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There is evidence that the Standard 
Model is incomplete.

Neutrino 
masses Dark Matter

Baryon 
asymmetry

@Symmetry magazine

Evidence beyond the SM

Clowe et al.
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What is the new physics 
scale? 

Are there new: 
symmetries? 

particles? 
interactions?
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New physics scale: High Energy frontier and above

Leptogenesis

CLFV

MeV GeV TeV GUT scalekeVeV Intermediate scale

LHC new particle searches

 GW

Despite intense searches in colliders, flavour and DM exp, 
no hints of TeV new physics have been found.

Leptogenesis/EW baryogenesis

LLP searches

Proton decay

WIMPs Neutrino masses via 
see-saw Type I

At TeV SUSY MSSM, split SUSY, 
Composite Higgs, Technicolor…. GUT theories
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Low E See-saw models, NuMSM, extended see-saw…  

Leptogenesis

MeV GeV TeV GUT scalekeVeV Intermediate scale

HNL searches: peak, kinks, decays, 

Going low in energy: Dark sectors

Sterile nu 
oscillations

light DM

A change of paradigm might be needed: new physics may 
be light but hidden because too weakly interacting (dark 

or hidden sectors).

Recently, a strong theoretical effort has been done 
together with a blooming of experimental 

opportunities at the intensity frontier. DUNE ND 
inscribes in this thriving context.

See e.g.  Artuso et al., 2210.04765, S. Gori et al, 2209.04671, FIPs 2023 report, 2305.01715
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The dark sector can interact with SM via portals:
- the kinetic mixing portal (dark photons);
- the scalar portal (dark scalar);
- the neutrino portal (heavy neutral leptons);
- the axion portal (axion);
- millicharged particles.

SM NR
Hidden  
sector

⌫↵
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See J. Yoo’s talk



Notable example 1: 
Vector portal and sub-GeV DM

7

Light gauge extensions of the SM can involve secluded 
or (B-)leptonic U(1)’. The associated gauge bosons are 
called dark photons or Z’. 

The DS can also contain a light DM particle, whose 
annihilations can be mediated by the dark photon (or 
other particle.

T. Lin, 1904.07915
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Notable example 2: 
MeV-GeV see-saw

Sterile neutrinos: hypothetical neutral fermionic singlets 
of the Standard Model. Generically they mix with the 
light neutrinos and the mass states are HNL.

0

BB@

⌫e
⌫µ
⌫⌧
⌫s

1

CCA = U4⇥4

0

BB@

⌫1
⌫2
⌫3
⌫4

1

CCA
Flavour state

Massive state
Nearly-sterile 
neutrino, commonly 
called sterile neutrino

HNLs can interact with the SM via mixing and hence be 
produced and decay into SM particles.

L = · · ·+ ¯̀
LU`4�µ⌫4,LW

µ +NC+ h.c.
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m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

l Introduce a right handed 
neutrino N 
l Couples to the Higgs and 
has a Majorana mass

�
0 mD

mT
D MN

⇥

GeV scale See-saw models can also explain the 
baryon asymmetry via leptogenesis.

2

Symmetry magazine

Particle 
zoo

HNLs can be inscribed in see-saw models (type I and 
extensions, e.g. inverse, linear and extended see saw) 
and can give raise to neutrino masses.
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To search directly for BSM in the DUNE ND, one can 
employ two main exp strategies:
1. a-la beam dump experiments. 
2.  production (e.g. via NC) and detection in the 
same detector due to neutrino or other particle 
(e.g. DM) beam.

Searching for BSM in DUNE ND

Developing the Phase II ND Concept

6/20/2023 Mary Bishai, Phase II ND Workshop, ICL June 20-23, 202337

Phase II ND 
Workshop, Imperial 
College, London 
June 20-22, 2023.

I will refer to the talk presented by M. Bishai yesterday 
on DUNE ND Phase I and II.
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“A la beam dump” experiment 

Ta
rg
et

pi, K, (D)

p
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A part from the exp in the 90’, in particular PS191, 
neutrino accelerator experiments (see recent analysis 
by T2K) and NA62 can search in this mode. 

The typical candidate is a heavy neutral lepton or 
sterile neutrino with ~100 MeV mass.

visible particles

N

Detector Dirt

Ta
rg
et

pi, K, (D)

p

“A la beam dump” experiment 
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DUNE & Near Detector Requirements

Sep-2019 A.Weber           ND Overview2

ND

• LBNF sends an intense, broadband nµ (or anti- nµ) beam ~1300 km 
from Fermilab to the DUNE far detectors in South Dakota

• The Near Detectors must provide enough information so that we 
can develop a model that predicts the # evts that we should observe

- Where: F is the flux, s the xsec and R the detector response

NFD (να →νβ ,Erec ) = dEν∫ Φνα
(Eν )σνβ

(Eν )Rνβ
(Eν ,Erec )P(να →νβ ,Eν )

visible particles

N

Detector Dirt

Ta
rg
et

pi, K, (D)

p

“A la beam dump” experiment 
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DUNE Near Site

Sep-2019 A.Weber           ND Overview3

Near detector hall 
located 574 m from the target and 60 m below the surface

visible particles

N

Detector Dirt

Ta
rg
et

pi, K, (D)

p

“A la beam dump” experiment 
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The key characteristic:
- high proton intensity;
- large volume (not large mass) with excellent 

reconstruction capabilities (typical backgrounds are 
gammas, pi0, CCmu+1pi);

- (distance from target).

PS191 DUNE ND SBND NA62 SHiP

Baseline 128 m 574 m 110 m 220 m 60 m
Volume 216m3 150 m3 80 m3 750 m3 590 m3

Energy 19.2 GeV 80 GeV 8 GeV 400 GeV 400GeV
POT 0.86 ⇥ 1019 1.32 ⇥ 1022 6.6 ⇥ 1020 3 ⇥ 1018 2 ⇥ 1020

Exposure 1.0 220.9 16.4 8.5 5820

Tab. 3. Comparison between experiments mentioned in this work. The exposure is defined as
POT⇥Energy⇥Volume⇥Baseline�2 with respect to PS191, where “Energy” is the proton beam
energy. The NA62 and SHiP experiments are not directly comparable with SBND and DUNE
ND, in that different technologies are involved; the RICH detectors are adopted as fiducial volume
for NA62, whereas for SHiP, we estimate the volume as the cone contained in the “hidden sector”
vacuum vessel. The volume is a driving feature in the definition of the total exposure and it is of
utter importance for searches of decay-in-flight events.

to other beam dump experiments: PS191 [59, 60], SBND which is the detector of the SBN
programme with the best sensitivity to HNL [77], NA62 [112], and SHiP [113]. We define
the total exposure of the experiment as the proton accelerator beam power, integrated over
the total run time, and scaled by the volume of the detector over its baseline squared. The
beam power times the run time corresponds to the number of protons on target (POT)
times the proton energy. With this definition, an exposure twelve times bigger is expected
for the DUNE ND system with respect to SBND, and around two hundred times bigger
than PS191. The NA62 and SHiP experiments have a different design and are not directly
comparable to TPC and tracker experiments, but we report them here for thoroughness.
The estimated exposure of NA62 is limited by its number of POT and by just one year of
data taking; despite this fact, the experiment is optimised to study kaon decays and has
good sensitivity to HNL [114]. The SHiP experiment presents an exposure thirty times
bigger than DUNE ND, but the detector is specifically designed to search for BSM physics,
including heavy neutrinos [115] (see also Ref. [116]). The decay-in-flight search hugely
benefits from its 50 m long decay vessel and short baseline.

On the collider physics frontier, the MATHUSLA [117] and the FASER [118] exper-
iments will perform a dedicated search for extremely weakly-interacting and long lived
particles, like HNLs for which they presents interesting sensitivity [117, 119]. MATHUSLA
will be a 800 ⇥ 103 m3 hodoscope placed on the surface above the ATLAS or the CMS de-
tectors. FASER will consist of a 10 m cylindrical decay volume located 480 m downstream
of the ATLAS interaction point.

5.1 Flux prediction

In order to implement our analysis, the various components of the flux by parentage
must be known separately. We study only the beam operating with a forward horn current,
which selects positively charged secondary particles and results in a beam dominantly made
of neutrinos with a smaller component of antineutrinos. The flux predictions for ⌫

e

, ⌫
µ

, and
⌫
µ

, provided by Ref. [120] for the reference beam, are shown in Fig. 3 subdivided in their

– 18 –

DUNE ND has an exposure  few 100 x PS191!

Ballett, Boschi, SP, 1905.00284
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Experimental bounds: decays.
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Fig. 8. The 90 % C.L. sensitivity regions for dominant mixings |UeN |2 (top left), |UµN |2 (top right),
and |U⌧N |2 (bottom) are presented combining results for channels with good detection prospects.
The study is performed for Majorana neutrinos (solid) and Dirac neutrinos (dashed), in the case
of no background (black) and after the background analysis (brown). The region excluded by
experimental constraints (grey) is obtained by combining the results from PS191 [59, 60], peak
searches [54–58], CHARM [62], NuTeV [64], DELPHI [63], and T2K [76]. The sensitivity for DUNE
ND (black) is compared to the predictions of future experiments, SBN [77] (blue), SHiP [124] (red),
NA62 [114] (green), MATHUSLA [117] (purple), and FASER [119] with 1 m radius (orange). The
shaded areas corresponds to possible neutrino mass models considered in this article: the simulations
of the ISS (2,2) and ISS (2,3) models where the lightest pseudo-Dirac pair is the neutrino decaying
in the ND (cyan); the ISS (2,3) scenario when the single Majorana state is responsible for a signal
(magenta); the type I seesaw scenario with a neutrino mass starting from 20 meV to 0.2 eV (yellow).

a similar sensitivity, collecting particles from the High Luminosity LHC phase. NA62 gives
better results for the |U

µN

|2 mixing, but DUNE has a better sensitivity to the electron and
tau channels. FASER is comparable to NA62 in sensitivity, but it can reach regions of the
parameter space beyond the 2 GeV limit to which DUNE is not sensitive.

We then compare the overall sensitivity to regions allowed by neutrino mass models.

– 33 –
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Fig. 8. The 90 % C.L. sensitivity regions for dominant mixings |UeN |2 (top left), |UµN |2 (top right),
and |U⌧N |2 (bottom) are presented combining results for channels with good detection prospects.
The study is performed for Majorana neutrinos (solid) and Dirac neutrinos (dashed), in the case
of no background (black) and after the background analysis (brown). The region excluded by
experimental constraints (grey) is obtained by combining the results from PS191 [59, 60], peak
searches [54–58], CHARM [62], NuTeV [64], DELPHI [63], and T2K [76]. The sensitivity for DUNE
ND (black) is compared to the predictions of future experiments, SBN [77] (blue), SHiP [124] (red),
NA62 [114] (green), MATHUSLA [117] (purple), and FASER [119] with 1 m radius (orange). The
shaded areas corresponds to possible neutrino mass models considered in this article: the simulations
of the ISS (2,2) and ISS (2,3) models where the lightest pseudo-Dirac pair is the neutrino decaying
in the ND (cyan); the ISS (2,3) scenario when the single Majorana state is responsible for a signal
(magenta); the type I seesaw scenario with a neutrino mass starting from 20 meV to 0.2 eV (yellow).

a similar sensitivity, collecting particles from the High Luminosity LHC phase. NA62 gives
better results for the |U

µN

|2 mixing, but DUNE has a better sensitivity to the electron and
tau channels. FASER is comparable to NA62 in sensitivity, but it can reach regions of the
parameter space beyond the 2 GeV limit to which DUNE is not sensitive.

We then compare the overall sensitivity to regions allowed by neutrino mass models.

– 33 –

Ballett, Boschi, SP, 1905.00284

DUNE ND is excellently suited for this type of search 
and has access to GeV masses.

See K. Kelly’s and F. Deppisch’s talks
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Experimental bounds: decays.
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Figure 175: Sensitivity to HNL with muon coupling (BC7). Current bounds and future projections
for 90% CL exclusion limits. Legend: filled gray areas are bounds coming from interpretation of old
data sets or astrophysical data; filled coloured areas are bounds set by experimental collaborations; Solid
coloured lines are projections based on existing data sets; Dashed coloured lines are projections based on
full Monte Carlo simulations; Dotted coloured lines are projections based on toy Monte Carlo simulations.
Filled coloured areas are existing bounds from: PS191 [1561], CHARM [1432], PIENU [1785], NA62
(KµN ) [1181], T2K [1786], Belle [1787]; DELPHI [1788], ATLAS [1627, 1621] and CMS [1625, 1620];
MicroBooNE 2019 [1554] and 2022 [1436] Coloured curves are projections from: NA62-dump [1415, 4];
HIKE-K+ [1392, 1191]; HIKE-dump [1392, 1191]; DarkQuest [1257], Belle II [1782]; FASER2 [1416];
DUNE near detector [1172]; Hyper-K (projections based on [1562]); SHiP [1402], CODEX-b [1030],
and MATHUSLA200 [1441]. The BBN bounds are from [1686]. The dashed seesaw line is given by
|U↵|2 =

p
�m2

atm/mN corresponding to the naive seesaw scaling and should be considered only as
indicative.

280

FIPs 2022 
report, 
2305.01715

Note: these studies focus on one flavour mixing at a 
time, but this is not compatible with see-saw type I.
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Experimental bounds: tau mixing.

FIPs 2022 report, 2305.01715
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Figure 176: Sensitivity to HNL with tau coupling (BC8). Current bounds and future projections for
90% CL exclusion limits. Legend: filled gray areas are bounds coming from interpretation of old data
sets or astrophysical data; filled coloured areas are bounds set by experimental collaborations; Solid
coloured lines are projections based on existing data sets; Dashed coloured lines are projections based on
full Monte Carlo simulations; Dotted coloured lines are projections based on toy Monte Carlo simula-
tions. Filled areas are existing bounds from: CHARM (recasted) [1432] and BEBC (recasted) [1764];
ArgoNeut [1781]; BaBar [1612]; DELPHI [1788]; T2K [1786] Coloured curves are projections from:
HIKE-dump [1392], SHiP [1402], DarkQuest [1257], Belle II [1782], DUNE [1172], FASER2 [1416];
CODEX-b [1030], and MATHUSLA200 [1441]. The BBN bounds are from [1686]. The dashed see-
saw line is given by |U↵|2 =

p
�m2

atm/mN corresponding to the naive seesaw scaling and should be
considered only as indicative.
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Fig. 8. The 90 % C.L. sensitivity regions for dominant mixings |UeN |2 (top left), |UµN |2 (top right),
and |U⌧N |2 (bottom) are presented combining results for channels with good detection prospects.
The study is performed for Majorana neutrinos (solid) and Dirac neutrinos (dashed), in the case
of no background (black) and after the background analysis (brown). The region excluded by
experimental constraints (grey) is obtained by combining the results from PS191 [59, 60], peak
searches [54–58], CHARM [62], NuTeV [64], DELPHI [63], and T2K [76]. The sensitivity for DUNE
ND (black) is compared to the predictions of future experiments, SBN [77] (blue), SHiP [124] (red),
NA62 [114] (green), MATHUSLA [117] (purple), and FASER [119] with 1 m radius (orange). The
shaded areas corresponds to possible neutrino mass models considered in this article: the simulations
of the ISS (2,2) and ISS (2,3) models where the lightest pseudo-Dirac pair is the neutrino decaying
in the ND (cyan); the ISS (2,3) scenario when the single Majorana state is responsible for a signal
(magenta); the type I seesaw scenario with a neutrino mass starting from 20 meV to 0.2 eV (yellow).

a similar sensitivity, collecting particles from the High Luminosity LHC phase. NA62 gives
better results for the |U

µN

|2 mixing, but DUNE has a better sensitivity to the electron and
tau channels. FASER is comparable to NA62 in sensitivity, but it can reach regions of the
parameter space beyond the 2 GeV limit to which DUNE is not sensitive.

We then compare the overall sensitivity to regions allowed by neutrino mass models.

– 33 –

Ballett, Boschi, SP, 1905.00284

Thanks to the Ds production, DUNE ND will have also 
sensitivity to the mixing with tau neutrinos.
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Neutrino or dark sector scattering 
If dark sector particles (e.g. LDM) interacts with the SM, 
it can be produced in beam dump experiments (directly 
or via subsequent DS particle decays).

Detection proceeds via long lived Dark Sector particle 
scattering in the detector, e.g. nucleon elastic scattering 
with recoil energy ~100 MeV (similar to neutrino-
nucleon NC elastic scattering).

MiniBooNE Coll., 1907.04901
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MiniBooNE has done a search both with nucleon and 
electron recoils.

MiniBooNE Coll., PRL118 (2017)
5.3 Dark Matter and Dark Sector Searches 41

Figure 15: Results from the MiniBooNE-DM search for light dark matter from Ref. [113]

Dark sector mediators: It is also possible to directly probe the mediator particle of the dark sec-
tor in accelerator- and reactor-based neutrino experiments. There are a number of well motivated
possibilities for the mediator particle and interactions, including dark photons (vector portal), dark
scalars (Higgs portal), heavy neutral leptons (neutrino portal), pseudo-scalars (axion portal), new
gauge bosons (B ≠ L, L

µ

≠ L
·

). One strategy applicable to neutrino detectors is to search for the
visible decays of the mediator particle to SM final states [71,411,422]. This complements other probes
such as rare meson decays, electron beam fixed target experiments, B-factories, and astrophysical
sources such as e.g., SN1987A (for a broad overview, see Ref. [423]). In a related direction, new
strategies and dedicated experiments to search for long lived particles at CERN can also probe dark
sector mediators [189,370].

5.3.3 Boosted Dark Matter

Elastic BDM: As discussed in Sec. 2, a component of dark matter could be boosted in the present
universe. In the original boosted dark matter(BDM) model with two components [49, 54], for exam-
ple, the lighter component ‰

1

produced by pair-annihilation of the heavier component ‰
0

acquires a
large Lorentz boost factor given by the mass ratio of the two components. Semi-annihilating dark
matter (charged under e.g., Z

3

symmetry) can be decently boosted if the other annihilation prod-
uct is light enough [55]. If such BDM has a sizable coupling to Standard Model particles, it may
leave relativistic scattering signatures at terrestrial detectors. The simplest possibility is its elastic
scattering-o� either electron or nucleon, i.e., ‰

1

+e≠/N æ ‰
1

+e≠/N . Since the expected flux of BDM
from annihilation is generally small (suppressed by n2

DM

) [49], large-volume detectors are desirable.
Prospective signal sensitivities are investigated in Super-K/Hyper-K [49,50,52,63,64], DUNE [63,64],
IceCube/PINGU [49, 52], and LUX [65]. Surface-based detectors such as ProtoDUNE and SBN de-
tectors may have sensitivity, restricting to the upward-going signals [68].

New Opportunities at the Next-Generation Neutrino Experiments White Paper

MiniBooNE DM Collaboration, 1807.06137
1 10 210 310 [MeV]χm

15−10

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−104 )
A

'
/m
χ

 (m
D

α 2 ε
y=

 

BaBar

, N)-MiniBooNE (e

-, e0πSBND, 

NA64

-1Belle II - 20 fb

E137

LSND

Relic Density

Pseudo-Dirac Fermion Dark Matter

 mot
13

 eo
t + 5x10

12

NA64: 5x10

 eo
t

15

LDMX, 8 GeV, 1.6 10 eot
14

LDMX, 4 GeV, 4x10

BD
X 

m
in

i 

BD
X

 1
0 

G
eV

 
BD

X 
20

 G
eV

 

3FLArE (1x1x7) m
3FLArE (1.6x1.6x30) m

 eot
11

NA64e, 2.8x10

 = 0.1Dα
 = 3χ/mA'm

 FIPs 2022 

1 10 210 310 410 510 610 [MeV]χm

15−10

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−104 )
A

'
/m
χ

 (m
D

α 2 ε
y=

 

Relic Density

Pseudo-Dirac Fermion Dark Matter

 = 0.1Dα  = 3χ/mA'm

CMS
LHC expected

HL-LHC expected

 FIPs 2022 

Figure 129: Dark Photon into invisible final states (BC2). Current bounds and future projections for 90%
CL exclusion limits for light dark matter production through a dark photon in the plane defined by the “yield”
variable y as a function of DM mass m� for a specific choice of ↵D = 0.1 and mA0/m� = 3. The DM candidate
is assumed to be a pseudo-Dirac fermion. Top plot shows the DM mass range up to a few GeV, bottom plot
up to 1 TeV. Legend: filled gray areas are bounds coming from interpretation of old data sets or astrophysical
data; filled coloured areas are bounds set by experimental collaborations; Solid coloured lines are projections
based on existing data sets; Dashed coloured lines are projections based on full Monte Carlo simulations; Dotted
coloured lines are projections based on toy Monte Carlo simulations. Current limits shown as filled areas come
from: BaBar [576]; CMS [980]; NA64e [1295]; reinterpretation of the data from E137 [1409] and LSND [1377];
result from MiniBooNE [1420]. The projected sensitivities, shown as solid, dashed, or dotted lines, come from:
BDX-mini [1238]; SBND [1421], NA64 [1422]; FLArE [1067], LDMX [1271, 1268],Belle-II [1413]. The “LHC
expected” and “HL-LHC expected” sensitivities come from [939].
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Dominant background is 
typically due to neutrino 
interactions (e.g. QE NC 
events, nu scattering off 
electrons and QE CC 
electron scattering 
events). 

De Romeri, Kelly, Machado, 1903.10505. See 
also, Breitbach et al., 2102.03383, Brdar et al., 
2206.06380

Key characteristics:
- beam intensity 
- detector mass (needed for scattering) 
- position on/off-axis for bkgd reduction (DUNE 

Prism) due to different DM flux.
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FIG. 5. Expected DUNE On-axis (dashed) and PRISM (solid) sensitivity at 90% C.L. using �e

� ! �e

� scattering. We
assume ↵D = 0.1 in both panels, and MA0 = 3M� (M� = 20 MeV) in the left (right) panel. Existing constraints are shown
in grey, and the relic density target is shown in a black dot-dashed line. We compare our results against the proposed
LDMX experiment in blue [89].

V. DISCUSSION & CONCLUSIONS

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

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

2 only a factor of ⇠ 3††

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

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

periment designed specifically to search for light dark
matter [89]. In this work we have shown that DUNE-
PRISM, an experiment that is very likely to occur due
to other scientific goals, will have competitive sensi-
tivity to future, dedicated experiments. This fact is
non-trivial and had not been previously shown in the
literature.
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Figure 1. Diagrams contributing to the neutrino trident process in the four-point interaction limit
of the Standard Model.

The cross section for trident production has been calculated before in the literature,

both in the context of the V �A theory [1–3] and in the SM [10], while the EPA treatment

was developed in Refs. [17–19]. Most calculations have focused on the coherent channels

[1–3, 10, 17] but the di↵ractive process has been considered in [1, 2]. More recently,

calculations using the EPA have been performed for coherent scattering with a dimuon

final-state [12], and for all combinations of hadronic targets and flavours of final-states

in [6]. While the EPA is expected to agree reasonably well with the full calculation for

coherent channels with dimuon final-states, the assumptions of this approximation are

invalid for the coherent process with electrons in the final-state [1, 18, 19]. For this reason,

we perform the full 2 ! 4 calculation without the EPA in a manner applicable to any

hadronic target, following a similar approach to Refs. [1, 2]. Our treatment of the cross

section allows us to quantitatively assess the breakdown of the EPA in both coherent and

di↵ractive channels for all final-state flavours, an issue we come back to in Sec. 2.2.

We write the total cross section for neutrino trident production o↵ a nucleus N with

Z protons and (A� Z) neutrons as the sum

�⌫N = �⌫c + �⌫d , (2.2)

where �⌫c (�⌫d) is the coherent (di↵ractive) part of the cross section. The relevant diagrams

for these processes in the coherent or di↵ractive regimes involve the boson Z0, W or both

mediators, depending on the particular mode. In the four-point interaction limit, depicted

in Fig. 1, these reduce to only two contributions, one where the photon couples to the

negatively and one to the positively charged lepton. In Table 1 we present the processes

that will be considered in this work as well as the SM contributions present in each.

Although our formalism applies also to processes with final-state ⌧ leptons, the increased

threshold makes them irrelevant for the experiments of interest in this study and we do not

consider them further. The trident amplitude for a coherent (X = c) or di↵ractive (X = d)

scattering regime can be written as

iM = Lµ({pi}, q)
�igµ⌫
q2

H⌫
X(P, P

0) , (2.3)
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Figure 2. Cross sections for coherent neutrino trident production on 40Ar (left) and 208Pb (right)
normalized to �

0

= Z2 10�44 cm2. The full (dashed) lines correspond to the scattering of an incom-
ing ⌫µ (⌫e) produced by the NC (light-blue), CC (purple), and CC+NC (orange) SM interactions.

GeV neutrino energies, we can see that mixed channels quickly become the most important

due to their CC nature. At large energies one can then rank the cross sections from largest

to smallest as CC, CC+NC, and NC only channels. Nevertheless, one must be aware of

the fact that the cross sections are dominated by low Q2 even at large energies, leading to

large e↵ects due to the final-state lepton masses as discussed in [6].

2.1.2 Di↵ractive Regime (Hµ⌫
d )

At larger Q2, the neutrino interacts with the individual nucleons of the nucleus. In this

di↵ractive regime Hµ⌫
d is given by the sum of the contributions of the two types of nucleons:

protons (N = p) and neutrons (N = n), so

Hµ⌫
d (P, P 0) = Z Hµ⌫

p (P, P 0) + (A� Z)Hµ⌫
n (P, P 0) , (2.16)

where each Hµ⌫
N is the square of the matrix element of the nucleon electromagnetic current

summed over final and averaged over initial spins. Neglecting second class currents, the

matrix elements take the form

⌦
N(P 0)

�� Jµ
E.M.(Q

2) |N(P )i = e uN(P
0)

�µFN

1 (Q2)� i
�µ⌫q⌫
2MN

FN
2 (Q2)

�
uN(P ) , (2.17)

with FN
1,2(Q

2) the Dirac and Pauli form factors, respectively. The hadronic tensors are then

given by [37]

Hµ⌫
N = e2


4HN

1 (Q
2)

✓
Pµ � qµ

2

◆✓
P ⌫ � q⌫

2

◆
�HN

2 (Q
2)
�
Q2gµ⌫ + qµq⌫

��
, (2.18)
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I. INTRODUCTION

Neutrino trident production is a weak process by which a neutrino, scattering o↵ the Coulomb

field of a heavy nucleus, generates a pair of charged leptons [1–7]. Measurements of muonic

neutrino tridents, ⌫µ ! ⌫µµ+µ�, were performed at the CHARM-II [8], CCFR [9] and NuTeV [10]

experiments:

�(⌫µ ! ⌫µµ+µ�)exp
�(⌫µ ! ⌫µµ+µ�)SM

=

8
>>>>><

>>>>>:

1.58± 0.64 (CHARM-II)

0.82± 0.28 (CCFR)

0.72+1.73
�0.72 (NuTeV)

Both CHARM-II and CCFR found rates compatible with Standard Model (SM) expectations. No

signal could be established at NuTeV. Future neutrino facilities, such as the Deep Underground

Neutrino Experiment (DUNE) / Long-Baseline Neutrino Facility (LBNF), will o↵er excellent

prospects to improve these measurements [11–14]. A deviation from the event rate predicted by

the SM could be an indication of new interactions mediated by new gauge bosons [11]. This could

happen, for example, if neutrinos were charged under new gauge symmetries beyond the SM gauge

group, SU(3)c ⇥ SU(2)L ⇥ U(1)Y .

In this paper, we study in detail the prospects for measuring neutrino trident production at

the near detector of DUNE [15–18]. As will be discussed below, the trident cross section is to

a good approximation proportional to the charge squared (Z2) of the target nuclei: Z = 18 for

argon (DUNE), Z = 14 for silicon (CHARM II), and Z = 26 for iron (CCFR and NuTeV). As

we will demonstrate, despite the smaller Z2 compared to CCFR and NuTeV, the high-intensity

muon-neutrino beam at the DUNE near detector leads to a sizable production rate of neutrino

tridents. The main challenge to obtain a precise measurement of the trident cross section is to

distinguish the trident events from the copious backgrounds, mainly consisting of charged-current

single-pion production events, ⌫µN ! µ⇡N 0, as muon and pion tracks can be easily confused.

We identify a set of kinematic selection cuts that strongly suppress the background, allowing a

measurement of the ⌫µ ! ⌫µµ+µ� cross section with unprecedented precision. This measurement

at DUNE has the potential to significantly extend the coverage of the new-physics parameter space.

Our paper is organized as follows. In Section II, we compute the cross sections for several

neutrino-induced trident processes in the SM, and discuss the theoretical uncertainties in the

calculation. We also provide the predicted event rates at the DUNE near detector. Section III

describes the sensitivity study. We analyze the kinematic distributions of signal and backgrounds,

3

⌫µ

⌫µ

µ�

µ+�

Z

Figure 1. Example diagrams for muon-neutrino-induced trident processes in the Standard Model. A second

set of diagrams where the photon couples to the negatively charged leptons is not shown. Analogous diagrams

exist for processes induced by di↵erent neutrino flavors and by anti-neutrinos.

Table I. E↵ective Standard Model vector and axial-vector couplings, as defined in Eq. (1), for a variety of

neutrino trident processes.

Process gVSM gASM

⌫e ! ⌫ee+e� 1 + 4 sin2 ✓W �1

⌫e ! ⌫eµ+µ� �1 + 4 sin2 ✓W +1

⌫e ! ⌫µµ+e� 2 �2

⌫µ ! ⌫µe+e� �1 + 4 sin2 ✓W +1

⌫µ ! ⌫µµ+µ� 1 + 4 sin2 ✓W �1

⌫µ ! ⌫ee+µ� 2 �2

Given the above e↵ective interactions, the cross sections for the trident processes can be computed

in a straightforward way. The dominant contributions arise from the coherent elastic scattering of

the leptonic system on the full nucleus. We will also consider incoherent contributions from elastic

scattering on individual nucleons (referred to as di↵ractive scattering in Refs. [12, 14]).

In addition to the elastic scattering on the full nucleus or on individual nucleons, also inelastic

5

Trident processes are 
expected in the SM but are 
very suppressed. 

Ballett et al., 1807.10973

Altmannshofer et al., 1902.06765
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Experiment Baseline (m) Total Exposure (POT) Fiducial Mass (t) E⌫ (GeV)

SBND 110 6.6⇥ 1020 112 0� 3

µBooNE 470 1.32⇥ 1021 89 0� 3

ICARUS 600 6.6⇥ 1020 476 0� 3

DUNE 574 12.81 (12.81)⇥ 1021 50 0� 40

⌫STORM 50 1021 100 0� 6

Table 2. Summary of the LAr detectors set-up and values assumed in our calculations. The POT
numbers are given for a neutrino (antineutrino) beam.

Figure 7. Energy distribution of the neutrino fluxes at the position of the LAr detectors DUNE
(top left, [42]), SBND (top right,[20]) and ⌫STORM (bottom left, [24]) and of the cross sections for
the various trident modes (bottom right). The fluxes at µBooNE and ICARUS are similar to the
one shown for SBND when normalized over distance.

now a well-understood source, having the focus of active research for over 15 years. Al-

though the number of trident events expected in these detectors is rather low, they may

o↵er one of the first opportunities to study trident events in LAr, as well as to better

understand their backgrounds in this medium and to devise improved analysis techniques.

After that we study the proposed near detector for DUNE. This turns out to be the most

important LAr detector for trident production since it will provide the highest number of

events in both neutrino and antineutrino modes. Finally, having in mind the novel flavour

composition of neutrino beams from muon facilities, we investigate trident rates at a 100 t

LAr detector for the ⌫STORM project. This last facility could o↵er a very well understood

neutrino beam with as many electron neutrinos as muon antineutrinos from muon decays,

creating new possibilities for trident scattering measurements.

– 18 –

Neutrino accelerator experiments offer new 
opportunities to discover them.

Ballett et al., 1807.10973

Channel SBND µBooNE ICARUS DUNE ND ⌫STORM ND

⌫µ ! ⌫ee
+µ� 10 0.7 1 2844 (235) 159

2 0.1 0.2 654 (56) 35

⌫µ ! ⌫ee
�µ+ 0.4 0.02 0.04 122 (2051) 23

0.08 0.005 0.008 29 (468) 5

⌫e ! ⌫µe
�µ+ 0.05 0.003 0.004 22 (7) 9

0.01 0.0008 0.001 7 (2) 3

⌫e ! ⌫µe
+µ� 0.005 0.0003 0.0005 5 (14) �

0.001 0.0001 0.0001 2 (4) �
Total e±µ⌥ 10 0.7 1 2993 (2307) 191

2 0.1 0.2 692 (530) 41

⌫µ ! ⌫µe
+e� 6 0.4 0.7 913 (58) 73

0.7 0.04 0.07 128 (9) 9

⌫µ ! ⌫µe
�e+ 0.2 0.01 0.02 34 (695) 9

0.03 0.001 0.002 5 (95) 1

⌫e ! ⌫ee
�e+ 0.2 0.01 0.02 50 (13) 32

0.02 0.001 0.002 8 (2) 4

⌫e ! ⌫ee
+e� 0.02 0.001 0.002 10 (34) �

0.003 0.0001 0.0002 2 (5) �
Total e+e� 6 0.4 0.7 1007 (800) 114

0.7 0.0 0.1 143 (111) 14

⌫µ ! ⌫µµ
+µ� 0.4 0.03 0.04 271 (32) 9

0.4 0.03 0.04 186 (19) 8

⌫µ ! ⌫µµ
�µ+ 0.01 0.001 0.001 14 (177) 2

0.01 0.0009 0.001 9 (127) 1

⌫e ! ⌫eµ
+µ� 0.002 0.0001 0.0001 1 (0.5) 0.4

0.001 0.0001 0.0001 0.7 (0.2) 0.3

⌫e ! ⌫eµ
+µ� 0.0002 0.0000 0.0000 0.3 (0.9) �

0.0001 0.0000 0.0000 0.2 (0.5) �
Total µ+µ� 0.4 0.0 0.0 286 (210) 11

0.4 0.0 0.0 196 (147) 9

Table 3. Total number of coherent (top row) and di↵ractive (bottom row) trident events
expected at di↵erent LAr experiments for a given channel. The numbers in parentheses are for the
antineutrino running mode, when present. These calculations considered a detector e�ciency of
100%.

to the much higher energy and wider energy range of the neutrino fluxes at DUNE ND,

as compared to the SBN detectors, DUNE can observe a considerable number of trident

events, about 300 times the number of trident events expected for SBND just in the neutrino

mode. Moreover, the subdominant component of each beam mode will also contribute to

the signal. For example, we expect to observe 2051 trident events in the ⌫µ ! ⌫ee
�µ+

channel in the antineutrino mode. However, we also expect 235 events in the ⌫µ ! ⌫ee
+µ�

although there is an additional suppression in many channels due to the lower antineutrino cross sections.

– 20 –

It is a very rare 
process with a 
cross section 
which increases 
with energy. 
DUNE is well 
suited for this 
search.



24

Bethe-Heitler Dark-Bremsstrahlung

`

�
�

`

+
�

�

⌫�⌫�

H
<latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit>
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Z

0
<latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit><latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit><latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit><latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit>

⌫�

⌫�

Z<latexit sha1_base64="altxwpsIdB34DGwQDkbfuprJ00E=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhgFjHAhe8scbNjbu+zumZALP8HGQmNs/UV2/hsXuELBl0zy8t5MZuYFieDauO63U1hb39jcKm6Xdnb39g/Kh0dtHaeKYYvFIlYPAdUouMSW4UbgQ6KQRoHATjC+nvmdJ1Sax/LeTBL0IzqUPOSMGivdVR+r/XLFrblzkFXi5aQCOZr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOlnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8Str1mufWvNt6pXGVx1GEEziFc/DgAhpwA01oAYMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH2+8jTg=</latexit><latexit sha1_base64="altxwpsIdB34DGwQDkbfuprJ00E=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhgFjHAhe8scbNjbu+zumZALP8HGQmNs/UV2/hsXuELBl0zy8t5MZuYFieDauO63U1hb39jcKm6Xdnb39g/Kh0dtHaeKYYvFIlYPAdUouMSW4UbgQ6KQRoHATjC+nvmdJ1Sax/LeTBL0IzqUPOSMGivdVR+r/XLFrblzkFXi5aQCOZr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOlnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8Str1mufWvNt6pXGVx1GEEziFc/DgAhpwA01oAYMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH2+8jTg=</latexit><latexit sha1_base64="altxwpsIdB34DGwQDkbfuprJ00E=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhgFjHAhe8scbNjbu+zumZALP8HGQmNs/UV2/hsXuELBl0zy8t5MZuYFieDauO63U1hb39jcKm6Xdnb39g/Kh0dtHaeKYYvFIlYPAdUouMSW4UbgQ6KQRoHATjC+nvmdJ1Sax/LeTBL0IzqUPOSMGivdVR+r/XLFrblzkFXi5aQCOZr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOlnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8Str1mufWvNt6pXGVx1GEEziFc/DgAhpwA01oAYMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH2+8jTg=</latexit><latexit sha1_base64="altxwpsIdB34DGwQDkbfuprJ00E=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lhgFjHAhe8scbNjbu+zumZALP8HGQmNs/UV2/hsXuELBl0zy8t5MZuYFieDauO63U1hb39jcKm6Xdnb39g/Kh0dtHaeKYYvFIlYPAdUouMSW4UbgQ6KQRoHATjC+nvmdJ1Sax/LeTBL0IzqUPOSMGivdVR+r/XLFrblzkFXi5aQCOZr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOlnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8Str1mufWvNt6pXGVx1GEEziFc/DgAhpwA01oAYMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH2+8jTg=</latexit>

H
<latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit>

H
<latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit>

Z

0
<latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit><latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit><latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit><latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit>

⌫�

⌫�
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Figure 1. The BSM contributions to neutrino trident production considered in our calculation. The
diagrams on the top row are referred to as Bether-Heitler contributions due to their resemblance to
pair-production. On the bottom row, we show diagrams with a radiative-like Z

0 contribution, which
allows for the production of on-shell Z

0 particles, which subsequently decays into the charged-lepton
pair.

processes and on flavour conserving new physics, no mixed flavour tridents are relevant

and we can write

H(P ) + ⌫↵(p1) ! H(P 0) + ⌫↵(p2) + `

�
� (p3) + `

+
� (p4).

In the SM this process receives CC and NC contributions when ↵ = �, and is a purely

NC process if ↵ 6= �. The BSM contributions to trident production we consider are shown

in Fig. 1. Beyond computing the Bethe-Heitler (BH) contributions considered previously,

we show that radiative contributions to these processes are generally small. Using the

Narrow-Width-Approximation (NWA), we compute the cross section for the radiation of a

Z

0 particle from a neutrino-nucleus interaction, which can then promptly decay to an `

+
`

�

pair. We call these contributions dark-bremsstrahlung (DB) processes for their similarity

with electron brehmsstrahlung in QED. We now discuss the two amplitudes individually.

Bethe-Heitler. The BH amplitude can be written as follows

MBH =
Lµ Hµ

EM

Q

2
. (3.1)

where Q

2 ⌘ �q

2 = (P � P

0)2 is the momentum transfer and Hµ
EM the hadronic amplitude

for coherent or di↵ractive electromagnetic scattering

Hµ
EM ⌘ hH(P )|J⌫

EM(q2)|H(P 0)i . (3.2)

We refer the reader to Ref. [54] for the details on the treatment of the hadronic amplitude.

The leptonic amplitude for NC scattering Lµ reads

Lµ ⌘ � ieGFp
2

[ū(p2)�
⌧ (1 � �5)u(p1)] ⇥ ū(p4)

"
�⌧ (V̂↵� � Â↵��5)

1

(
/

q �
/

p

3
� m3)

�µ

+�µ
1

(
/

p

4
�

/

q � m4)
�⌧ (V̂↵� � Â↵��5)

#
v(p3) . (3.3)
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Trident events can be used to search for light vector 
boson mediators (Z’).

Ballett et al., 1902.08579, see also Altmannshofer et al., 1902.06765
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µ+µ�
trident

(g � 2)µ ± 2�(g � 2)µ ± 2�

Figure 9. The DUNE near detector neutrino scattering sensitivity for Lµ � L⌧ at 90% C.L.
The upper panel shows the case with no kinetic mixing, and the lower panel the case with the
loop-induced mixing. Bounds from neutrino-electron scattering apply only to the latter. We also
show bounds from BaBar [122], LHC [123], Borexino [57] and from the neutrino trident production
measurement at CCFR [51, 84]. Recent cosmological bounds for the two kinetic mixing cases
derived in Ref. [74] are also shown.

This model can significantly impact neutrino trident production of a muon pair. In

fact, the leading bound in this parameter space for masses MZ0 . 200 MeV comes from the

CCFR measurement of the same neutrino trident channel [84]. CCFR observed 37.0±12.4

events, extracting a measurement of the trident cross section of �CCFR/�SM = 0.82 ± 0.28.

Curiously, the measurement by CHARM-II [83] provides weaker constraints on this model

despite seeing a larger number of trident events, namely 55±16 events in total, most likely

due to the 1� upward fluctuation in the measurement: �CHARM�II/�SM = 1.58 ± 0.57.

Other important bounds from ⌫ � e scattering have also been obtained using the kinetic
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HNLs and other DS particles could be part of a new 
low energy sector that contains several new states 
(neutral fermions, gauge bosons, scalars, DM.)… This 
is the case for the Standard Model!

Example: Three portal model

27
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<latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit>



HNLs and other DS particles could be part of a new 
low energy sectors which contain several new states 
(neutral fermions, gauge bosons, scalars, DM.)… This 
is the case for the Standard Model!

Example: Three portal model
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SM NR
Hidden  
sector

⌫↵
<latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit><latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit><latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit><latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit>

neutrino portal,   Higgs portal
L̄ ·HNR (+...NRNS)

<latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit><latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit><latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit><latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit>

��H�†�H†H
<latexit sha1_base64="2yRWGacVSvwokeUWGW0fkaO7uzM=">AAACL3icbVDLSgMxFM34rPU16tJNsAgupMyooMuimy4r2Ad0aslk7rShmcyQZIRh6If4GX6BW/0CcSNuXPgXpg/Eth4IOTn3XO7N8RPOlHacd2tpeWV1bb2wUdzc2t7Ztff2GypOJYU6jXksWz5RwJmAumaaQyuRQCKfQ9Mf3IzqzQeQisXiTmcJdCLSEyxklGgjde3zoseNOyDd3Ev6DFeHeHTfewHp9UCOH9g7xbj6K1W7dskpO2PgReJOSQlNUevaX14Q0zQCoSknSrVdJ9GdnEjNKIdh0UsVJIQOSA/ahgoSgerk488N8bFRAhzG0hyh8Vj925GTSKks8o0zIrqv5msj8b9aO9XhVSdnIkk1CDoZFKYc6xiPksIBk0A1zwwhVDKzK6Z9IgnVJs+ZKSFkIkqGJhd3PoVF0jgru07Zvb0oVa6nCRXQITpCJ8hFl6iCqqiG6oiiR/SMXtCr9WS9WR/W58S6ZE17DtAMrO8fDyGolA==</latexit><latexit sha1_base64="2yRWGacVSvwokeUWGW0fkaO7uzM=">AAACL3icbVDLSgMxFM34rPU16tJNsAgupMyooMuimy4r2Ad0aslk7rShmcyQZIRh6If4GX6BW/0CcSNuXPgXpg/Eth4IOTn3XO7N8RPOlHacd2tpeWV1bb2wUdzc2t7Ztff2GypOJYU6jXksWz5RwJmAumaaQyuRQCKfQ9Mf3IzqzQeQisXiTmcJdCLSEyxklGgjde3zoseNOyDd3Ev6DFeHeHTfewHp9UCOH9g7xbj6K1W7dskpO2PgReJOSQlNUevaX14Q0zQCoSknSrVdJ9GdnEjNKIdh0UsVJIQOSA/ahgoSgerk488N8bFRAhzG0hyh8Vj925GTSKks8o0zIrqv5msj8b9aO9XhVSdnIkk1CDoZFKYc6xiPksIBk0A1zwwhVDKzK6Z9IgnVJs+ZKSFkIkqGJhd3PoVF0jgru07Zvb0oVa6nCRXQITpCJ8hFl6iCqqiG6oiiR/SMXtCr9WS9WR/W58S6ZE17DtAMrO8fDyGolA==</latexit><latexit sha1_base64="2yRWGacVSvwokeUWGW0fkaO7uzM=">AAACL3icbVDLSgMxFM34rPU16tJNsAgupMyooMuimy4r2Ad0aslk7rShmcyQZIRh6If4GX6BW/0CcSNuXPgXpg/Eth4IOTn3XO7N8RPOlHacd2tpeWV1bb2wUdzc2t7Ztff2GypOJYU6jXksWz5RwJmAumaaQyuRQCKfQ9Mf3IzqzQeQisXiTmcJdCLSEyxklGgjde3zoseNOyDd3Ev6DFeHeHTfewHp9UCOH9g7xbj6K1W7dskpO2PgReJOSQlNUevaX14Q0zQCoSknSrVdJ9GdnEjNKIdh0UsVJIQOSA/ahgoSgerk488N8bFRAhzG0hyh8Vj925GTSKks8o0zIrqv5msj8b9aO9XhVSdnIkk1CDoZFKYc6xiPksIBk0A1zwwhVDKzK6Z9IgnVJs+ZKSFkIkqGJhd3PoVF0jgru07Zvb0oVa6nCRXQITpCJ8hFl6iCqqiG6oiiR/SMXtCr9WS9WR/W58S6ZE17DtAMrO8fDyGolA==</latexit><latexit sha1_base64="2yRWGacVSvwokeUWGW0fkaO7uzM=">AAACL3icbVDLSgMxFM34rPU16tJNsAgupMyooMuimy4r2Ad0aslk7rShmcyQZIRh6If4GX6BW/0CcSNuXPgXpg/Eth4IOTn3XO7N8RPOlHacd2tpeWV1bb2wUdzc2t7Ztff2GypOJYU6jXksWz5RwJmAumaaQyuRQCKfQ9Mf3IzqzQeQisXiTmcJdCLSEyxklGgjde3zoseNOyDd3Ev6DFeHeHTfewHp9UCOH9g7xbj6K1W7dskpO2PgReJOSQlNUevaX14Q0zQCoSknSrVdJ9GdnEjNKIdh0UsVJIQOSA/ahgoSgerk488N8bFRAhzG0hyh8Vj925GTSKks8o0zIrqv5msj8b9aO9XhVSdnIkk1CDoZFKYc6xiPksIBk0A1zwwhVDKzK6Z9IgnVJs+ZKSFkIkqGJhd3PoVF0jgru07Zvb0oVa6nCRXQITpCJ8hFl6iCqqiG6oiiR/SMXtCr9WS9WR/W58S6ZE17DtAMrO8fDyGolA==</latexit>

Hidden  
sector

H
<latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit><latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit><latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit><latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit> S

<latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit><latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit><latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit><latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit>

ND
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HNLs and other DS particles could be part of a new 
low energy sectors which contain several new states 
(neutral fermions, gauge bosons, scalars, DM.)… This 
is the case for the Standard Model!

Example: Three portal model
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neutrino portal,   Higgs portal,      vector portal
L̄ ·HNR (+...NRNS)
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2

dark neutrinos, contained in the vector ˆN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

The dark gauge symmetry is spontaneously broken by
the vacuum expectation value (VEV) of a complex scalar,
�, which is a singlet under all SM symmetries. The full
Lagrangian is given as

L � LSM � 1

4

Xµ⌫Xµ⌫ � sin �

2

Xµ⌫Bµ⌫ (1)

+ (Dµ�)

†
(Dµ

�) � V (�) � ��H |H|2 |�|2

+ ⌫̂N i/@̂⌫N + ⌫̂Di /DX ⌫̂D �

(L eH)Y ⌫̂c

N + ⌫̂NYL⌫̂c
DL

�

+ ⌫̂NYR⌫̂DR�

⇤
+

1

2

⌫̂NMN ⌫̂c
N + ⌫̂DLMX ⌫̂DR + h.c.

#
,

⌫D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/DX =

/@ � igX /X check convention. The Majorana mass
matrix (MN )n⇥n is arbitrary, and the Yukawa matrices
are given by Y3⇥n and (YL(R))n⇥d/2. The scalars � and
H acquire VEVs, v' ' O(500) MeV and vH ' 246 GeV,
respectively. After the electroweak and dark symmetries
are spontaneously broken, the mostly-active light neutri-
nos acquire masses, which are small provided ||Y || ⌧ 1.
With ⌫̂f ⌘

�
⌫̂c

↵ ⌫̂c
N ⌫̂c

DL
⌫̂DR

�T , the mass matrix reads

L⌫�mass

=

1

2

⌫̂c
f

0

BB@

0 MD 0 0

MT
D MN ⇤L ⇤R

0 ⇤

T
L 0 MX

0 ⇤

T
R MT

X 0

1

CCA ⌫̂f + h.c. , (2)

check the Twhere MD = Y vH/
p

2 and ⇤L,R =

YL,R v�/
p

2. At tree-level, a contribution to light neu-
trino masses proportional to MX appears, analogous to
the standard inverse seesaw. In addition, radiative cor-
rections can be large and provide both a correction to
MX as well as a finite and independent contribution to
neutrino masses proportional to MN . These corrections
arise from SM and, more importantly, light dark sector
bosons exchange [10]. Note that neutrinos remain mas-
sive at tree level if MX ! 0 and MN 6= 0, or if MX 6= 0

and MN ! 0. This fact can be explored to invoke can-
cellations between tree- and loop-level contributions. If
a hierarchy exists between MN and MX , then a seesaw
is happens in the heavy neutrino sector. Two interesting
limits arise. If ⇤, MN ⌧ MX , then our spectrum con-
tains mostly-sterile state at intermediate scales, with a
series of pseudo-Dirac, mostly-dark fermions at the high
heavy? scale MX . On the other hand, if ⇤, MX ⌧ MN ,
then mostly-dark fermions will lie at an intermediate
scale and mostly-sterile states at high heavy? scales MN .

The massive dark vector, scalar, and HNLs only couple
to the SM via portal operators, and mix with the neutral

states in the SM. After symmetry breaking, we diago-
nalise the CP-even scalars to find a light scalar '0, and a
heavy SM-like Higgs h0, with '0 �H scalar mixing given
by ✓ ' (��H/2�H) ⇥ (v'/vH), where �H is the quar-
tic coupling of the Higgs. All portal couplings, �, ��H ,
are kept small and we neglect terms of order �2 and ✓2.
With the usual diagonalization of kinetic terms, followed
by three rotations of the neutral gauge boson basis, we
find a light Z 0 vector boson with mZ0 ⇡ gXv' that cou-
ples to the SM electromagnetic (EM) and neutral current
(NC), as well as to the dark sector current (Jµ

D) as

L � �Z 0
µ

✓
e" Jµ

EM +

g

2cW

m2
Z0

m2
Z

� Jµ
NC + gX Jµ

D

◆
, (3)

where " ⌘ cW �check NC coupling. The Z 0 coupling to
NC as well as the Zµ coupling to the dark current (pro-
portional to gXsW �) can be safely neglected. Note that
the photon does not couple to the dark fermions.

Low Energy Anomalies – Our aim is to provide an
explanation of several low energy anomalies, and keep-
ing light neutrino masses compatible with experimental
constraints. For concreteness, we allow mixing with only
muon neutrinos, ⌫µ, and use n = 3 sterile flavors, and
d = 1 vector-like dark fermions. We provide three bench-
mark points (BPs) that realize our proposal in Table I.
As we will see, all points provide an explanation of the
MiniBooNE and �aµ anomalies, with BP-B also explain-
ing PS-191 and E816, and BP-C explaining all the above
as well as KOTO.invert, 78 always heavier, define Uij

Let us comment on generic features of our solution?
bit strong. Firstly, N4 is long-lived as its decays are sup-
pressed by small U4i neutrino mixing parameters, while
Ni, with i = 5, 6, are much shorter-lived with dominant
B(N6,5 ! N5(4)e

+e�). As we will see, N5 will typically
decay with c⌧0

5 . 5 cm, leading to displaced e+e� ver-
tices, while N6 will decay more promptly, c⌧0

6 . 1 mm.
Secondly, N4 states are mostly in a sterile direction
and are, therefore, more weakly coupled to the Z 0 than
N5,6. In this way, B(Z 0 ! N4N{4,5,6}) ⌧ B(Z 0 !
N{5,6}N{5,6}). Finally, the scalar is always heavier than
N6, kinematically forbidding fast Ni ! ⌫'0 decays.

�aµ and BaBar – A discrepancy between the most pre-
cise �aµ measurement performed by the Muon (g � 2)

collaboration [5] and existing theoretical calculations [11–
15] (for the latest consensus in this field, see Ref. [16])
stands at more than 3.7� 1. In view of the current efforts
to measure this quantity four times more precisely at
Fermilab [20], it is timely to reconsider the dark photon
contribution to �aµ. The minimal dark photon explana-
tion is excluded by collider and beam dump searches for

1 Recent lattice calculations [17] predict values closer to the ex-
periment. However, this has been pointed out to lead to incon-
sistency with e+e� ! hadrons data [18, 19].
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This type of models have a distinct phenomenology, 
very different from minimal models.
- They can evade standard bounds as the DS 

particles can decay fast and semivisibly.
- Typical signatures: semivisible decays into 

multileptons and missing energy with decay chains.

30

27

FIG. 15. Same as Fig. 6 but for BP4a (top left), BP4b (top right), BP4c (bottom left), BP5 (bottom right), corresponding to
the models with 3 heavy neutral fermions. The dark photon branching ratios are dominated by A0 ! N2N3 decays.

mixing-angle-suppressed elastic scattering of � ⌘  1 on
electrons. For a heavy dark photon, the total cross section
is
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The leading limits in this parameter space are from
XENON1T [155, 156], PandaX-II [157], and SENSEI [152].
At m� ⇠ 100 MeV, XENON1T constrains �e . 10�4 pb,
still orders of magnitude above our estimates for � = 8�.
The prospects are more interesting for scattering on pro-
tons, where the bounds discussed just above apply as
well. In this case, DarkSide-50 already probes the largest
values of kinetic mixing and � for mA0 & 1.5 GeV. How-
ever, these are already excluded by BaBar and CMB
constraints.

Another possibility for direct detection is to search
for a boosted DM population [158–160]. Cosmic rays
can interact with the DM background, upscatter � !
 2,3,..., which subsequently decay to fast DM particles.

This cosmic-ray-boosted DM population can then be
searched for in direct detection and neutrino experiments.
Refs. [161, 162] derive limits on similar models using
XENON1T data, from where we can conclude that cur-
rent limits are still too weak to constrain our parameter
space, in all models of interest. Large neutrino detectors
can further enhance the sensitivity thanks to their large
mass and excellent detector performance [159]. A more
detailed study is needed to assess the flux of boosted
DM particles in our models and their testability via this
strategy.

Cosmic Microwave Background — Precision mea-
surements of the Cosmic Microwave Background (CMB)
also provide significant limits on the models we consider
when the HNFs are dark matter. If the dark matter
fermions significantly annihilate or decay to charged par-
ticles at the time of recombination, they can inject addi-
tional energy into the SM plasma, re-ionize Hydrogen, and
delay the formation of the CMB [163–167]. The latest con-
straints from Planck [168] rule-out light and thermal dark
matter candidates with s-wave annihilations for m� '.
This constraint is much weaker and, therefore, not signifi-
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Figure 4: Limits on |Vµ4|2 versus m4 in the mass range 100 MeV–100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K → µν [92] is excluded
by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87], BEBC [93],
FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and L3 [90] are
at 95% C.L. and are deduced from searches of visible products in N4 decays. For the beam dump
experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper limit for
the excluded values of the mixing angle.

The µ− e universality test, done by comparing the decay rate of pions into eν̄ and µν̄, can
be used to constrain the ratio

1 − |Ve4|2

1 − |Vµ4|2
, (2.11)

for m4 > mπ [70, 71]. The analysis of experimental data leads to 1−|Vµ4|2

1−|Ve4|2
= 1.0012±0.0016

[71], which implies |Ve4|2 < 0.004 at 2σ for the least conservative case of |Vµ4|2 = 0. For
m4 > mτ , the µ − τ universality sets limits on:

1 − |Vτ4|2

1 − |Vµ4|2
, (2.12)

and can be tested by looking at the τ leptonic and hadronic decays which give |Vτ4|2 −
|Vµ4|2 = 0.0057 ± 0.0065 [71] and |Vτ4|2 − |Ve4|2 = 0.0054 ± 0.0064 [71]. The most con-
straining bound on |Vτ4|2 is obtained for |Ve4|2, |Vµ4|2 = 0 and reads |Vτ4|2 < 0.018 at 2σ.
The unitarity constraint on the first row of the CKM matrix [99] reads

∑

i=1,2,3

|V CKM
ui |2 =

1

1 − |Vµ4|2
= 0.9992 ± 0.0011, (2.13)

– 11 –

Collider bounds 
can be weakened.

HNL decay bounds need 
to be recomputed.

A. Abdullahi et al., 2302.05410



@Silvia Pascoli31

A viable explanation of the MiniBooNE low-E excess is 
provided by the up-scattering of an HNL N in the 
detector and its decay into ee nu.
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P. Ballett, S. Pascoli, M. Ross-Lonergan, PRD 99 (2019)
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Z’

It builds on a decay explanation of 
MiniBooNE by S. Gnineko, PRL 103 

(2009). A similar analysis appeared at 
the same time but with light Z’ by E. 

Bertuzzo et al., PRL 121 (2018).

, Ni

A MiniBooNE low-E excess explanation
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• 3 components
- LAr TPC with pixelated readout (50t)

- Multi-Purpose Detector  (MPD)
• HPgTPC (1t) + ECAL + magnet

- Three-Dimensional Scintillator Tracker-Spectrometer: 3DST-S
• 3DST (8t) + Trackers + ECAL + magnet

• In addition,  the LAr and MPD will be able to move off-axis in order to implement the PRISM 
concept

LArMPD
3DST-S

Target mass

@Silvia Pascoli32

These models has key signatures which can be tested.
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Unique signatures and future tests

Z’, dark photon

One can expect displaced vertices, decay chains and 
unique HNL and dark photon phenomenology (typically, 
semivisible decays):
- MicroBooNE, T2K ND, DUNE-ND;
- NA62&SHADOWS;
- Nu@LHC programme;
- NA64;
- BelleII and BESIII.
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Weak Mixing Angle

The weak mixing angle is a key parameter in the SM. It can 
be measured in electron scattering.

Agarwalla, Huber, 1005.1254
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Potential measurement of the weak mixing angle with neutrino-electron scattering at
low energy

Sanjib Kumar Agarwalla1 and Patrick Huber1

1Department of Physics, Virginia Tech, Blacksburg, VA 24060, USA
(Dated: November 2, 2018)

We study the possibility to measure sin2 θW by neutrino-electron scattering at a value of the
momentum transfer Q ≃ 30MeV with a precision of 0.24%, which is only a factor three below the
one obtained by LEP-I at the Z-pole. The neutrino source is a proton beam dump providing a clean
beam from muon decay at rest and the detector is a 100 kt scale water Cerenkov detector, which
results in about 20 million signal events.

PACS numbers: 12.15.-y, 12.15.Mm, 13.15.+g, 14.60.Lm, 14.60.-z

The Standard Model (SM) of particle physics provides
a remarkably accurate description of a wide range of phe-
nomena in nuclear and particle physics. The SM also uni-
fies the weak and electromagnetic forces into one gauge
group, SU(2)L × U(1)Y . The electro-weak sector of the
SM has been tested with utmost precision: in the weak
sector of the theory precisions at 0.1% level are reached,
whereas in the electromagnetic sector of the theory the
precision is 1 part per billion or better. Despite its quan-
titative success, the SM has been shown to be incomplete
by the discovery of neutrino mass, the existence of dark
matter and the recent advent of dark energy. While par-
ticle accelerators, like the LHC, continue to look for new
physics at ever higher energy scales, precision low energy
observables have been and continue to be an invaluable
tool to learn about the scale of new physics and to shed
light into flavor sector, see e.g. [1]. Precise tests of the
electro-weak sector of the SM are highly sensitive to the
presence of oblique corrections affecting vacuum polar-
ization of the photon, Z and W bosons through new par-
ticles in quantum loops and vertex corrections [2]. The
weak mixing angle is defined by the ratio of the SU(2)L
gauge coupling g and the U(1)Y gauge coupling g′ by

following relation sin2 θW = g′2

g2+g′2 . It is one of the key

parameters in this theory. Within the MS renormaliza-
tion scheme this is a scale dependent quantity and thus
its value is predicted to show a dependence on the en-
ergy scale at which it is measured. This renormalization
group running of the weak mixing angle is an inevitable
consequence of the electro-weak theory. Therefore, the
experimental demonstration of the running of the weak
mixing angle has been considered to be an experimentum
crucis for the SM.

The first measurement of the weak mixing angle was
described in [4], yielding sin2 θW = 0.29 ± 0.05. Mod-
ern data on sin2 θW at low momentum transfer, Q,
is based on experiments on atomic parity violation at
Q ∼ 10−5GeV [5] and SLAC E158, a Møller scatter-
ing experiment at Q = 0.16GeV [6]. Currently, the
most precise measurement of sin2 θW was obtained from
e+e− collisions at the Z-pole. Interestingly, the leptonic
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FIG. 1: A summary of the world data for the weak mixing
angle as a function of the momentum transfer Q. The solid
curve depicts the running of sin2 θ̂W in the MS renormaliza-
tion scheme [3]. The future experiments are shown with ar-
bitrarily chosen vertical location. DAR-DUSEL denotes the
result of this work.

(0.23113 ± 0.00021) and hadronic (0.23222 ± 0.00027)
measurements of sin2 θW at Z-pole differ by 3.2 stan-
dard deviations [7]. The NuTeV collaboration reported
a 3σ deviation from the SM value of sin2 θW [8] using
deep inelastic neutrino-nucleus scattering. Many clever
explanations have been put forward to solve this puz-
zle [9]. These discrepancies could be a sign for new
physics or maybe for not understood experimental effects.
To clarify the origin of these discrepancies a set of new
experiments to measure the weak mixing angle at vari-
ous values of Q has been proposed and approved, these
are shown as red crosses in figure 1. There were several
other proposals to measure the weak mixing angle, not
all of them shown in figure 1, using conventional muon
neutrino beams [10] at Q ∼ 0.1GeV or electron neutrinos

Sterile neutrinos

Sterile neutrinos with eV masses could be searched for at 
the DUNE ND with a different L/E dependence w.r.t. 
SBN.

Non-unitarity and 0-distance NSIs
Non-unitarity effects or NSIs could lead to specific 
appearance and disappearance signatures.

See J. Penedo’s talk

See M. Bishai’s comments in talk



BSM models with light sectors (eg. heavy neutral 
fermions, dark photons, light DM…) are very interesting 
extension of the SM. They can explain neutrino masses 
and can be connected to the other compelling 
observational evidences of BSM (DM and the baryon 
asymmetry).

DUNE-ND has unique opportunities to search for them 
thanks to high flux, very capable detector complex (and 
DUNE-PRISM):
- a-la beam dump experiment; 
- scattering searches;
- other searches (sterile neutrinos, NSI…).
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The mixing-mass relation can be avoided if neutrino 
masses are suppressed.  A typical example are the 
inverse see-saw and extended see-saw models, in 
which two sterile neutrinos are introduced.
L = Y L̄ ·HN1 + Y2L̄ ·HN c

2 + ⇤N̄1N2 + µ0NT
1 CN1 + µNT

2 CN2

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A

The neutrino mass matrix is

Models with enhanced mixing

Neutrino masses are suppressed by the (small) lepton 
number parameters:

doDirac limit). In fact, in Ref. [24] it is shown how the constraints from neutrino oscillation

experiments leave those limits as the only allowed regions for n = n0 = 1 and M̃
1

= M̃
2

.

The region of the parameter space in between is ruled out and only the pseudoDirac and

seesaw limits survive. Reasonably extrapolating these results to the more general case with

M̃
1

6= M̃
2

studied here, leaves the seesaw limit (M̃i � m̃D) as the only relevant part of the

parameter space in the 0⌫�� decay context2. From now on, we will focus on the seesaw

limit. Notice, however, that this does not necessarily mean that M̃i have to be at the GUT

or the TeV scale and can be considerably lighter [25–27].

IV. LIGHT NEUTRINO MASSES AND 0⌫�� DECAY

For M̃i � m̃D, the light neutrino mass matrix is given at tree level by

mtree ' �mT
DM

�1mD ' v2

2(⇤2 � µ0µ)

�
µY T

1

Y
1

+ ✏2µ0Y T
2

Y
2

� ⇤✏(Y T
2

Y
1

+ Y T
1

Y
2

)
�
, (12)

where mD and M are the 2 ⇥ 3 Dirac and 2 ⇥ 2 Majorana sub-matrices respectively in

Eq. (8) for n = n0 = 1. Here, we have performed the standard “see-saw” mD/M expansion

keeping the leading order terms. We will discuss later if the higher order corrections can be

relevant. The contribution of the light mostly-active neutrinos to the 0⌫�� decay amplitude

is proportional to the “ee” element of this e↵ective mass matrix as

Alight /
3X

i=1

miU
2

eiM0⌫��(0) ⇡ �
�
mT

DM
�1mD

�
ee
M0⌫��(0) =

=
µY 2

1e + ✏Y
2e (✏µ0Y

2e � 2⇤Y
1e)

2(⇤2 � µ0µ)
v2M0⌫��(0) . (13)

Therefore, the light neutrino contribution is strictly cancelled as long as the parameters of

the model satisfy the following relation

µY 2

1e + ✏Y
2e (✏µ

0Y
2e � 2⇤Y

1e) = 0 . (14)

This condition is fulfilled for

✏ = µ = 0 . (15)

2 Of course, the Dirac limit will not be considered in this analysis where the 0⌫�� decay phenomenology is

studied.
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Two limits:

● Inverse see-saw:
Two quasi-Dirac neutrinos with large mixing:

● Extended see-saw:
One light and one heavy sterile neutrino:

Other models with enhanced sterile neutrino production 
require new interactions (e.g. Z’, see-saw type III...)

@Silvia Pascoli

⇤ � µ, Y2v, µ
0

• Inverse seesaw limit (ISS limit): ⇤ � µ0, mD. This limit corresponds to one of the

Minimal Flavour Violation models (MFV) studied in Ref. [16]. It is also related to the

case analyzed in Ref. [6], where a di↵erent parameterization is used. In this case the

heavy neutrino spectrum is quasi-degenerate, forming a quasi-Dirac pair:

m
4

⇡ �m
5

⇡ M̃
1

⇡ �M̃
2

⇡ ⇤, Ue4 ⇡ Ue5 ⇡ Y
1ev/2⇤,

�M̃ ⌘ |M̃
2

|� |M̃
1

| ⇡ µ0,
(20)

and we can expect lepton number violating processes such as neutrino less double beta

decay to be controlled by µ0.

If all the heavy neutrinos are located below the 0⌫�� scale, a cancellation driven by

Eq. (3) is expected at tree level, as we have already mentioned. This cancellation applies in

general as long as all the heavy neutrinos are in the light regime, including the two limits

distinguished above.

The approximation made in Eq. (16), M0⌫��(mI) / 1/m2

I , does not apply if one of the

heavy neutrinos (or both) is lighter than (or close to) ⇠ 100 MeV. However, as we have

already commented, we will not restrict the analysis to any particular value of the sterile

neutrino masses. This is the reason why we have made use of a numerical computation for

the NME in which no approximation for the neutrino mass dependence has been considered.

Notice, for instance, that the phenomenology for heavy masses around 100 MeV can be very

interesting and the approximation M0⌫��(mI) / 1/m2

I is not very accurate in that region.

In summary, at tree level the light neutrino masses are independent of µ0 (and ⇤) for

✏ = µ = 0, being actually zero. However, lepton number violation processes such as 0⌫��

decay are sensitive to these parameters and µ0 in particular. The idea behind Ref. [6, 7] is to

exploit this apparent decoupling between the heavy and light contributions in order to have

a measurable e↵ect in the 0⌫�� decay coming from the heavy side. In the following, we will

check if a heavy dominant contribution is really possible once the relevant corrections and

experimental constraints are taken into account.

V. HIGHER ORDER CORRECTIONS IN THE SEESAW EXPANSION

Only the leading order in mD/M has been considered in the expansion performed in

Eq. (12). We now check if the higher order corrections may induce any relevant e↵ects

11

µ0 � ⇤, µ

Of course, it may also be satisfied for other choices of parameters, but ✏ = µ = 0 is the

most stable one under radiative corrections and higher order terms in the expansion, as we

will show later. From now on we will assume that this cancellation condition is fulfilled.

Obviously, setting ✏ and µ to zero leads to vanishing tree level active neutrino masses as

well. However, the light neutrino masses can be generated at one-loop as we will see.

One could naively think that taking into account Eq. (3) would lead us to the same

cancellation for the heavy neutrinos (see Eq. (2)), however, the dependence of the NME on

mI avoids a complete cancellation, if the heavy neutrinos are not very degenerate.

When the heavy neutrinos are above the 0⌫�� scale, m
4

,m
5

� 100 MeV, the heavy

contribution to the 0⌫�� decay amplitude can be approximated as

Aextra /
extraX

I

mIU
2

eIM0⌫��(mI) / �
�
mT

DM
�3mD

�
ee

(16)

= v2
�
µ3 + ⇤2(2µ+ µ0)

�
Y 2

1e � 2✏⇤
�
⇤2 + µ02 + µ2 + µµ0�Y

1eY2e +
�
µ02 + ⇤2(µ+ 2µ0)

�
✏2Y 2

2e

2 (⇤2 � µµ0)3
,

which reduces to

Aextra /
v2µ0Y 2

1e

2⇤4

. (17)

if the light neutrino contribution is cancelled (✏ = µ = 0). Apparently, the above expression

indicates that for large values of µ0 and/or small enough ⇤ the heavy neutrinos may give a

relevant contribution to the 0⌫�� decay at tree level. At this point two interesting limits of

Eq. (8) arise:

• Extended seesaw limit (ESS limit): µ0 � ⇤, mD. In view of Eq. (17), this possibility

appears quite appealing. This limit matches the so-called extended seesaw models [28]

and corresponds to a hierarchical spectrum for the heavy neutrinos:

m
4

⇡ M̃
1

⇡ �⇤2/µ0, Ue4 ⇡ Y
1ev/

p
2⇤,

m
5

⇡ M̃
2

⇡ µ0, Ue5 ⇡ Y
1ev/

p
2µ0,

(18)

where we also show the corresponding mixing with the active neutrinos. In this regime,

the lightest of the two heavy neutrinos dominates the heavy contribution. Moreover,

for large enough values of µ0, m
4

becomes lighter than 100 MeV, the NME takes its

maximum value and the heavy contribution to the 0⌫�� decay becomes independent

of ⇤:

Aextra / U2

e4m4

M0⌫��(0) ⇡ �Y 2

1ev
2

2µ0 M0⌫��(0) . (19)
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