of
the dashed black line in Fig. 3 is excluded by the ATLAS
analysis. As we can note from the figure, the region fa-
vored by (g � 2)µ has been almost fully probed by LHC
measurements of Z to four leptons.

3 Note that LEP performed the measurement of the cross section
of the four-fermion final state arising from the process e+e� ⇥
⇥+⇥�ff̄ where ⇥ is a charged or neutral lepton and f any charged
fermion [48]. However, as also shown in [15], the constraints on
the g⇥�mZ0 parameter space coming from this measurement are
slightly less stringent than the LHC constraints discussed in the
following.

q

q

Z

µ

µ

Z �
µ

µ

FIG. 5. The main NP contribution to the Z � 4⇤ process at
the LHC.

�

N N

⇥

⇥

µ�

µ+

Z ⇥

FIG. 6. The leading order contribution of the Z⇥ to neutrino
trident production. This diagram interferes constructively
(destructively) with the corresponding SM diagram involving
a W -boson (Z-boson).

• Neutrino trident production. In the last part
of this section, we present a powerful new constraint on
the Lµ � L⌅ current coming from measurements of neu-
trino trident production, i.e. the production of a muon
anti-muon pair in the scattering of muon neutrinos in
the Coulomb field of a target nucleus. The leading con-
tribution of the Z ⇥ to such a process is shown in Fig. 6.
This diagram interferes with the SM contribution involv-
ing similar diagrams, but with the W and Z bosons in-
stead of the Z ⇥. In the SM, the contribution from the
Z-boson is smaller than the one of the W -boson and
comes with an opposite sign that leads to destructive
interference [52]. The Z ⇥ coupling to both muons and
muon-neutrinos has the same sign and the Z ⇥ contribu-
tion interferes constructively (destructively) with the W -
boson (Z-boson), leading therefore to an enhancement of
the trident production. Working in the approximation
of a heavy Z ⇥, where the leptonic 4-fermion operator is
(g⇥)2 (µ̄��µ) (⇤̄��PL⇤) /m2

Z0
4, the ratio of the total tri-

4 We estimate that the description of the Z⇥ contribution by an
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FIG. 5: The 90% CL upper limits on the new gauge coupling
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(“Trident” production) [29, 30]. The region consistent with
the discrepancy between the calculated and measured anoma-
lous magnetic moment of the muon within 2� is shaded in red.
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Possibility for improvement
4
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FIG. 3. Same as Fig. 2 but focusing on the low mass region.
Constraints from CHARM-II and CCFR, Eqs. (15) and (16)
are shown separately. We do not attempt a statistical com-
bination of the results. The dashed lines show the expected
limit if the trident cross-section could be measured with 10%
or 30% accuracy using 5 GeV neutrinos scattering on Argon.

muon-neutrinos. Implementing the phase space integra-
tions that correspond to the signal selection criteria of
CCFR and CHARM-II, we arrive to the sensitivity plots
in Figs. 2 and 3. Our results show that the parameter
space favored by the muon g � 2 discrepancy is entirely
ruled-out above mZ0 & 400 MeV, proving the importance
of neutrino trident production for tests of physics beyond
the SM.

Other constraints and future possibilities. As can be
seen from Fig. 2, the region between 5 . mZ0 . 50 GeV
is independently constrained by searches for the SM Z

decay to four leptons at the LHC [24, 25]. The bound
obtained by recasting the ATLAS search [25], based on
the full 7+8 TeV data set, extends down to g

0 ⇠ 10�2

at mZ0 ⇠ 10 GeV. However, the sensitivity diminishes
at low mZ0 because of the cuts employed in this specific
LHC search, and in particular on the invariant mass of
same flavor opposite sign leptons. The clear sensitivity
of high-energy colliders to this region of parameter space
motivates a dedicated search targeting the specific topol-
ogy of an on-shell Z0 emitted from the muonic decay of
the Z vector-boson and consequently decaying into a pair
of muons. At quite low mZ0 a complication arises as the
Z0 becomes more boosted and the muons originating from
its decay are more tightly collimated, forming a so-called
“lepton-jet” [31]. Thus, low-mass leptonic Z0 points to
an interesting prospect of a search for events with two
opposite-sign muons in addition to one muon-jet, alto-
gether reconstructing the Z boson.

Searches at B-factories for four lepton events can also
be sensitive to the low mZ0 region. A search by BaBar
looked at the pair production of two narrow resonances,
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FIG. 4. Expected number of trident events per ton of Argon
and per 1020 POT at the LBNE near detector for a neutrino
energy of E⌫ = 5 GeV as a function of the Z0 mass. The
horizontal line shows the SM prediction. The purple (dark
grey) region corresponds to Z0 masses and couplings that yield
a contribution to the muon g-2 in the range �aµ = (2.9 ±
1.8)⇥ 10�9. The light grey region is excluded by CCFR.

each decaying into a µ

+
µ

� (or e

+
e

�) pair [32]. While
that search was optimized to an underlying two-body
event topology, with two equal masses, rather than one
resonance, we can use it to gain insight on the poten-
tial sensitivity of a dedicated search of Z0. Requiring the
Z0 to contribute less than 10 events in each, 100 MeV
wide, bin of the µ

+
µ

� invariant mass distribution shown
in ref. [32], we estimate a sensitivity to a coupling at
the level of g

0 ⇠ 2 ⇥ 10�2 for Z0 masses in the range
0.5 . mZ0 . 5 GeV. Dedicated analyses of BaBar and
Belle data, as well as future searches at Belle II might be
able to probe couplings down to few⇥10�3 over a wide
kinematic window of mZ0 , open for direct Z0 production
with subsequent decay to muon pairs.

Perhaps even more interestingly, the low mZ0 region
can be e�ciently explored at the planned neutrino facil-
ity LBNE, with its lower energy and higher luminosity, as
compared to past neutrino beam experiments. In Fig. 4
we show an estimate for the expected number of trident
events per ton of Argon and per 1020 protons-on-target
(POT) at the near detector at a LBNE-like run where
for simplicity we set the neutrino energy to E⌫ = 5 GeV.
For our estimate we use the expected charged current
rates from [33] and the charged current cross sections
from [34]. With about one year of data (corresponding to
⇠ 6⇥1020 POT [35]) and a ⇠ 18 ton Argon near detector
setup [36], we expect O(100) trident events in the region
of parameter space favored by the muon g-2 anomaly
with ⇠ 30 � 100% contribution from new physics. Need-
less to say, a more thorough study is needed before the
precise sensitivity can be established. Nevertheless, these
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From Altmannshoffer et al, 2014

• 10% accuracy measurement of muonic trident at DUNE may probe 
the remainder of the parameter space. DUNE studies needed.

• NA 64 in the muon mode would be the best way to go (Gninenko)



Search for Heavy Neutral Leptons
§ Production channel is through charm pp à c cbar à NR. (NR are 

often called Heavy Neutral Leptons, or HNL)
§ Detection is through their occasional decay via small mixing 

angle U, with charged states in the final state, e.g. p+µ-, p-µ+, etc.
§ Decays are slow, so that the sensitivity is proportional to 

(Mixing angle)4. Production is very inefficient. 

32HNL production can be enhanced in non-minimal models, Batell et al.

!"#$%&'()%*+,'&*#-,.%/)0%1-2+.%/345% /5%

Sensitivity to HNLs for representative scenarios 
(moving down to ultimate see-saw limit)  

U2
e: U2

µ: U2
#~52:1:1 

Inverted hierarchy 
U2

e: U2
µ: U2

#~1:16:3.8 
Normal hierarchy 

U2
e: U2

µ: U2
#~0.061:1:4.3 

Normal hierarchy 

U2
e: U2

µ: U2
#~48:1:1 

Inverted hierarchy 
U2

e: U2
µ: U2

#~1:11:11 
Normal hierarchy 

Scenarios for which 
baryogenesis was 
numerically proven  



33

Lifetimes and decay channels of RH 
neutrinos

Lifetime with seesaw 
input. 

Lifetime is a very sensitive function of mass. 1 GeV: ct > 1 km 
100 GeV: ct = 1 mm

5

all three production channels may be important. Light
vector masses MV ⇤ 1 GeV and below can be consid-
ered as a dividing point below which the forward pro-
duction of V cannot be treated using the perturbative
QCD approach. For this paper, we conservatively con-
centrate on the QCD production, and restrict our study
to MV ⇤> 1 GeV, while noting that forward production
for smaller masses would require an approach involving
hadronic models.

The most favorable spectrum for RHN pair-production
is MV > 2MN , in which case on-shell V bosons produced
in the primary collisions subsequently decay to two N
particles. The partial decay width for V ⇧ NN is given
by

�V⇧NN =
1

6

(g⌃)2

4⇧
MV

�
1� 4M2

N

M2
V

⇥3/2

, (8)

while the decay rate of V to (approximately massless)
charged leptons, quarks, and neutrinos are given by

�V⇧⌥⌥̄ = 2�V⇧⇥⇥̄ = 3�V⇧qq̄ =
1

3

(g⌃)2

4⇧
MV . (9)

Using these formulae, it is easy to see that the branching
ratio of a GeV-scale V boson to a pair of N fermions is
of O(10%).

Right-handed neutrino: The dominant production
mode we consider for N is the pair production mode
V ⇧ NN as shown in Fig. 1. The decays of N , how-
ever, proceed through its couplings to electroweak gauge
and Higgs bosons (see Fig. 2): the couplings of N are
identical to the couplings of ⌅µ times the multiplicative

factor ⇥µN . N can therefore decay via N ⇧ W±(⇥)
µ⌅,

N ⇧ Z(⇥)⌅µ, and N ⇧ h(⇥)⌅µ. The decay of N depends
crucially on its mass. For illustrative purposes, we show
the leptonic decay rate, which in the limit MN ⌅ MW is
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where sW = sin ⇥W is the weak mixing angle and GF

is the Fermi constant. For MN � 1 GeV, the hadronic
decay width has a similar structure, although with ad-
ditional color factors and quark mixing angle insertions.
The scaling of the decay rate with the mass can be un-
derstood by substituting ⇥µN = ⇥s�s from Eq. (5),

�N⇧µ⌥⇥ ⌃ 10�15 eV ⇥ |⇥µN |2

⇥2s�s

�
MN

1 GeV

⇥4

. (11)
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N for fixed mixing angle, the mix-

ing angle predicted by the see-saw relation also scales as
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N , leading to the fourth power scaling shown here.

We see, therefore, that the decay width is very small for

FIG. 6: Proper N decay distance as a function of the
RHN mass. In computing the lifetime, the mixing angle is
fixed by using the single-neutrino see-saw relation, Eq. (4),
for various LH neutrino masses. The curves shown are:
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MN ⌅ MW and exhibits a very strong power-law depen-
dence on N . For MN � MW , the two-body decay modes
open and the width scales linearly with MN above this
value. Exclusive hadronic decay rates of N relevant for
very low masses can be found in [43].
Of particular relevance for us is that, for MN accessi-

ble at experiments such as SHiP and the LHC, the width
is su⇤ciently small that the decay of N typically occurs
on macroscopic scales for mixing angles ⇥s�s. We show
the proper decay distance, c⌃N , as a function of MN for
various mixing angles motivated by the see-saw mecha-
nism in Fig. 6; we include all decay modes in this plot,
not just those shown in Eq. (10).

C. Existing Constraints on N

Most searches for RHNs do not assume any production
modes beyond their mixing with LH neutrinos. There are
several types of such direct search strategies for RHNs.
The most relevant constraints on RHNs for the regions
of parameter space relevant to us are shown in Figs. 4-5
[18, 40, 41, 43–49]. They include:
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N (see, e.g. [50, 51]), via a modification of the
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e.g., [14, 47, 52]) via production of GeV-scale N
in the rare decays of bottom and charm quarks
(b ⇧ cl�N , c ⇧ sl+N) or kaons (K± ⇧ µ±N),
with subsequent visible decays of N in a detec-
tor at some distance from the production target.
Due to the decay length of N exceeding the target-
detector separation distance, the signal in such
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centrate on the QCD production, and restrict our study
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modes beyond their mixing with LH neutrinos. There are
several types of such direct search strategies for RHNs.
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ratio of a GeV-scale V boson to a pair of N fermions is
of O(10%).
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mode we consider for N is the pair production mode
V ⇧ NN as shown in Fig. 1. The decays of N , how-
ever, proceed through its couplings to electroweak gauge
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MN ⌅ MW and exhibits a very strong power-law depen-
dence on N . For MN � MW , the two-body decay modes
open and the width scales linearly with MN above this
value. Exclusive hadronic decay rates of N relevant for
very low masses can be found in [43].
Of particular relevance for us is that, for MN accessi-

ble at experiments such as SHiP and the LHC, the width
is su⇤ciently small that the decay of N typically occurs
on macroscopic scales for mixing angles ⇥s�s. We show
the proper decay distance, c⌃N , as a function of MN for
various mixing angles motivated by the see-saw mecha-
nism in Fig. 6; we include all decay modes in this plot,
not just those shown in Eq. (10).

C. Existing Constraints on N

Most searches for RHNs do not assume any production
modes beyond their mixing with LH neutrinos. There are
several types of such direct search strategies for RHNs.
The most relevant constraints on RHNs for the regions
of parameter space relevant to us are shown in Figs. 4-5
[18, 40, 41, 43–49]. They include:

1. Searches for rare meson decays, such asK± ⇧ µ±+
N (see, e.g. [50, 51]), via a modification of the
momentum spectrum of the charged lepton. The
rate for such processes scales as |⇥µN |2.

2. Searches for N in beam-dump experiments (see,
e.g., [14, 47, 52]) via production of GeV-scale N
in the rare decays of bottom and charm quarks
(b ⇧ cl�N , c ⇧ sl+N) or kaons (K± ⇧ µ±N),
with subsequent visible decays of N in a detec-
tor at some distance from the production target.
Due to the decay length of N exceeding the target-
detector separation distance, the signal in such
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Complicating the picture: combination of 
vector and neutrino portal

B. Batell, MP, B. Shuve, 1604.0699, PRD 2016 – in depth study of 
the sensitivity reach of LHC experiments and SHiP to the right-
handed neutrinos + additional B-L interaction. 

Reason?    We want to find a modification of the minimal model 
where LHC and/or SHiP will be sensitive to the RH neutrinos with 
seesaw size mixing angles…

The Majorana mass of RH neutrinos can be consistent with the B-L 
gauge symmetry, if the mass term is generated via a charge 2 Higgs 
type interaction, 

4

LH neutrinos; the production rate of N is consequently
very small.

As an alternative to kinetic mixing, the new gauge
boson V may couple directly to SM fields, which must
carry a charge under the new U(1)⇥. Suggestively, the
SM is invariant under an accidental global U(1) symme-
try, namely baryon number minus lepton number (B�L).
If this symmetry is instead a local symmetry, the gauge
theory su⇥ers an anomaly in the U(1)3B�L triangle dia-
gram; the theory is only consistent with three additional
RHNs. Thus, RHNs are motivated by and naturally ac-
company gauge extensions of the SM. In general, there
are other possible gauge symmetries that are combina-
tions of baryon number and lepton flavour and are also
anomaly-free [36, 37]. The least constrained example in
this category is Lµ � L⇤ symmetry, which still admits
a “stronger-than-weak” strength of the new U(1)⇥ force
[38, 39]. However, in this model N may or may not be
charged under the U(1)⇥, which introduces an extra de-
gree of uncertainty on the presence and couplings of N ,
and we choose instead to concentrate solely on B � L.

How could Majorana RHNs coexist with this new
gauge symmetry? Given the strong constraints on new
long-range forces, it is reasonable to expect that the new
gauge boson is massive, which can be realized via the
Higgs mechanism as in the SM. Then, the same scalar
field that gives mass to the vector V can also gener-
ate a Majorana mass for the RHN, thus tying MN to
the scale of symmetry breaking and MV . For example,
if the breaking of the U(1)B�L symmetry occurs due
to the condensation of a scalar field � with charge �2
under U(1)B�L, then a Yukawa interaction of the form
yN�NN/2+h.c. will induce a Majorana mass for N that
is fully consistent with the gauge symmetry. Moreover,
the spontaneous breaking of U(1)B�L leads to masses for
both V and N , thus implying the relation

MN

MV
⇥ yN

g⇥
. (6)

The lightness of V would imply the lightness of N if the
gauge couplings and Yukawa couplings are of the same
order. Thus, a B �L gauge symmetry can be consistent
not only with Dirac neutrino masses, but also with heavy
Majorana neutrinos potentially in the same mass range
as MV .

A. A Simplified Model

With a U(1)B�L gauge symmetry, the SM must be
supplemented with three RHNs charged under the sym-
metry. Furthermore, to account for the observed LH neu-
trino mass splittings and mixing angles, there must be at
least two RHNs with non-zero Yukawa couplings to the
lepton doublet fields; this results in many parameters for
the model that obscure the relevant phenomenology in
high-energy experiments. We therefore investigate a sim-
plified model with only one species of RHN, and this N

mixes with only one flavor of SM neutrino (namely, ⇤µ)5.
This gives a more limited parameter space that can be
thoroughly studied and facilitates comparison with other
experimental tests of RHNs (see, for example, Refs. [40–
42]). We emphasize, however, that a broader range of
signatures is possible in the full model with several mix-
ing angles, and experimental studies should be devised so
as not to exclude sensitivity to, for instance, N mixing
with multiple flavors of lepton.
After the breaking of electroweak symmetry and the

U(1)B�L, the RHN acquires a Majorana mass and mixes
with the LH neutrino according to Eq. (3). The sterile
state N acquires a small charge under the electroweak
gauge interactions through this mixing. We assume that
the uneaten component of the � field responsible for
breaking U(1)B�L is heavy and decouples from the spec-
trum. Using two-component Weyl spinors, we write the
Lagrangian of the model as:

L = LSM � 1

4
V 2
µ⇥ � 1

2
M2

V V
2
µ + iN†⌅̄µ µN

�MN

2
(N2 + h.c.) + g⇥Vµ

⇤
⇧

SM

QB�L⇧
†⌅̄µ⇧ +N†⌅̄µN

⌅
(7)

+�µN
gW⇧
2

�
µ†
L⌅̄

µW�
µ N + h.c.

⇥
+ . . . ,

as well as additional couplings of N to ⇤ and the
Z/Higgs boson (analogous to the W coupling) that we
do not show explicitly here. SM lepton (antilepton) fields
have charges �1 (+1), SM quark (antiquark) fields have
charges +1/3 (�1/3), and the RHN fields have charge
+1 to cancel the U(1)3B�L gauge anomaly.
The model has four unknown parameters:MV , g⇥, MN ,

and �µN . Our main goal is to investigate whether sig-
nals of pp ⇤ V ⇤ NN in existing and planned experi-
ments will achieve sensitivity to �µN down to �s�s given
by Eq. (5), and if this B � L parameter space is cur-
rently allowed by all other experiments. In the following
sections, we review the production and decay modes of
both V and N , and then discuss the current constraints
on each.

B. Production and decay of V and N

Gauge boson: There are several well-established pro-
duction channels for V . These include meson decays,
nucleon bremmstrahlung and direct Quantum Chromo-
dynamics (QCD) production, as discussed in a recent re-
view [14]. For the latter, the dominant channel is qq̄ ⇤ V
(as shown in Fig. 1) and qg ⇤ V q. For the LHC ener-
gies only the QCD production is relevant, while for SHiP

5 For a detailed study of neutrino mixing parameters and RHN life-
times in a full three-neutrino model, along with the phenomenol-
ogy of prompt N decays, see for example Ref. [23].
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Different production mechanism

§ Standard scenario: production rate ~ q 2. Very inefficient! 

§ Our modified scenario:                                                  , production 
rate is controlled by (gB-L)2. 

§ Decay rates are proportional to q 2 in both cases.

§ Since (gB-L)2 can be  >> q 2, the RH neutrino pair-production rate is 
strongly enhanced. 
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Heavy right-handed neutrinos, N , provide the simplest explanation for the origin of light neutrino
masses and mixings. IfMN is at or below the weak scale, direct experimental discovery of these states
is possible at accelerator experiments such as the LHC or new dedicated beam dump experiments;
in these experiments, N decays after traversing a macroscopic distance from the collision point.
The experimental sensitivity to right-handed neutrinos is significantly enhanced if there is a new
“dark” gauge force connecting them to the Standard Model (SM), and detection of N can be the
primary discovery mode for the new dark force itself. We take the well-motivated example of a B�L
gauge symmetry and analyze the sensitivity to displaced decays of N produced via the new gauge
interaction in two experiments: the LHC and the proposed SHiP beam dump experiment. In the most
favorable case in which the mediator can be produced on-shell and decays to right handed neutrinos
(pp ⇥ X + VB�L ⇥ X +NN), the sensitivity reach is controlled by the square of the B � L gauge
coupling. We demonstrate that these experiments could access neutrino parameters responsible for
the observed SM neutrino masses and mixings in the most straightforward implementation of the
see-saw mechanism.

I. INTRODUCTION

Since the first discovery of neutrino oscillations over
fifteen years ago [1–5], neutrino masses and mixings have
been hailed as the first definitive evidence from parti-
cle physics experiments of physics beyond the Standard
Model (SM). Understanding the physics of SM neutrino
masses may therefore shed light on other unsolved prob-
lems in fundamental physics, such as dark matter or the
baryon asymmetry. From the perspective of e⇥ective field
theory, neutrino masses can be incorporated in the SM
via the dimension-5 Weinberg operator, c(LH)2/� [6],
where the cuto⇥ � could range anywhere from 10�9�1016

GeV depending on the coupling c. It is evident that the
new fields responsible for neutrino masses could appear
at a wide range of scales, and it is imperative that mod-
els of neutrino mass generation are tested in as broad a
manner as possible by available experiments.

In the SM, all left-handed (LH) charged fermions ac-
quire a Dirac mass by coupling to the Higgs and a cor-
responding right-handed (RH) field. If the LH neutri-
nos acquire Dirac masses MD through the same mecha-
nism, the SM must be supplemented with RH neutrinos
(RHNs), N , which in the simplest case of a type-I seesaw
are singlets with respect to the SM gauge interactions.
As singlets, the N fields can have arbitrary Majorana
masses, MN ; in the limit MN ⇤ MD, this scenario pro-
vides the most natural ultraviolet (UV) completion of the
Weinberg operator above. After electroweak symmetry
breaking, the neutrino mass matrix is not diagonal; in
the simplified case of one LH and one RH neutrino, the

mass eigenstates are

m� ⇥ M2
D

MN
, (1)

M ⇥ MN , (2)

where m� is the observed SM neutrino mass and M is
the mass of a new heavy state. The SM neutrino masses
are suppressed by the heavy Majorana scale, and this is
the most straightforward implementation of the see-saw
mechanism [7–11]1.
The neutrino mass eigenstates are not completely

aligned with the lepton doublet and singlet fields; the
light SM-like neutrino mass eigenstate acquires a small
component of the singlet, and the heavy singlet-like state
acquires a small coupling under the weak interactions.
The mixing angle, �, between the neutrino states is (in
the see-saw limit)

� ⇥ MD

MN
, (3)

and � determines how strongly the sterile RH neutrino
N couples to the SM. Indeed, the matrix element for any
process coupling N to SM fields is the same as the corre-
sponding coupling of LH neutrinos to the SM, multiplied
by a factor of �. Using Eq. (1), one finds

�2 ⇥ m�

MN
; (4)

the larger the N mass, the more weakly coupled it is to
the SM to explain the observed LH neutrino masses.

1 In the see-saw limit, M and MN can be used interchangeably,
and from now on we use only MN .
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Reaching the “seesaw mixings” with  SHiP

SHiP sensitivity scales now as ~ (gB-L)2 ×q 2. We have fixed 
MV = 3MN for concreteness. 

Gray band – the seesaw band. SHiP will probe inside the seesaw 
range of mixing angles. Reason – more efficient production.
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Models with HNL and a dipole coupling
• Magill, Plestid, MP, Tsai, to be submitted. Consider a heavy 

neutral lepton with dim=5 couplings to photons and neutrinos:

• This model has two free parameters, mD and dg, and the dipole 
coupling gamma has a dimension of inverse mass. 

• The heavy N has to be Dirac to avoid strong feedback to active 
neutrino masses

3

by

2d =
3m

16⇡2

eGFp
2

= 1.6⇥ 10�10

⇣ m

GeV

⌘

µB

= 4.74⇥ 10�8

⇣ m

GeV

⌘

.
(1)

In the above, m is typically on the order of a few eV
and d is much too small to be phenomenologically vi-
able. In this paper, we will be mainly interested in these
dipole interactions. Therefore, we consider the possibil-
ity that mass mixings to SM neutrinos are absent (or
small enough to be ignored) and that BSM physics is re-
sponsible for generating sizable dipole interactions. To
implement this idea, we start by augmenting the stan-
dard model neutrino sector with a heavy neutral lepton
state

ND =

 

N

N c†

!

. (2)

In the above equation, we will assume ND to be a Dirac
fermion composed of the N and N c Weyl fermions. To
parametrize general dipole interactions, we consider the
following neutrino dipole portal Lagrangian

Ld = iN̄D /@ND +(d�⌫L�µ⌫F
µ⌫PRND +h.c.)�mN̄DND,

(3)
where �µ⌫ = i[�µ, �⌫ ]/2 and the right-handed projection
operator has been explicitly written for convenience. We
emphasize the judicious requirement that the absence of
mass mixing between ⌫ and N , and the absence of Ma-
jorana masses for N , implies that this model doesn’t
contribute to the observed neutrino textures. To see
this, imagine instead that we had access to m0NN , a
Majorana mass term for the HNL. Then, SM neutrino
mass mixings could be generated by the process shown
in Fig. 3. With access to only a HNL Dirac mass of the
form NN c, a similar process cannot occur.

�i �jN

�

N

1

FIG. 3: Loop level contribution to the ⌫ mass mixing
matrix in the presence of a Majorana mass term for the
heavy neutral lepton N . With only N c Dirac masses,

such diagrams will not be generated.

Both the lack of Majorana masses for N and the
absence of a ⌫N coupling can be enforced by charging
the SM leptonic sector and the HNL under an additional
UN (1) symmetry, which is preserved by the dipole
coupling, and consequently these criteria are technically

natural.

Above the electroweak scale an SU(2) ⇥ U(1) inter-
pretation of d would require a Higgs insertion, so that
the dipole interaction is really a dimension 6 operator.
Therefore, in the limit of large ⇤ the maximum expected
d is

dmax ⇠ ev

⇤2

⇠ 100 GeV

⇤2

(4)

where strong dynamics at the scale ⇤ is presumed. Oth-
erwise, if the new sector is pertubative, we would expect a
loop factor, and dmax, pert ⇠ GeV/⇤2. To consider neu-
trino dipole couplings which respect the full symmetries
of the standard model, we write down the Lagrangian

L = L̄
�

d̄WW a
µ⌫⌧

a + d̄BBµ⌫

�

H̃�µ⌫ND + h.c. (5)

where H̃ = i�
2

H⇤ and ⌧a = �a/2. It will prove
useful to parametrize the dipole couplings as dB,W =

vd̄B,W cos ✓w/
p
2. After spontaneous symmetry break-

ing of the Higgs, one obtains

L =
dWp

2 cos ✓W

�

¯̀
LWµ⌫�

µ⌫ND

�

+dB ⌫̄L[Fµ⌫ � tan ✓wZµ⌫ ]�
µ⌫ND + h.c.

(6)

where Wµ⌫ ⌘ @µW�
⌫ � @⌫W�

µ , and terms involving W 3

µ

and (W±)2 have been omitted. In practice, we use the
full set of interactions. Notice that the normalization of
the photon field strength term in Eq. (6) matches that
of Eq. (3).

At this point, a choice needs to be made as to the
flavour structure of the dipole interactions. Most neu-
trino beam dump experiments will strongly constrain dµB ,
since they abundantly produce muon flavoured neutri-
nos from charged pion decay. SHiP however, being a
⌫e and ⌫⌧ factory, is an ideal setting to study all dipole
couplings. For LHC and supernovae probes, we assume
de�,B,W = dµ�,B,W = d⌧�,B,W , since the neutrinos only
show up in the final state.

B. Quantitative Features

With the Lagrangian shown in Eq. (3), we can already
start to understand basic features of HNLs, which we will
make more precise in the following sections. In terms of
production in neutrino beam dumps, the nature of the
dipole interaction and the Dirac mass of the HNL pre-
cludes traditional production methods, which typically
rely on mass mixing with left-handed SM neutrinos. In-
stead, production will dominantly proceed via neutrino
upscattering, wherein an incoming neutrino scatters off of
a charged state, such as an electron or a nucleus, produc-
ing N . If the incoming neutrino scatters off the whole nu-
cleus and the process happens coherently (i.e. � / Z2),
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Main signatures: up-scattering + decay
• The dominant production mode is the EM-induced upscattering

of the active neutrino species.

4

we can immediately get a crude estimate for the sensi-
tivity we will achieve. In the limit of infinite mass of the
nucleus, the problem reduces to the scattering in the ex-
ternal EM field Aµ = (A

0

(~q), 0) created by the nucleus.
Calculating the cross section to logarithmic accuracy for
� 1

R2
nuc

 t  �m4
N

4E2
⌫
, we find

�⌫!N = 4↵Z2|d|2 ⇥ log

✓

4E2

⌫

m4

NR2

nuc

◆

. (7)

At SHiP with a lead target (Z = 82), future bounds
should allow us to probe dipole couplings of d to the
level of d = 10�7 GeV�1. For these couplings, we can
expect a production cross section at SHiP of roughly 7.6⇥
10�40 cm2, times a logarithmic factor of order 5.
Since we are focusing on relatively small dipole couplings,
it is of interest to know the time scale and length scale of
N . This plays a crucial role in BBN, supernovas, colliders
and beam dumps. Given a decay rate of

� =
|d|2m3

N

2⇡
. (8)

and incoming neutrino energies of E⌫ = 50 GeV, the
decay length and lifetime of N scales as

tdec = ⌧� = 3.3⇥ 10�7s

✓

500 MeV

mN

◆

4

✓

10�7 GeV�1

d

◆

2

Ldec = c⌧�� = 100m

✓

500 MeV

mN

◆

4

✓

10�7 GeV�1

d

◆

2

.

(9)

This turns out to be a very convenient length scale.

III. INTENSITY FRONTIER

At neutrino beam dump experiments, HNL production
can happen in a large variety of ways. In all cases, we
consider the regime when N is produced on-shell and
travels some distance before decaying to a photon and
neutrino inside the detector. Having an HNL lifetime
and energy consistent with the necessary flight distance
is enforced by multiplying the production cross section
by

Pdec(L1

, L
2

) = exp[�L
1

/Ldec]� exp[�L
2

/Ldec]. (10)

We find that it is a good approximation to consider kine-
matics in which N reaches the detector (as opposed to
the daughter particles). This is because the outgoing
photon and neutrino become collinear to N for moderate
boosts of N . The angle between the photon and neutrino
in the lab frame can be expressed in terms of the angle
� between the photon and the z-axis in the rest frame of
N as follows

cos ✓ =� 1� �2

N�2 sin2 �

�2

N (1� �2 cos2 �)

lim
�N!1

✓ =
2

sin�

1

�N
.

(11)

This equation reveals that when �N > 10, about 80%
of the random values of cos ✓ will be greater than 0.8. Of
course, for small boosts, this argument fails. Therefore,
we always apply the cuts described in Appendix B to en-
sure proper kinematics of the photon. There, it is also
fully described how the region of integration of t is de-
termined. Once we have obtained the cross section, cuts,
photon detection efficiency and luminosity, we can set
limits following the discussion in Appendix A. We now
review the details of how HNLs are produced.

A. Neutrino Upscattering

Neutrino upscattering is the dominant production
mechanism for N . It happens when an incoming neu-
trino interacts with matter and upscatters into a long-
lived HNL state N . The HNL sub-sequentially decays
into a neutrino and a photon; an explicit example is pro-
vided in Fig. 4. This process can happen in one of two

�
N(p3)

� �

�

p2

p1

p4

q2

q1

1

FIG. 4: Tree level neutrino scattering process with a
final state photon, arising from sterile neutrino

contributions to the neutrino magnetic dipole moment.
We work in the narrow width approximation, and by

proxy assume the above diagram factorizes.

locations. Firstly, it can happen inside the actual detec-
tor, in which case Eq. (10) assumes the values of L

1

= 0
and L

2

⇠ Ldetector. Alternatively, it can happen in the
line of sight (LOS), hadron/muon shielding or dirt mate-
rial which separates the source where the neutrinos are
being produced and the detector. In this case, L

1

⇠ LLOS
and L

2

⇠ LLOS + Ldetector. In all our results, we always
consider both production in the target and the LOS. In
the LOS, which is typically very large compared to the
detector, we take care to sample over many production

Both the production and 
decay are in “convenient” 
range for realistic values of d
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Sensitivity to dipole coupling

• MiniBoone and future LAr1-ND have sensitivity to d-1 ~ 1000 TeV scale!

• CERN experiment SHiP will also have a strong sensitivity, both through the 
neutrino and “far" detectors

• Because the leading coupling is dim=5, many different energy scale experiments are 
sensitive to the same parameter range

• LSND curve to be added; Low mass region suggested by Gninenko is excluded



Conclusions
1. Light New Physics (not-so-large masses, tiny couplings) is a 

generic possibility. Some models (e.g. dark photon or dark Higgs-
mediated models) are quite minimal yet UV complete, and have 
diverse DM phenomenology.

2. Sub-GeV WIMP dark matter can be searched for via production & 
scattering or missing energy. Neutrino experiments are sensitive to 
light dark matter through its production and scattering (LSND, 
MiniBoone etc.) SHiP will improve on that. 

3. Search for mediators (diversifying away from dark photon) benefit 
significantly from neutrino scattering. Trident production can limit 
even the most “hidden” possibilities such as gauged Lµ-Lt. 

4. Sensitivity to HNL can be improved – especially if there are new 
production modes, as in the examples given with the B-L mediated 
model, and with EM dipole portal to HNLs. 

5. More theory and experimental studies of sensitivity to NP are 
needed. [E.g. how to efficiently combine n and n-less modes?] 40


