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Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass
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Reference Design

Sep-2019 A.Weber           ND Overview6

• 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

In my talk I will refer to the design presented by 
A. Weber at the Sep 2019 Collaboration meeting:

A. Weber, Sep 2019 DUNE Coll. meeting



@Silvia Pascoli3

To search directly for BSM in the DUNE ND, we 
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 beam.
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“A la beam dump” experiment 

Ta
rg
et

pi, K, (D)

p



@Silvia Pascoli5

A part from the exp in the 90’, in particular 
PS191, neutrino accelerator experiments 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
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“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
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“A la beam dump” experiment 

A. Weber, Sep 2019 DUNE Coll. meeting
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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
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“A la beam dump” experiment 
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The Near Detector in DUNE

80 GeV (or 120 GeV) proton
beam on graphite target

3 y 1.07 MW (1.2 MW)
1.47 (1.1)⇥1021 POT/y

3 y 2.14 MW (2.4 MW)
2.94 (2.2)⇥1021 POT/y

PS191 SBND⇤ LArTPC HPArFGT

Baseline 128 m 110 m 574 m 578 m
Size – 4m⇥4m⇥5m 3m⇥3m⇥4m 3.5m⇥3.5m⇥6.4m
Volume 216 m3 80 m3 36 m3 78.4 m3

Weight – 112 ton 50 ton 8 ton
POT 0.86⇥ 1019 6.6⇥ 1020 13.23⇥ 1021 13.23⇥ 1021

Exposure 1.0 39.5 12.7 27.4

The exposure is defined as POT⇥Vol⇥Bl�2

with respect to PS191.
For this search, volume is the driving feature,
whereas fiducial weight a↵ects the background
(e.g. SHiP).

*part of SBN programme together with MicroBooNE and
Icarus-600. The analysis is found in [P. Ballett et al., ’17].

Tommaso Boschi DU, IPPP 7

The key characteristic:
- high proton intensity;
- large volume (not necessarily large mass);
- (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 200 x PS191!
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- neutrino portal
- vector portal 

(new gauge 
interactions, 
kinetic mixing)

- Higgs portal
- EFTs

SM Dark 
sector

Mediators are produced by p interactions and 
then decay into SM particles (typically with long 
lifetimes).



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

@Silvia Pascoli10
CHARM II

p, n, e

neutrino, 
DM, 
XXX,
beam

X (hadron activity, e)

visible 
particles

Neutrino or dark sector scattering 
Detector

MiniBooNE DM Collaboration, 1807.06137
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Key characteristics:
- proton intensity 
- detector mass 
- position on/off-axis (for background 

reduction).Flux & Event Rates @ ND570
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Sep-2019 A.Weber           ND Overview8

Detector Target
(Fid. mass t)

# nµ CC 
(X106)

LAr Ar (50) 80
HPgTPC Ar (1) 1.5
3DST-S CH (8) 12

Events/year in Fiducial volume

Optimized CPV tune
FHC On-axis

1.25 MW

Near Detector Hall

Sep-2019 A.Weber           ND Overview10

~31m (3.3o) travel

~40m ~19m

Most intense 
proton beam 
available

A. Weber, Sep 2019 DUNE Coll. meeting
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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)

– 4 –
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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)

– 8 –

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)

– 8 –

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 –
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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
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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
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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.

Ballett et al., 
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Channel NmisID
B /NCC Nhad

B /NCC Nkin
B /NCC ✏cohsig ✏difsig

9

e±µ⌥ 1.67 (1.62)⇥ 10�4 2.68 (4.31)⇥ 10�5 4.40 (3.17)⇥ 10�7 0.61 (0.61) 0.39 (0.39)

e+e� 2.83 (4.19)⇥ 10�4 1.30 (2.41)⇥ 10�4 6.54 (14.1)⇥ 10�6 0.48 (0.47) 0.21 (0.21)

µ+µ� 2.66 (2.73)⇥ 10�3 10.4 (9.75)⇥ 10�4 3.36 (3.10)⇥ 10�8 0.66 (0.67) 0.17 (0.16)

Table 5. Reduction of backgrounds at the DUNE ND in neutrino (antineutrino) mode and its
impact on the signal for each distinguishable trident final-state. NmisID

B

stands for total backgrounds
to trident after only applying misID rates, Nhad

B

are the backgrounds after the hadronic veto, and
Nkin

B

reduce the latter with detection thresholds and kinematical cuts (see text for the cuts chosen).
These quantities are normalized to the total number of CC interactions in the ND N

CC

(flavour
inclusive). We also show the impact of our detection thresholds and kinematical cuts on the trident
signal via e�ciencies for coherent only (✏coh

sig

) and di↵ractive only samples (✏dif
sig

). We do not cut on
the hadronic activity of di↵ractive events.
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Figure 9. Signal and background distributions in invariant mass. The total background events
(blue) include the misID rates in table Table 4. We apply consecutive cuts on the background,
starting with cuts on the separation angle �✓ (red), both charged lepton angles to the beamline
(✓

+

and ✓�) (orange) and the invariant mass m2

µ+µ� . We show the signal samples before and after
all the cuts in dashed black and filled black, respectively.

another soft EM shower also would have to be addressed, especially in the latter case where

a trigger for these soft events would have to be in place. A more complete analysis is also

needed for treating the decay products of charged pions and muons produced in neutrino

interactions, as well as rare meson decay channels (like the Dalitz decay of neutral pions

⇡0 ! �e+e�). Cosmic ray events are not expected to be a problem due to the requirement

of a vertex and a correlation with the beam for trident events. Perhaps even more exotic

processes with three final-state charged leptons, like the radiative trimuon production [46],

could also behave as a background when a single particle is undetected. We are not aware of
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another soft EM shower also would have to be addressed, especially in the latter case where

a trigger for these soft events would have to be in place. A more complete analysis is also

needed for treating the decay products of charged pions and muons produced in neutrino

interactions, as well as rare meson decay channels (like the Dalitz decay of neutral pions

⇡0 ! �e+e�). Cosmic ray events are not expected to be a problem due to the requirement

of a vertex and a correlation with the beam for trident events. Perhaps even more exotic

processes with three final-state charged leptons, like the radiative trimuon production [46],

could also behave as a background when a single particle is undetected. We are not aware of

– 27 –

��������
����������
����������

��� ��� ��� ��� ���
��-�

�����

�����

�����

�

����� (���)

��
��
��
���
��

Figure 5. Kinematic distributions for the coherent signal (in red), incoherent signal (in blue), and background

(in green). We show the number of tracks (upper left plot), angle between the two tracks (upper right plot),

the length of the shortest track (lower left plot), and the di↵erence in length of the two tracks (lower right

plot). For the last three panels, we have only used events containing two and only two tracks. The dashed

black vertical lines indicate the optimized cut we have used in our analysis (see text for details).

C. Expected sensitivity

The starting point for our analysis are the following rates per year for the signal and background:

Ncoherent ' 103.9, Nproton ' 39.4, Nneutron ' 7.5, Nbackground ' 1.5⇥ 108, (10)
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Figure 7. 95% CL. sensitivity of a 25% uncertainty measurement of the ⌫µN ! ⌫µµ+µ�N cross section

at the DUNE near detector to modifications of the vector and axial-vector couplings of muon-neutrinos to

muons (blue hashed regions). The gray regions are excluded at 95% CL. by existing measurements of the

cross section by the CCFR collaboration. The intersection of the dashed lines indicates the SM point.

where in both cases we only took into account coherent scattering. The CCFR trident measurement

put a stringent cut on the hadronic energy at the event vertex region, which we expect to largely

eliminate incoherent trident events. Similarly, we anticipate that in a future DUNE measurement

incoherent scattering events will be largely removed by cuts on the hadronic activity (see discussion

in section III C).

For the modifications relative to the SM cross sections we find

�CCFR

�SM
CCFR

'
(1 + 4 sin2 ✓W +�gVµµµµ)

2 + 1.13 (1��gAµµµµ)
2

(1 + 4 sin2 ✓W )2 + 1.13
, (17)

�DUNE

�SM
DUNE

'
(1 + 4 sin2 ✓W +�gVµµµµ)

2 + 1.63 (1��gAµµµµ)
2

(1 + 4 sin2 ✓W )2 + 1.63
. (18)

In Fig. 7 we show the regions in the �gVµµµµ vs. �gAµµµµ plane that are excluded by the existing

CCFR measurement �CCFR/�SM
CCFR = 0.82± 0.28 [9] at the 95% C.L. in gray. The currently allowed

region corresponds to the white ring including the SM point �gVµµµµ = �gAµµµµ = 0. In the central

gray region the new physics interferes destructively with the SM and leads to a too small trident

20

Backgrounds are important 
but angular distributions and 
other correlations can be 
used to significantly reduce 
them.

Altmannshofer et al., 1902.06765
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�
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`

+
�

�

⌫�⌫�

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>

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>

⌫�

⌫�

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>

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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Figure 3. Same as Fig. 2 but for the e

+
e

� trident channel.

charged lepton final states can then be imposed with their respective branching ratio (BR).

As a final remark, we note that the typical decay lengths of the new boson are typically

below 1 cm for the parameter space of interest, such that their decay is indeed prompt.

From the previous discussions it is clear that the contributions with the lowest or-

der in g

0 are the interference between the BSM and SM BH contributions, and the DB

contributions. The latter, however, contains an extra power of GF and is expected to be

subdominant with respect to the interference between BH contributions. Our results for

the individual flux integrated cross sections are shown in Fig. 2 for µ

+
µ

� tridents and in

Fig. 3 for e

+
e

� channels. We show the BH contributions as well as the DB one normalized

by the SM trident cross section. All cross sections are flux integrated using the 62.4 GeV

p

+ DUNE flux described in 4.1. For generality, we do not include the Branching Ratio

(BR) factors in the DB contribution, and so the green line only applies for µ

+
µ

� tridents

if MZ0
> 2mµ and would su↵er additional suppression due to the BR. In each figure we

show two panels, one for vector couplings and one for axial-vector couplings. This is in-

teresting from a purely computational point of view, as it shows explicitly the BH cross

section scaling with the MZ0 in the two cases. Whilst the scaling is similar for dielectron

tridents, it di↵ers significantly between the vector and axial-vector cases of the dimuon

cross section. This suggests the presence of mass suppression e↵ects in the BH process.

We do not investigate this further, but note that there are large cancellations between the

top two diagrams in Fig. 1 which are only present for vector-like couplings.

3.1.1 The Equivalent Photon Approximation

We now comment on the Equivalent Photon Approximation (EPA) for neutrino trident

production. This approximation is known to perform quite badly for the SM neutrino

trident production cross section [54]. One may wonder, however, if the EPA gets better or

worse when computing our BSM cross sections. Naturally, it would be most inadequate for

the resonant-like cross sections, since the photon propagator and the strong 1/Q

4 behaviour

is absent. However, if one focuses on the BH contributions, a marginal improvement of

the accuracy of the approximation is seen as one lowers the mass of the Z

0 mediator. In
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Figure 4. The invariant mass (left) and charged lepton separation angle (right) flux integrated
distributions for µ

+
µ

� tridents at the DUNE ND. We plot the vector (V) and axial-vector (A)
cases, and assume the family charges to be just like in the Lµ � L⌧ scenario.

the SM, the ⌫ � � cross sections scale as a typical weak cross section, �⌫� / G

2
Fŝ, where ŝ

is the square of the center of mass energy of the ⌫ � � system. On the other hand, if the

cross section is dominated by the BSM BH contributions, then as we take the limit of small

Z

0 masses, it scales more similarly to a QED cross section, �⌫� / 1/ŝ. This behaviour,

however, is only present at low masses and only for the BSM contribution. Since we are

interested in regions of the parameter space where BSM and SM cross sections are of similar

size, then we expect the total cross section to have a behaviour which is a combination of

the two. As a sanity check, we numerically verified that for parameter space points where

the BSM contributions are of the same order as the SM cross section, the improvement

in the accuracy of the EPA is still not satisfactory. For instance, the ratio between the

EPA prediction and the full calculation for the dimuon channel assuming a Qmax = (140

MeV)/A1/3 goes from ⇡ 30% in the SM to ⇡ 60% for g

0 = 8 ⇥ 10�4 and MZ0 = 5 MeV.

For this reason, we only use the full 2 ! 4 calculation in what follows.

3.1.2 Trident kinematical distributions

The impact of new physics on the total cross section for trident production has been

explored in the previous section. It is then natural to ask what the impact of new physics

is on the kinematics of trident production which are, especially in the case of the invariant

mass and angular variables, of utmost importance for background reduction. In this section

we show how the new physics can alter the distributions in these important variables. All

results that follow have been obtained using trident events produced by our dedicated

Monte Carlo (MC). Smearing and selection cuts have been applied as detailed in Sec. 4.

The variables of interest in background reduction are the charged lepton invariant

mass m

2
`` and their separation angle �✓``. In Fig. 4 we show the dimuon invariant mass

spectrum between 4m

2
µ and 0.2 GeV2, and the dimuon separation angle between 2� and

18� for a light vector boson with MZ0 = 22 MeV. We show the results for the dielectron

channel in Fig. 5. The light new physics here enhances these distributions at low values of

– 11 –

Trident events can be used to search for light 
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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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DUNE-ND would 
set the most 
stringent bounds for 
light gauge bosons 
for              models.Lµ � L⌧
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Figure 8. Existing constraints and DUNE sensitivity in the Lµ � L⌧ parameter space. Shown in green

is the region where the (g � 2)µ anomaly can be explained at the 1� and 2� level. The parameter

regions already probed by existing constraints are shaded in gray and correspond to a CMS search for

pp ! µ+µ�Z 0 ! µ+µ�µ+µ� [40] (“LHC”), a BaBar search for e+e� ! µ+µ�Z 0 ! µ+µ�µ+µ� [41]

(“BaBar”), precision measurements of Z ! `+`� and Z ! ⌫⌫̄ couplings [37, 42] (“LEP”), a previous

measurement of the trident cross section [9, 11] (“CCFR”), a measurement of the scattering rate of solar

neutrinos on electrons [43–45] (“Borexino”), and bounds from Big Bang Nucleosynthesis [46–48] (“BBN”).

The DUNE sensitivity shown by the solid blue line assumes 6.5 year running in neutrino mode, leading to a

measurement of the trident cross section with 25% precision.

of lythe trident process at the DUNE near detector has the potential to considerably improve the

sensitivity for low mass Z 0 bosons, due to the much lower energy of the neutrino beam compared to

CCFR.

In Fig. 8 we show the existing CCFR constraint on the model parameter space in the mZ0 vs. g0

plane and compare it to the region of parameter space where the anomaly in (g � 2)µ = 2aµ can

be explained. The green region shows the 1� and 2� preferred parameter space corresponding to

a shift �aµ = aexpµ � aSMµ = (2.71± 0.73)⇥ 10�9 [49]. In the figure, we also show the constraints

from LHC searches for the Z 0 in the pp ! µ+µ�Z 0 ! µ+µ�µ+µ� process [40] (see also [11]), direct

searches for the Z 0 at BaBar using the e+e� ! µ+µ�Z 0 ! µ+µ�µ+µ� process [41], and constraints

from LEP precision measurements of leptonic Z couplings [37, 42]. Also a Borexino bound on

22
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Light DM
With the lack of detection of WIMP, there is 
growing interest on other mass ranges, in 
particular below GeV Light Dark Matter (LDM).

Generically, LDM interacts with light mediators 
(e.g. dark photon) which weakly couple to the SM. 

The two key signatures are scattering off nucleons 
(-> a single proton track) and off electrons (-> 
very forward single electrons) for light DM.

Reference Design

Sep-2019 A.Weber           ND Overview6

• 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

⇡0, ⌘ ! �A0
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Dominant 
background is 
typically due to 
neutrino interactions 
(e.g. QE NC events, 
neutrino scattering 
off electrons and QE 
CC electron 
scattering events). 

By going off-axis 
(DUNE-PRISM) 
these backgrounds 
can be reduced.

De Romeri at al., 1903.10505. See also, G. 
Brown’s Master thesis
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Milli-Charged Particles 2

FIG. 1. Exclusion curves for fermionic mCPs (results are
broadly similar for scalars). Existing data is shown as solid
lines, while projections are shown as dashed curves. The
kinematic reach of a given experiment is set by the heavi-
est meson of interest it can produce. This is ⇡0 for LSND,
⌘ for the Booster experiments, and ⌥ for DUNE. At SHiP,
Drell-Yan production extends the kinematic reach to roughly
10 GeV. The sensitivity of each experiment can be under-
stood via Eq. (4) while the relevant parameters for each ex-
periment are summarized in Table I. The bound on N

eff

[26]
comes from changing the effective number of neutrinos dur-
ing BBN, while the SLAC mQ and collider bounds are taken
from [17] and [18, 27] respectively. The projected sensitivities
at milliQan are from [27, 28]. Our exclusions apply indepen-
dently of the existence of a dark photon, which would only
introduce additional constraints [29].

priately large flux of ⇡± these experiments necessarily
also produce a similar number [i.e. O(10

20
)] of ⇡0 [16].

For large beam energies, other neutral mesons (e.g. ⌘, ⌥,
J/ ) are also produced. Any significant branching ratios
to lepton pairs necessarily implies an associated decay to
pairs of mCPs, resulting in a significant flux of mCPs
even for extremely small charges. In the case of ⌘ and
⇡

0, Dalitz decays ⇡0
/⌘ ! ���̄ dominate, while for J/ 

and ⌥ direct decays J/ ,⌥ ! ��̄ are most important.
The branching ratio for a meson, M, to mCPs is given
roughly by

BR(M ! ��̄) ⇡ ✏

2⇥BR
�M ! Xe

+
e

��⇥f

⇣
m�

M

⌘
, (1)

where M is the mass of the parent meson, X denotes any
additional particles, and f(m�/M) is a phase space factor
that decreases slowly as a function of m�/M . The num-
ber of mCPs passing through the detector is a function of
both the branching ratio and geometric losses which can
vary substantially between experiments (see Table I).

We now turn to the detection of mCPs at neutrino
beam dump experiments, where the predominant signa-
ture is elastic scattering with electrons. The dominance
of electron scattering as a detection signal is related to
the low-Q2 sensitivity of the scattering cross section. Ex-

plicitly, in the limit of small electron mass, we have

d�e�

dQ

2
= 2⇡↵

2
✏

2 ⇥ 2(s�m

2
�)

2 � 2sQ

2
+Q

4

(s�m

2
�)

2
Q

4
. (2)

Upon integrating over momentum transfers, we see that
the total cross section will be dominated by the small-
Q

2 contribution to the integral. In this limit, we have
d�e�/dQ

2 ⇡ 4⇡↵

2
✏

2
/Q

4, and so we can see immedi-
ately that �e� ⇡ 4⇡↵

2
✏

2
/Q

2
min

. We may relate Q

min

in the lab frame to the recoil energy of the electron via
Q

2
= 2me(Ee �me) [35]. An experiment’s recoil energy

threshold, E

(min)
e , then sets the scale of the detection

cross section as

�e� = 2.6⇥ 10

�25cm2 ⇥ ✏

2 ⇥ 1 MeV

E

(min)
e �me

. (3)

Consequently, sensitivity to mCPs can be greatly en-
hanced by accurately measuring low electron energy re-
coils (an important feature for search strategies at future
experiments).

Results: We now discuss the details of the modelling
and analysis used to create Fig. 1. The various curves
are obtained by performing a sensitivity analysis [36]:
given a number of predicted background events b and
data n, the number of signal events s

up

consistent with
the observation and backgrounds at (1 � ↵) credibility
level is found by solving the equation ↵ = �(1 + n, b +

s

up

)/�(1 + n, b) where �(x, y) is the upper incomplete
gamma function [37]. Throughout this paper, we choose
a credibility interval of 1 � ↵ = 95% and calculate the
corresponding bounds implied by s

up

on our mCP model
according to the formula

s

up

=

X

Energies

✏

4⇥N�(Ei)⇥ Ne

Area
⇥�e�(Ei; m�)⇥E . (4)

Here, ✏ is the mCP electric charge (in units of e), N�(Ei)

represents the number of mCPs with energy Ei arriv-
ing at the detector, �e�(Ei) is the detection cross section
consistent with the angular and recoil cuts in the experi-
ment, Ne is the total number of electrons inside the active
volume of the detector, E is an overall electron detection
efficiency. Finally, “Area” in (4) stands for the active vol-
ume divided by the average length hli traversed by parti-
cles inside the detector. The total exposure is contained
in N�(Ei). For most of the mCP parameter space under
consideration, electromagnetic decays of mesons provide
the dominant flux contribution, whereas Drell-Yan pro-
duction (DYP) dominates for the large mCP masses that
are only accessible at DUNE and SHiP.

To estimate how many mCPs of energy Ei arrive at the
detector, we model the angular and energy distributions
of the mesons using one of several empirical formulas to
be discussed below. Given a meson produced at a certain
angle and energy, we numerically sample its branching

Milli-charged particles emerge in theories with 
dark sectors.They are produced in neutral meson 
decays and subsequently scatter off electrons with 
low energy recoils.

Magill et al., 
1806.03310
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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.



L = · · ·+ ¯̀
LU`4�µ⌫4,LW

µ +NC+ h.c.

Sterile neutrinos: neutral fermionic singlets of the 
Standard Model. Here, I will assume that they 
have a Majorana mass > eV. Generically they mix 
with the light neutrinos:
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Flavour state Massive state
Nearly-sterile neutrino, 
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Heavy neutral leptons at DUNE ND



Adding sterile neutrinos to the Standard 
Model is the simplest possible extension 
BSM. 

- Theory remains anomaly free.

- Can give origin to neutrino masses and explain 
their smallness (at least in some cases).

- GUT theories embedding L-R symmetries, e.g. 
SU(4), SO(10),... predict their existence.

- A part from GUT theories, there is no strong 
motivation for choosing one mass scale instead of 
another (except for a naturalness principle: setting 
their mass to zero restores lepton number).

23



What are sterile neutrinos good 
for?

24

Neutrino 
masses

In See-saw models, 
neutrinos acquire 
Majorana masses via 
the interactions 
with the N.

Dark matter
Sterile neutrinos with KeV masses are 

a favorite Warm DM candidate. 

Baryon 
asymmetry
In Leptogenesis, 
the N decays are 
responsible for 

the BAU.



“Vanilla” HNLs

25



@Silvia Pascoli26

Signatures

They critically depend on the masses of the sterile 
neutrinos. Direct searches cannot go beyond TeV 
masses.

MeV GeV TeV GUT scalekeVeVsub-eV

Neutrino 
masses

Peak searches

Neutrinoless double 
beta decayKinks in beta decay

Dark Matter, 
WDM, HDM

Nu oscillations Decays

10^6 GeV
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MeV GeV TeV GUT scalekeVeVsub-eV

5 – Peak searches

5 – Peak searches

If a heavy neutrino mixes with νe,µ, it would modify the spectrum

of e and µ in meson decays. For ex., in π → µνµ a peak would

appear at

Ti = (m2
π + m2

µ − 2mπmµ − m2
νi
)/2mπ,

[Shrock, PRD 1980]

Shrock, PRD 1980
If produced in pion and 
kaon decays, they would 
modify the electron and 
muon spectrum with a 
peak at lower E.

Peak searches

After searches in the 80’-90’, NA62 can again 
perform a search of this kind. The signature is a 
single positively charged track. 

Caveat (thanks to M. Hostert): if the HNL decays very 
rapidly into charged particles, these limits might need to 
be reconsidered.  
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Figure 4. Upper Limit on |U
l4|2 at 90% CL from the present NA62 analyses and comparison

with the limits using ⇡+ and K+ decays from other experiments.

calculated and presented in figure 4 with a comparison to other analyses of heavy neutrinos
searched performed in ⇡ and K decays.

The new NA62 results improves the existing limits for both |U
µ4|2 and |U

e4|2 in the analyzed
signal regions.
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Via mixing, HNLs can be produced in pion and 
kaon (and other heavy meson) decays, 
subsequently decaying into visible particles.

Decay searches
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Fig. 1. The branching ratios for HNL decays, integrated over the angular variables, are shown
above as functions of the mass. They are grouped in CC-mediated decays (left) and NC-mediated
decays (right), in the range from 0.01MeV up to the maximum mass limit for neutrino production,
near 2 GeV. A scenario in which |UeN |2 = |UµN |2 = |U⌧N |2 is chosen here for illustrative purposes.
The branching ratios of Majorana neutrinos and Dirac neutrinos are mathematically identical and
therefore no distinction is stressed. The decay into three light neutrinos is fundamental for a correct
computation of the branching ratios, even though fully invisible from an experimental point of view.

into the visible particle(s) X 0, i.e.

�(N ! ⌫X 0
) ⌘

3
X

i=1

�(N ! ⌫
i

X 0
) .

The alternative, chosen by many other authors, is to treat light neutrinos as Dirac particles,
and construct the full decay width using arguments of CP invariance, in practice amounting
to adding some judicious factors of two [45, 97]. Following this approach, our summed decay
rate for N ! ⌫X 0 can be seen as

�(N ! ⌫X 0
) ⌘

⌧

X

↵=e

⇥

�(N ! ⌫
↵

X 0
) + �(N ! ⌫

↵

X 0
)

⇤

.

The two approaches are identical mathematical procedures and can both be used to compute
the differential decay rates; however, we avoid the latter as the light neutrinos in most seesaw
models are Majorana fermions, and making a distinction between ⌫

↵

and ⌫
↵

is physically
misleading.3 We also find that the distribution of events, the role of helicity and the heavy
neutrino nature are obscured by this approach. In contrast, by summing over all outgoing
states, our formulae are insensitive to the Majorana/Dirac nature of the light neutrinos, and
are the physically relevant rates necessary for comparison with beam dump experiments,
as outgoing neutrinos are not reconstructed.

3.1.1 Pseudoscalar mesons

The semi-leptonic meson decays are some of the most important channels identified
in previous studies [45, 74] (see also Ref. [72]) thanks to their large branching ratios and

3The approach could be seen as a short-hand for decay rates into polarised massless neutrinos, but as
we are particularly concerned with polarisation effects in the beam this only adds a further complication.

– 7 –

For CC only the ones with the charged lepton 
associated with the mixing angle are possible. 
Searching for different channels would allow to 
test the “vanilla” HNL hypothesis. 

Ballett, Boschi, SP, 1905.00284
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SHiP is specifically 
designed to access larger 
masses, thanks to the 
higher proton energy and 
low-Z detector. 0.01 0.05 0.10 0.50 1
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Figure 7: The predicted 90% CL upper limit contours for the combined SBN detectors.

Shown also in black solid lines is the prior best bounds from PS-191, scaled to show bounds

on the minimal extension as discussed here, as well as bounds from lepton peak searches

in pion and kaon decay [49, 50] (dashed black lines). Note that the peak searches are

only valid when bounding pure mixing combinations, e.g. |U
µ4

|2 and not |U
µ4

||U
⌧4

|. The

photonic channels have little or no direct bounds, with ISTRA+ bounding the radiative

decay [65] and reinterpreted N Ñ ⌫�� bounds at NOMAD on N Ñ ⌫⇡0 [66]. In all panels,

the mixing matrix elements not shown on the y-axis are zero.

the right (left) assumes that the mixing-matrix element with the electron (muon) flavour is

dominant. The y-axis refers to a single mixing element, |U
↵4

|2, but each bound is equally

applicable to the combination |U
↵4

||U
⌧4

|, as although production must proceed through

electron-neutrino or muon-neutrino mixing, the decay can take place through U
⌧4

driven

processes. The lower solid coloured lines are the background-less 90% CL upper limit
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The bounds which can 
be obtained at SBN are 
stronger than previous 
searches, mainly thanks 
to the SBN detector. 
Precise information 
about arrival times 
would provide a 
smoking gun signature.
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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 –
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Summary of bounds 
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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.
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DUNE is excellently suited for this type of search 
and has access to GeV mass and even mixing with 
the taus.
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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.
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For muon and electron mixing, the bounds are close 
to the see-saw band and in any case they are in an 
interesting region from a theory point of view.
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Thanks to the Ds production, DUNE ND will have 
also sensitivity to the mixing with tau neutrinos.
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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.
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HNLs and a dark sector

34



HNLs could be part of a new low 
energy sectors which contain several 
new states (neutral fermions, gauge 
bosons, scalars, DM.)…

How does it “talk” to the SM?
- mixing/Yukawa couplings
- new gauge interactions
- kinetic mixing
- new scalars via the Higgs portal
- EFTs

35
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It is also possible to extend the gauge sector via 
new U(1) and an associated Z’ with light mass and 

very weak interactions with the SM: mu-tau 
symmetry, kinetic mixing.

Dark photons/Z’

M. Bauer, P. Foldenauer, J. Jaeckel, 1803.05466
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A viable explanation of the MiniBooNE low-E 
excess is provided by introducing a sterile 

neutrino, charged under a new U(1) which mixes 
with the standard model neutrinos, and a light 

gauge boson Z’.
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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 Pascoli38

Typically one can expect the HNLs to decay 
dominantly via new NC interactions into pairs of 

leptons, …
N
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<latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit>

A unique signature

Z’, dark photon, dark scalar

One can expect displaced vertices, reducing 
significantly the SM background. DUNE-ND would 
have excellent sensitivity to search for these HNLs.

µ+
<latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit>µ�

<latexit sha1_base64="tnDGZXEbxkQanvcwTkhQ0U0BMZY=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBHcWBIRdFl047KCaQttLJPppB06MwkzEyGELvwCt/oF7sStn+IH+B9O2yxs64ELh3Pu5d57woQzbVz321lZXVvf2Cxtlbd3dvf2KweHTR2nilCfxDxW7RBrypmkvmGG03aiKBYhp61wdDvxW09UaRbLB5MlNBB4IFnECDZW8rsifTzvVapuzZ0CLROvIFUo0OhVfrr9mKSCSkM41rrjuYkJcqwMI5yOy91U0wSTER7QjqUSC6qDfHrsGJ1apY+iWNmSBk3VvxM5FlpnIrSdApuhXvQm4n9eJzXRdZAzmaSGSjJbFKUcmRhNPkd9pigxPLMEE8XsrYgMscLE2HzmtkQ0kyIZ21y8xRSWSfOi5rk17/6yWr8pEirBMZzAGXhwBXW4gwb4QIDBC7zCm/PsvDsfzuesdcUpZo5gDs7XLy0pluM=</latexit><latexit sha1_base64="tnDGZXEbxkQanvcwTkhQ0U0BMZY=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBHcWBIRdFl047KCaQttLJPppB06MwkzEyGELvwCt/oF7sStn+IH+B9O2yxs64ELh3Pu5d57woQzbVz321lZXVvf2Cxtlbd3dvf2KweHTR2nilCfxDxW7RBrypmkvmGG03aiKBYhp61wdDvxW09UaRbLB5MlNBB4IFnECDZW8rsifTzvVapuzZ0CLROvIFUo0OhVfrr9mKSCSkM41rrjuYkJcqwMI5yOy91U0wSTER7QjqUSC6qDfHrsGJ1apY+iWNmSBk3VvxM5FlpnIrSdApuhXvQm4n9eJzXRdZAzmaSGSjJbFKUcmRhNPkd9pigxPLMEE8XsrYgMscLE2HzmtkQ0kyIZ21y8xRSWSfOi5rk17/6yWr8pEirBMZzAGXhwBXW4gwb4QIDBC7zCm/PsvDsfzuesdcUpZo5gDs7XLy0pluM=</latexit><latexit sha1_base64="tnDGZXEbxkQanvcwTkhQ0U0BMZY=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBHcWBIRdFl047KCaQttLJPppB06MwkzEyGELvwCt/oF7sStn+IH+B9O2yxs64ELh3Pu5d57woQzbVz321lZXVvf2Cxtlbd3dvf2KweHTR2nilCfxDxW7RBrypmkvmGG03aiKBYhp61wdDvxW09UaRbLB5MlNBB4IFnECDZW8rsifTzvVapuzZ0CLROvIFUo0OhVfrr9mKSCSkM41rrjuYkJcqwMI5yOy91U0wSTER7QjqUSC6qDfHrsGJ1apY+iWNmSBk3VvxM5FlpnIrSdApuhXvQm4n9eJzXRdZAzmaSGSjJbFKUcmRhNPkd9pigxPLMEE8XsrYgMscLE2HzmtkQ0kyIZ21y8xRSWSfOi5rk17/6yWr8pEirBMZzAGXhwBXW4gwb4QIDBC7zCm/PsvDsfzuesdcUpZo5gDs7XLy0pluM=</latexit><latexit sha1_base64="tnDGZXEbxkQanvcwTkhQ0U0BMZY=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBHcWBIRdFl047KCaQttLJPppB06MwkzEyGELvwCt/oF7sStn+IH+B9O2yxs64ELh3Pu5d57woQzbVz321lZXVvf2Cxtlbd3dvf2KweHTR2nilCfxDxW7RBrypmkvmGG03aiKBYhp61wdDvxW09UaRbLB5MlNBB4IFnECDZW8rsifTzvVapuzZ0CLROvIFUo0OhVfrr9mKSCSkM41rrjuYkJcqwMI5yOy91U0wSTER7QjqUSC6qDfHrsGJ1apY+iWNmSBk3VvxM5FlpnIrSdApuhXvQm4n9eJzXRdZAzmaSGSjJbFKUcmRhNPkd9pigxPLMEE8XsrYgMscLE2HzmtkQ0kyIZ21y8xRSWSfOi5rk17/6yWr8pEirBMZzAGXhwBXW4gwb4QIDBC7zCm/PsvDsfzuesdcUpZo5gDs7XLy0pluM=</latexit>

K
µ+

<latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit>



BSM models with light sectors (eg. heavy neutral 
fermions or sterile neutrinos, dark photons, light 
DM…) are 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 pot, detector complex (and 
DUNE-PRISM):
- a-la beam dump experiment; 
- scattering searches.
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Conclusions


