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Abstract: Novel leptophilic neutral currents can be tested at upcoming neutrino oscil-

lation experiments using two complementary processes, neutrino trident production and

neutrino-electron (ν − e) elastic scattering. Considering generic anomaly-free U(1) exten-

sions of the Standard Model, we discuss the characteristics of ν − e scattering as well as

e+e− and µ+µ− trident production at the DUNE near detector in the presence of such

BSM scenarios. We then determine the sensitivity of DUNE in constraining the well-

known Le −Lµ and Lµ −Lτ models. We conclude that DUNE will be able to probe these

leptophilic models with unprecedented sensitivity, covering unproved explanations of the

(g − 2)µ discrepancy.
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1 Introduction

The discovery of neutrino oscillation is the first laboratory-based proof of physics Beyond

the Standard Model (BSM) establishing that, in contrast to the predictions of the Standard

Model (SM), the neutrino sector has at least three mass eigenstates distinct from the flavour

states defined by the charged-leptons. However, the mechanism which generates neutrino

masses remains unknown and many competing candidate theories exist, ranging from the

simplicity of a Dirac mass term protected by a symmetry (see e.g. [1–3]) or the popular

see-saw mechanisms [4–12] to proposals with a more elaborate spectrum of particles. In

general, more elaborate scenarios have additional motivations, including the explanation

of lepton mass and flavour hierarchies (see e.g. [13]), the matter-antimatter asymmetry of

the universe [14–16], the existence of dark matter [17, 18], the scale of neutrino masses

[19–21] or anomalous experimental results [22]. Uncovering the nature of new physics in

the neutrino sector, and its connection to other BSM concerns, will be a central aim of the

experimental and theoretical programs over the next few decades.
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Although significant progress has already been made, the neutrino sector remains rela-

tively poorly explored. There are large uncertainties on the masses and mixing parameters

of the light neutrinos [23], but even beyond the effects of neutrino mass, many SM cross

sections are poorly known theoretically and infrequently measured. This is in part due

to the typical energy scales of neutrino experiments which necessitate the modelling of

the neutrino-nucleus interactions, but also because of the rareness of neutrino scattering

(see Ref. [24]). Much effort has gone in to measuring crucial cross sections at oscillation

experiments [25–27] and at the Main Injector Experiment for ν-A (MINERνA) [28], a

dedicated cross section experiment. However, given the necessity and potential richness of

BSM physics in the neutrino sector, and the wide array of measurements yet to be made,

it is conceivable that new physics will also manifest itself as detectable signatures in neu-

trino scattering. It is crucial to keep an open mind about what future experimental work

might find, for instance, in the auxiliary physics program of the Near Detector (ND) of the

next-generation Deep Underground Neutrino Experiment (DUNE) [29].

Novel interactions in the neutrino sector have been proposed for a variety of reasons,

including as a potentially observable effect in the neutrino oscillation probabilities (see

e.g. [30]), as a way of ameliorating tension introduced by sterile neutrinos in the early

universe [31–38], and as a possible explanation of anomalous results at short baseline [39–

41]. Models which introduce new interactions between neutrinos and matter have been

discussed in simplified settings [42–44], via Effective Field Theory [45, 46] and specific UV

complete models [47]. One class of models restricts the new interactions to leptons. This

arises most naturally in settings with a gauged subgroup of lepton number, with most

attention given to the anomaly free subgroups Lα − Lβ for α, β ∈ {e, µ, τ} [48, 49]. Such

leptophilic interactions must satisfy strong constraints from processes involving charged-

leptons [50], but in the case of a gauged Lµ − Lτ symmetry, neutrino processes have been

found to be particularly competitive [51].

In this work, we study potential constraints which can be placed on a general set

of leptophilic Z ′ models in the two most likely channels for BSM scattering at the near

detector of DUNE: ν−e scattering and ν`` trident scattering. During ten years of running,

a 75-t near detector subjected to the intense neutrino beam at the Long-Baseline Neutrino

Facility (LBNF) will provide tens of thousands of ν−e scattering events. The cross section

for this process is theoretically well understood and can therefore be a sensitive probe of

BSM physics. Additionally, this process has received special interest due to its potential in

reducing systematic uncertainties in the neutrino flux [52, 53], an undertaking which can

be affected by new physics. Despite not being a purely leptonic process, neutrino trident

production can also be measured with reasonable precision at DUNE, where hundreds of

coherent and diffractive trident events are expected at the ND [54]. We study the neutral

current channels with dielectron or dimuon final states, pointing out how the new physics

contribution impacts the non-trivial kinematics of these processes. The main advantage

in such measurements lies in flavour structure of dimuon tridents, which can be used to

constrain otherwise difficult to test models, such as the Lµ − Lτ gauge symmetry [51].

Although these processes can place stringent bounds on many classes of mediators,

many scenarios are already heavily constrained through other experimental work. A recent
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study of several different U(1)X models using ν − e scattering was presented in Ref. [55],

where data from past ν − e experiments CHARM-II, GEMMA and TEXONO has been

used to put bounds on the couplings and masses of general Z ′s. Novel charged particles

are typically constrained to be very massive, leading to little enhancement of the charged

current neutrino scattering rates. In particular, charged scalars have been considered in

ν`` trident scattering in Ref. [56], where it is found that trident measurements can provide

competitive bounds on charged scalars, albeit only in simplified theoretical settings. The

requirement of doubly charged scalars or the connection to neutrino masses introduced by

the typical UV completions of such models dilutes the relevance of the trident bounds. Neu-

tral scalars are viable, but also present challenging UV completions. Novel Z ′ interactions

in ν`` trident scattering with dimuon final states have been studied in Ref. [51], where it

was shown to be a promising channel to probe a Lµ−Lτ gauge symmetry. This model was

revisited in Refs. [57] and [58], where the effects of kinetic mixing and the possibility of a

measurement by T2K was alluded to. Finally, neutrino trident scattering with atmospheric

neutrinos was shown to be sensitive to this model as well as to simplified scalar models in

[59]. It should be noted, however, that as it was shown in Ref. [54] the Equivalent Photon

Approximation (EPA) discussed in several recent studies [56, 57] for the calculation of the

trident cross section leads to intolerably large errors in ν`` scattering channels in the SM.

For this reason, we calculate this process without making this approximation.

The structure of the paper is as follows. In Section 2, we describe the basic properties

of the leptophilic scenarios that we will consider in this work. In Section 3, we discuss the

calculation of the trident and ν−e scattering cross sections in a general model of leptophilic

Z ′. In Section 4, we show how DUNE can place bounds on a few popular leptophilic Z ′

models, discussing our assumptions for experimental configurations and backgrounds. We

make our concluding remarks in Section 5.

2 Leptophilic Z ′ models

Since we are interested in models where the novel neutral currents are present only in the

lepton sector, let us consider explicitly a U(1)Z′ extension of the SM whose Lagrangian is

given by

L ⊃ −g′Z ′µ

[
QL
α L

α
Lγ

µLαL +QR
α `

α
Rγ

µ`αR +
∑

N

QNNRγ
µNR

]
, (2.1)

where Lα (`α) represents the leptonic SU(2) doublet (singlet) of flavour α ∈ {e, µ, τ},
and we included N right-handed neutrinos with charges QN under the new symmetry for

completeness. Thus, we have 7 + N new parameters to characterize the couplings between

the new boson and the lepton sector, one gauge coupling g′ and 6+N charges {QL
α, Q

R
α , QN}.

Below the scale of the Electroweak Symmetry Breaking (EWSB), the relevant interaction

terms in the lagrangian are given by

L ⊃ −g′Z ′µ

[
QL
α ναγ

µPLνα +
1

2
`αγ

µ(QV
α −QA

αγ
5)`α +

∑
N

QNNRγ
µNR

]
, (2.2)
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where QV
α ≡ QL

α + QR
α and QA

α ≡ QL
α − QR

α . We note that the right-handed singlets

could modify the form of the neutrino interaction in Eq. (2.2) by introducing a right-chiral

current. The details of this would depend on the relationship between these chiral states

and the flavour-basis neutrino να. However, in practice our lagrangian is fully general, as

the polarization effects in the neutrino beam ensure that only the left-handed charge is

relevant for light-neutrino scattering experiments.

The lagrangian in Eq. (2.1) contains all of the terms necessary for this analysis. How-

ever, when it comes to assigning specific charges to the particles, a few wider model-building

considerations are worthy of discussion. In the SM, any non-vectorial symmetry would

forbid the Yukawas responsible for the charged-lepton mass terms post-ESWB; similarly,

possible negative implications for neutrino mass generation are expected. The precise im-

plementation of the neutrino mass mechanism is highly model dependent, but neutrino

gauge charges are not compatible with many usual realizations1. Furthermore, the novel

gauge boson Z ′ will also require a mass generation mechanism, and indeed this could be

achieved via the means of symmetry breaking. Although each of these is an important

aspect of model building, their resolution can be expected to have little impact on the

phenomenology of neutrino scattering, and we will not pursue them here. Anomaly free-

dom of our new symmetry, however, is a more pertinent concern. It has been shown that

an anomalous group can always be made anomaly free via the introduction of exotically

charged sets of fermions which can be given arbitrarily large masses [60]. Yet these novel

fermionic states necessarily introduce effects at low-scales, which in some cases can strongly

affect the phenomenology of the model [61]. Therefore, while it seems likely that mass gen-

eration can be addressed with the addition of new particles which do not interfere with

neutrino scattering phenomenology, anomaly freedom is more pernicious. For this reason

we will briefly discuss how anomaly freedom will dictate the types of leptonic symmetries

that we consider in the remainder of this work.

Anomaly freedom. The most general anomaly-free symmetries compatible with the

SM were first deduced in the context of Grand Unification Theories (GUT) [62, 63]. More

recently, an atlas of all anomaly-free U(1) extensions of the SM with flavour-dependent

charges has been provided by Ref. [64]. Interestingly, the only anomaly-free subgroups

of the SM with renormalisable Yukawa sector are leptophilic: the lepton-family number

differences Lα − Lβ (α, β = e, µ, τ) [48, 49]. The popular B − L symmetry is in fact

anomalous unless right-handed SM singlets are added with the appropriate charges. This

is well motivated by the necessity of neutrino mass generation but remains a hypothesis,

as not all models of neutrino mass require novel fermionic content. For the sake of dis-

cussion, we follow a similar logic and consider the most general anomaly free subgroups of

the SM accidental leptonic symmetries allowing for an arbitrary number of right-handed

fermionic singlets. These would presumably be associated with the neutrino mass gener-

ation mechanism, but we impose no specific relations in this regard due to the significant

model-building freedom. The anomaly conditions for a leptophilic model with right-handed

1If neutrino masses are thought of as coming from a Weinberg operator, it is clear that the leptonic

doublet must be uncharged under any unbroken U(1)′ group.
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neutrinos are given below [65] 2

SU(2)2
W ×U(1)Z′

∑
α

QL
α = 0, (2.3a)

U(1)2
Y ×U(1)Z′

∑
α

[
1

2
QL
α −QR

α

]
= 0, (2.3b)

U(1)Y ×U(1)2
Z′

∑
α

[
(QL

α)2 − (QR
α )2
]

= 0, (2.3c)

U(1)3
Z′

∑
α

[
2(QL

α)3 − (QR
α )3
]
−
∑

N

Q3
N = 0, (2.3d)

Gauge-Gravity
∑
α

[
2QL

α −QR
α

]
−
∑

N

QN = 0. (2.3e)

In the absence of new NR particles (QN = 0) and assuming that QL
α = QR

α , that is

considering vector couplings, we find the three well-known discrete solutions for the Eqs.

(2.3): the antisymmetric pairs Lα − Lβ , α, β = {e, µ, τ}, α 6= β. As far as anomalies

are concerned, all three pairs are equal, but frequently focus falls on Lµ − Lτ , which has

no coupling to electrons and correspondingly weaker constraints. If we reconsider these

conditions with charged right-handed neutrinos, we find a one dimensional continuous

family of potential symmetries which can be consistently gauged. We can parametrise this

as

%(Lα − Lβ) + ϑ(Lβ − Lλ), (2.4)

with

3% ϑ(ϑ− %) =
∑

N

Q3
N. (2.5)

What we have shown is that linear combinations of the (Lα − Lβ) choice of charges yield

an anomaly free scenario provided N right-handed neutrinos respecting Eq. (2.5) are added

to the theory. We have checked that the “anomaly-free atlas” in [66] contains a subset of

these solutions, which are more general.

The above conclusions are based on the assumption of vectorial charge assignments.

In the SM, this requirement is a consequence of the origin of mass assuming a chargeless

Higgs. However, in non-minimal models this requirement could be relaxed. Even with this

extra freedom, not all charge assignments are allowed: for example, a purely chiral U(1)′

cannot satisfy Eq. (2.3c) without additional matter charged under the SM gauge group.

The axial-vector case, however, does have further solutions: we find that the same one-

dimensional family of charges is allowed as for the vectorial gauge boson — in this case, the

charges apply to the left-handed fields and the right-handed have opposite charges. In such

a model the leptonic mass generation mechanism would necessarily be more complicated

than in the SM, but such a possibility is not excluded. UV completions of an axial-vector

2Notice that U(1)3Z′ together with gauge-gravity conditions imply that the number of right-handed states

must be at least N = 3.
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Z ′ have been presented in [67, 68], however, these generally introduce extra bounds that

are expected to be stronger than neutrino scattering bounds (see e.g. [61, 69]). For this

reason, we only comment on the consequences of an axial-vector case in our calculations,

but do not develop any particular model or constraint.

Kinetic mixing. The symmetries of our SM extensions allow for kinetic mixing between

the Z ′ and the SM gauge bosons [70–72]

Lmix = −ε
2
FκρF

′κρ, (2.6)

where Fκρ and F ′κρ are the field strength tensors of the hypercharge and the Z ′ boson,

respectively. The presence of such coupling introduces a very rich phenomenology and

has been explored in great detail in the literature [73]. In this work, we choose to focus

on the less constrained possibility of vanishing tree-level kinetic mixing. In this case,

kinetic mixing is still radiatively generated due to the presence of particles charged under

both the SM and the new U(1) group. As well as the SM particle content, additional

particles present in the UV theory may also contribute to kinetic mixing, but we will

neglect these contributions in this study as they are highly model dependent 3. We compute

ε between the Z ′ and the SM photon, and find the one-loop result to be finite for any

%(Lα − Lβ) + ϑ(Lβ − Lλ) gauge group, with divergences cancelling between families. In

particular, for the Lµ − Lτ model our result is in agreement with Refs. [58, 74]

ε(q2) =
eg′

2π2

∫ 1

0
dxx(1− x) ln

m2
µ − x(1− x)q2

m2
τ − x(1− x)q2

q2→0−−−→ eg′

12π2
ln
m2
µ

m2
τ

. (2.7)

Note that the finiteness of the one-loop result has important consequences for the leptophilic

theories we consider. As pointed out in Ref. [50], the finiteness of ε implies that one is able

to forbid tree-level kinetic mixing, albeit in a model dependent manner. This happens, for

instance, when embedding the new leptophilic U(1) group in a larger non-abelian group

G, which is completely independent from the SM sector. This choice of one-loop generated

kinetic mixing should be seen as a conservative choice; in the absence of cancellation

between tree and loop-level kinetic mixing, this yields the least constrained scenario for an

Lµ − Lτ model. Additional constraints from first-family leptons are now relevant [71, 75],

especially ν − e scattering measurements, where the strength of the constraint makes up

for the loop suppression in the coupling. For neutrino trident scattering, one can safely

ignore loop-induced kinetic mixing contributions in the calculation since these are either

smaller than the tree-level new physics contribution or yield very weak bounds compared

to other processes.

We emphasize that if accompanied by a consistent mechanism for the generation of

the Z ′ mass terms and leptonic Yukawa terms, the models we consider constitute a UV

complete extension of the SM. The treatment of such scenarios lies beyond the scope of

this work, but we note that if their scalar sectors are light enough they can also yield rich

phenomenology at low scales [76].

3The authors of Ref. [74] have calculated the contribution to kinetic mixing in the Lµ − Lτ model from

a pair of scalars with opposite charges. These are typically subdominant, provided the mass hierarchy

between the two scalars is not much larger than that of the charged leptons.
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3 Signatures of leptonic neutral currents

When a neutrino impinges on a detector it has only two options for BSM scattering via a

leptophilic mediator. In the simplest scenario, the neutrino interacts via the new mediator

with the electrons of the detection medium. In this case, there is a tree-level ν−e scattering

process which would be expected to show the clearest signs of new physics. For scattering

off a hadron, however, the leptophilic nature of the mediator means that the first tree-

level contribution will necessarily come from a diagram which also includes at least one

additional SM mediator. Any neutrino-hadron scattering process can be embellished with

the new boson to create a BSM signature. In general, the final states of these processes will

be either identical to the original un-embellished process (perhaps with missing energy) or

it will have an extra pair of leptons in the final state. These neutrino trilepton production

processes, which we will refer to as tridents for simplicity, can be subdivided into four

types:

• ``` trident: H+ να → H′ + `−α + `+β + `−β

• ν`` trident: H+ να → H+ νβ + `+γ + `−δ

• νν` trident: H+ να → H′ + `−α + νβ + νβ

• ννν trident: H+ να → H+ να + νβ + νβ

We note that these processes all occur in the SM, and so the hunt for new physics will

necessarily be competing against a background of genuine SM events. Moreover, for final

states with missing energy in the form of neutrinos, isolating a BSM signal would necessarily

rely on spectral measurements and other backgrounds have the potential to be large. In

particular, the trident production of ννν and νν` will be seen as contributions to the NC

elastic and charged-current quasi-elastic (CCQE) processes, and we expect backgrounds to

be insurmountable (see e.g. Ref. [77] for new physics contributions to CCQE processes).

The ``` channel, on the other hand, is expected to have a much more manageable SM

background. Trimuon production, for instance, has been measured in the past and provides

a multitude of kinematical observables in the final state [78, 79]. The SM rate for this

channel contains radiative photon diagrams as well as hadronic contributions [80–82], whilst

for leptophilic neutral bosons, the dominant contributions comes from a weak process with

initial and final state radiation of a Z ′, making it a less sensitive probe of light new physics.

Finally, ν`` production, the most discussed trident signature in the literature, has already

been observed in the dimuon channel [83–85]. This channel is by far the most important

trident process for our study, as the leptonic subdiagrams contain only weak vertices in

the SM.

3.1 Neutrino trident scattering

In the ν`` neutrino trident scattering, an initial neutrino scatters off a hadronic target

producing a pair of charged leptons in the process. Since we focus solely on neutral current
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Bethe-Heitler Dark-Bremsstrahlung
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<latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit><latexit sha1_base64="i3dykMiS5C9VlOzBVlQF1mWXCJA=">AAAB9HicbVDLTgIxFL3FF+ILdemmEUxckRk2uiS6YYmJPBKYkE7pQEOnM7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NPjx4Jr4zjfqLC1vbO7V9wvHRweHZ+UT886OkoUZW0aiUj1fKKZ4JK1DTeC9WLFSOgL1vWn95nfnTGleSQfzTxmXkjGkgecEmMlrzoIiZlQItLmojosV5yaswTeJG5OKpCjNSx/DUYRTUImDRVE677rxMZLiTKcCrYoDRLNYkKnZMz6lkoSMu2ly9ALfGWVEQ4iZZ80eKn+3khJqPU89O1kllGve5n4n9dPTHDrpVzGiWGSrg4FicAmwlkDeMQVo0bMLSFUcZsV0wlRhBrbU8mW4K5/eZN06jXXqbkP9UrjLq+jCBdwCdfgwg00oAktaAOFJ3iGV3hDM/SC3tHHarSA8p1z+AP0+QM3mJG4</latexit>

Z 0
<latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit><latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit><latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit><latexit sha1_base64="gktKmnKBenbHIZvfWqgDGTxodq4=">AAAB8XicdVDLSgMxFM3UV62vqks3wVZwNcz0OcuiG5cVrC1tx5JJM21okhmSjFCG/oUbF4q49W/c+TemD0FFD1w4nHMv994TxIwq7TgfVmZtfWNzK7ud29nd2z/IHx7dqiiRmLRwxCLZCZAijArS0lQz0oklQTxgpB1MLud++55IRSNxo6cx8TkaCRpSjLSRusXuXT+WlJPiIF9w7LLnlcpV6Nhuzal7FUOqFdet16BrOwsUwArNQf69P4xwwonQmCGleq4Taz9FUlPMyCzXTxSJEZ6gEekZKhAnyk8XF8/gmVGGMIykKaHhQv0+kSKu1JQHppMjPVa/vbn4l9dLdOj5KRVxoonAy0VhwqCO4Px9OKSSYM2mhiAsqbkV4jGSCGsTUs6E8PUp/J/clmzXRHRdKjQuVnFkwQk4BefABXXQAFegCVoAAwEewBN4tpT1aL1Yr8vWjLWaOQY/YL19AkGFkKQ=</latexit>
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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>
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Figure 1. The BSM contributions to neutrino trident production considered in our calculation. The

diagrams on the top row are referred to as Bether-Heitler contributions due to their resemblance to

pair-production. On the bottom row, we show diagrams with a radiative-like Z ′ contribution, which

allows for the production of on-shell Z ′ 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 ) + να(p1)→ H(P ′) + να(p2) + `−β (p3) + `+β (p4).

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

NC process if α 6= β. 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 ′ 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

Q2
. (3.1)

where Q2 ≡ −q2 = (P − P ′)2 is the momentum transfer and Hµ
EM the hadronic amplitude

for coherent or diffractive electromagnetic scattering

Hµ
EM ≡ 〈H(P )|JνEM(q2)|H(P ′)〉 . (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 ≡ −
ieGF√

2
[ū(p2)γτ (1− γ5)u(p1)]× ū(p4)

[
γτ (V̂αβ − Âαβγ5)

1

(/q − /p3
−m3)

γµ

+γµ
1

(/p4
− /q −m4)

γτ (V̂αβ − Âαβγ5)

]
v(p3) . (3.3)
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Figure 2. The flux integrated cross sections normalized to the flux integrated SM trident cross

section. We separate the different contributions in SM, interference between SM and Bethe-Heitler

contributions (interf), Bethe-Heitler only (BH). The Dark-Bremsstrahlung (DB) cross section is

also shown, but does not take the branching ratio into final state charged leptons into account.

In writing the equation above, we have introduced effective vector and axial couplings

containing SM and BSM contributions

V̂αβ = g
`β
V + δαβ +

QLαQ
V
β

2
√

2GF

(g′)2

K2 +M2
Z′
, Âαβ = g

`β
A + δαβ +

QLαQ
A
β

2
√

2GF

(g′)2

K2 +M2
Z′
, (3.4)

where K2 = −(p1 − p2)2 and g
`β
V ’s (g

`β
A ’s) are the SM vector (axial) couplings. Note the

dependence on the positive kinematic variable K2 in the BSM contribution, which can

lead to significant peaked behaviour in the cross section. To avoid numerical difficulties,

we have modified the phase space treatment which is proposed in [86, 87], as shown in

Appendix A.

Dark-Bremsstrahlung. Due to the small decay width of the Z ′ (Γ ∝ g′ 2MZ′), one can

obtain an estimate for its resonant production using the NWA. In the true narrow-width

limit, this process reduces to a 3-body phase space calculation and does not interfere with

the BH amplitude 4. Our DB amplitude for να(ka) + A(kb) → να(k1) + Z ′(k2) + A(k3)

reads

MDB = g′QLα
GF√

2
JµHµ

W, (3.5)

where Hµ
W is the weak hadronic current (see Appendix B) and

Jµ = u(k1)

[
γα

/k1 + /k2

(k1 + k2)2
γµ + γµ

/ka − /k2

(ka − k2)2
γα
]

(1− γ5)u(k2) ε∗α(k2), (3.6)

where ε∗α(k2) is the polarization vector of the Z ′. The previous amplitude can then be

squared and integrated over phase-space for the total DB cross section. The different

4We note that despite the fact that interference terms between resonant and non-resonant contributions

vanish in the narrow-width limit, the errors induced by the NWA can no longer be shown to be of the order

of ΓZ′/MZ′ [88]. Nevertheless, we do not expect the errors of the NWA to change our conclusions.
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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′ 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 MZ′ > 2mµ and would suffer 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 MZ′ in the two cases. Whilst the scaling is similar for dielectron

tridents, it differs significantly between the vector and axial-vector cases of the dimuon

cross section. This suggests the presence of mass suppression effects 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/Q4 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 ′ 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 − Lτ scenario.

the SM, the ν − γ cross sections scale as a typical weak cross section, σνγ ∝ G2
Fŝ, where ŝ

is the square of the center of mass energy of the ν − γ 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 ′ masses, it scales more similarly to a QED cross section, σνγ ∝ 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′ = 8 × 10−4 and MZ′ = 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 m2
`` and their separation angle ∆θ``. In Fig. 4 we show the dimuon invariant mass

spectrum between 4m2
µ and 0.2 GeV2, and the dimuon separation angle between 2◦ and

18◦ for a light vector boson with MZ′ = 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
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Figure 5. Same as Fig. 4 but for e+e− tridents. In all cases we assume the family charge assignment

to be equal to that in an Le − Lµ model.

these parameters. We show our results for two types of mediators, vector and axial-vector

leptophilic bosons. Comparing the couplings necessary for similar BSM enhances in the

number of events, we see that axial-vector bosons lead to larger enhancements with smaller

couplings. In particular, it leads to greater spectral distortions at the Z ′ masses shown.

3.2 Neutrino-electron scattering

Neutrino-electron scattering has long been a valuable probe of both the SM and potential

new physics [55, 89, 90]. It is important to note that in the presence of novel leptophilic

currents, experiments searching for e+e− tridents would also observe anomalous ν−e event

rates. In fact, given the larger statistics present in the ν−e scattering sample, this channel

is expected to provide the leading constraints in our scenarios with tree-level couplings to

electrons.

In order to compute the ν − e cross section in the presence of the new leptophilic

interactions we need to consider an analogous modification in the NC scattering amplitude

Mνα−e = −GF√
2

[ū(k2)γµ(1− γ5)u(k1)]
[
ū(p2)γµ(CV

α − CA
α γ5)u(p1)

]
, (3.7)

where the vector (CV ) and axial (CA) effective couplings include both the SM and BSM

contributions

CV
α = −1

2
+ 2s2

W + δαe +
QV
e Q

L
α

2
√

2GF

(g′)2

M2
Z′ + 2meTe

, (3.8a)

CA
α = −1

2
+ δαe +

QA
e Q

L
α

2
√

2GF

(g′)2

M2
Z′ + 2meTe

, (3.8b)

with, as usual, sW ≡ sin θW, being θW the weak angle and Te is the kinetic energy of the

recoil electron. The loop-induced kinetic mixing in the Lµ−Lτ model also induces a ν − e
coupling

CV
α = −1

2
+ 2s2

W + δαe +
1√

2GF

g′ e ε(q2)

M2
Z′ + 2meTe

. (3.9)
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Figure 6. The number of ν − e scattering events in the DUNE near detector as a function of

Eeθ
2 for neutrino (left) and antineutrino (right) modes. We show the SM prediction as well as two

example points of new physics scenarios for a vector Z ′ with Le − Lµ charges. Electron thresholds

are taken to be 600 MeV.

The differential cross section is then given by

dσνα−e
dTe

=
2meG

2
F

π

[(
CL
α

)2
+
(
CR
α

)2(
1− Te

Eν

)2

− CL
αC

R
α me

Te
E2
ν

]
. (3.10)

where the left and right handed constants are given by

CL
α ≡

1

2

(
CV
α + CA

α

)
and CR

α ≡
1

2

(
CV
α − CA

α

)
.

For antineutrino scattering one obtains the cross section by exchanging CL
α ↔ CR

α .

The kinetic energy of the outgoing electron is bounded by the kinematics and by the

energy resolution of the detector, which effectively sets a threshold energy Tth

Tth ≤ Te ≤ Tmax, (3.11)

with Tmax = 2E2
ν

me+2Eν
, the maximum kinetic energy. We define the effective total cross

section for an initial neutrino energy Eν as

σeff(Eν , Tth) =

∫ Tmax

Tth

dσ

dTe
dTe. (3.12)

This definition also ensures that the enhancement due to very light mediators becomes

constant at around
√

2meTth, as discussed in Ref. [55]. This is a consequence of the detector

thresholds and of the 2-body kinematics of the process. Finally, electroweak radiative

corrections have been computed in the SM [91, 92], but do not change our results.

3.2.1 ν − e kinematical distributions

The angle between the scattered electron and the outgoing neutrino θ is related to their

energies as

1− cos θ = me
1− y
Ee

,
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where y ≡ Te/Eν is the inelasticity (Tth/Eν < y < 1) and Ee = Te + me is the outgoing

electron energy. This implies that at O(GeV) neutrino energies, the electron recoils are

very forward and obey Eeθ
2 < 2me, up to detector resolution. For this reason, we choose

to analyse our results in terms of Eeθ
2. In this case, the differential cross section becomes

dσνα−e
d(Eeθ2)

=
Eν

2me

dσνα−e
dTe

∣∣∣∣∣
Te=Eν(1−Eeθ2

2me
)

. (3.13)

This distribution is particularly important for suppressing the background. Given the

kinematics explained above, Eeθ
2 must be smaller than 2me for ν − e scattering, while

it is often much larger for neutrino-nucleon scattering, the dominant background (See

Section 4.1). We show in Fig. 6 the expected ν − e events with respect to Eeθ
2 for the SM

case and a few BSM cases, in the neutrino and anti-neutrino modes of DUNE. We have

used experimental resolution as described in Section 4.1.

3.3 Interference effects

Since for ν − e scattering and neutrino trident production there exists a SM contribution,

we expect the experimental sensitivity to new physics to be dominated by the interference

between SM and BSM contributions. We now argue what kind of interference one can

expect in each one of these processes.

For neutrino trident production we follow Ref. [93] and separate the differential cross

section as

dσ = V̂ 2 dσV + V̂ Â dσV−A + Â2 dσA, (3.14)

where we dropped the flavour indices in V̂ and Â from 3.4 for simplicity. This allows us to

write the interference between the SM and the vector new physics as

dσINT =
QLαQ

V
β

2
√

2GF

(g′)2

K2 +M2
Z′

(
2CSM

V dσV + CSM
A dσV−A

)
. (3.15)

Depending on the region of phase space considered, the term proportional to dσV−A can

be of similar size to dσV. However, dσV−A changes sign as a function of the angular

variables or energies, leading to small integrated cross sections (typically two orders of

magnitude smaller than the integral of the dσV term). Ignoring this term, one can then

completely predict the type of interference in trident production. For νµ → νµµ
+µ− trident

production, for instance, CSM
V > 0 and the second generation charge appears squared,

leading to constructive interference in all cases. For νµ → νµe
+e− tridents, on the other

hand, CSM
V < 0. If the first and second generation charges come in with opposite signs,

then the interference is still constructive, otherwise destructive interference happens. The

same considerations also apply to antineutrino scattering if one ignores the dσV−A term.

Finally, the axial-vector case is completely analogous taking V ↔ A in Eq. (3.15).
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For ν − e scattering analytical expressions can easily be used [55]. Taking CSM
L =

−1/2 + s2
W ∼ −1/4 and CSM

L = s2
W ∼ 1/4 we have

dσINTνµ−e
dTe

∼ −
√

2meGF
4π

g′2

m2
Z′ + 2meTe

(
−1 + (1− Te

Eν
)2

)
(3.16a)

dσINTν̄µ−e
dTe

∼ −
√

2meGF
4π

g′2

m2
Z′ + 2meTe

(
1− (1− Te

Eν
)2

)
. (3.16b)

Since Te < Eν , the interference term for νµ − e is always positive (constructive), and for

ν̄µ − e it is always negative (destructive).

4 DUNE sensitivities

Having studied the behaviour of neutrino trident production and neutrino-electron cross

sections in the presence of light new bosons, we now apply our results in sensitivity studies

for the DUNE near detector. As discussed in Section 2, we limit our studies to Le−Lµ and

Lµ−Lτ models with vector gauge bosons. We start with a discussion on the experimental

details, highlighting the challenges of backgrounds and laying out our statistical methods

in Section 4.1. Then we show our main results in Sections 4.2 and 4.3, comparing our

sensitivity curves to the leading bounds in the parameter space of the leptophilic models

from other experiments.

4.1 Analysis techniques

The Long Baseline Neutrino Facility (LBNF) is expected to produce an intense beam of

neutrinos and antineutrinos from a 1.2 MW proton beam colliding against a fixed target

[29]. The DUNE ND, where the number of neutrino interactions is largest, is expected to

be located at a distance of 574 m from the target. Despite its design not being final yet

[94, 95], we focus on the possibility of a 75 tonne fiducial mass LAr detector. Regarding

the neutrino fluxes, we now concentrate on the option of a beam from 120 GeV protons

with 1.1 × 1021 POT per year. The LBNF could also provide higher or lower energy

neutrinos depending on the proton energy, target and focusing system used. We explore

other possibilities shown in Table 1 and we take the flux files provided in Ref. [96, 97]. We

assume that the experiment will run 5 years in neutrino and another 5 years in antineutrino

mode. The final exposure, therefore, will vary with beam designs, and is equal to a total

of 11× 1022 POT in the case of 120 GeV protons. To generate neutrino scattering events,

we use our own dedicated Monte Carlo (MC), Gaussian smearing the true MC energies

and angles as a proxy for the detector effects during reconstruction. We assume an energy

resolution of σ/E = 15%/
√
E (σ/E = 6%/

√
E) for e/γ showers (muons) and angular

resolutions of 1◦ for all particles [98].

An interesting addition to the design of the DUNE ND would be a magnetized high-

pressure gaseous argon tracker placed directly behind the LAr module [99]. The lower

thresholds for particle reconstruction and the presence of a magnetic field is expected to

improve event reconstruction and reduce backgrounds to neutrino-electron scattering and

neutrino trident production. We note that despite the relatively small fiducial mass of such
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Design Mode µ+µ− trident e+e− trident ν − e scattering POTs/year

62.4 GeV p+ ν 36.5 92.7 7670 1.83× 1021

ν 27.3 73.4 4620 1.83× 1021

80 GeV p+ ν 42.0 102 8380 1.4× 1021

ν 33.0 84.3 5320 1.4× 1021

120 GeV p+ ν 47.6 110 8930 1.1× 1021

ν 40.7 97.6 6450 1.1× 1021

ντ app optm
ν 210 321 24900 1.1× 1021

ν 156 243 14700 1.1× 1021

Table 1. The SM rates for neutrino trident production and neutrino-electron scattering per year

at the 75 tonne DUNE ND after kinematical cuts.

a GAr module, . 1 tonne, it would still provide a sizeable number of these rare leptonic

neutrino scattering processes.

With the intense flux at DUNE and the large number of POT, the ν − e scattering

measurement will not be statistically limited, with order 104 events in the DUNE ND

after a few years. Systematics from the beam and detector are then the limiting factor

for the sensitivity to new physics in this measurement. Current work on neutrino flux

uncertainties shows that normalization uncertainties can be reduced to the order of 5%

[100–102], with similar projections for DUNE [29]. The electron energy threshold also

plays a role in the new physics search. In particular, for new light bosons the enhancement

at very low momentum transfer 2Teme has a cut-off at the minimum electron recoil energy

(see Eq. (3.12)). This implies that the experiment is no longer sensitive to the Z ′ mass

below
√

2Tthme. In our analysis, we assume a realistic overall normalization systematic

uncertainty of 5% and ν − e scattering electron energy thresholds of 600 MeV.

Lowering systematic uncertainties on the flux is challenging given the large hadropro-

duction and focusing uncertainties at the LBNF beam. Here, improvements on the experi-

mental side in determining the neutrino flux will be extremely valuable (see e.g. Ref. [103]).

If one is searching for novel leptophilic neutral currents, hadronic processes and inverse

muon decay measurements are available, but these are limited either by theoretical uncer-

tainties or by statistics, and might not be applicable in the whole energy region of interest.

As to the electron energy, assuming a threshold as low as 30 MeV would be safe for elec-

tron detection, but at these low energies backgrounds can be incredibly challenging due

to the overwhelming π0 backgrounds. Increasing this threshold to 600 MeV, however, has

little impact in our sensitivities and is only 200 MeV below the threshold used in the most

recent MINERνA analysis [52], where good reconstruction is important for measuring the

flux. For e+e− and µ+µ− tridents, we refrain from increasing the analysis thresholds from

a naive 30 MeV. This is certainly an aggressive assumption but it is necessary if e+e−

tridents are to be measured, since these events are quite soft [54]. Thresholds for µ+µ−

tridents are much less important since the events are generally more energetic than their

dielectron analogue.
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Backgrounds (νµ → νµ`
+`−) We now discuss the individual sources of backgrounds to

neutrino trident production. A pair of charged leptons is very rarely produced in neutrino

interactions, usually coming from heavy resonance decays [24, 85, 104–106]. Since our

signal is mostly coming from coherent interactions with nuclei, cuts in the hadronic energy

deposition in the detector Ehad, often large in heavy meson production processes, can help

reduce backgrounds. Coherent and diffractive production of mesons is an exception to this,

in particular pion production [107–110], which is the main background to trident due to

particle mis-identification (misID). Muons are known to be easily spoofed by charged pions,

making CC νµ interactions with π± in the final state (CC1π) one of the largest contributions

to the backgrounds of µ+µ− tridents. Similarly, NC π0 production stands as the leading

background to e+e− tridents when the photons are misIDed as two electrons, or if one of the

photons pair converts and the other escapes detection. In Ref. [54], we have shown that the

µ+µ− and e+e− pairs produced in trident have small separation angles (∆θ), possess small

invariant masses (m2
``) and that both charged leptons are produced with small angles with

respect to the neutrino beam (θ±). With simplified misID rates, we used the GENIE [111]

event generator to show that simple kinematical cuts can reduce backgrounds significantly,

achieving a significance of Sµµ/
√
Bµµ ∼ 44 and See/

√
Bee ∼ 17.3 for the DUNE ND in

neutrino mode, where S and B stand for signal and background, respectively. In our

current analysis we implement the same kinematical cuts, which are as follows: m2
µµ < 0.2

GeV2, θ± < 15◦ and ∆θ < 20◦ for the µ+µ− channel, and m2
ee < 0.1 GeV2, θ± < 20◦ and

∆θ < 40◦ for the e+e− one. We impose these cuts again in our signal analysis, and point

out that the new physics enhancement happens precisely in this favourable kinematical

region, (see Section 3.1.2). Given the background rejection we find with our naive misID

rates, we do not include backgrounds in our results, unless indicated otherwise.

Backgrounds (ν−e) For neutrino-electron scattering, backgrounds will arise from either

the genuine production of an electron or via the misID of particle showers in the detector,

both in the absence of observable hadronic energy deposition. The former scenario happens

mostly by the CC interactions of the flux suppressed νe states present in the beam. The

main contribution will be from CCQE interactions where the struck nucleon is invisible

either for being below threshold or due to nuclear re-absorption. The misID of a photon

initiated EM shower for an electron one is expected to be rare in LAr, where the first few

cm of the showers can be used to separate electrons and photons by their characteristic

dE/dx. However, the large NC rates for the production of single photons and π0 can

become a non-negligible background. For instance, coherent NC π0 production leaves no

observable hadronic signature and may look like a single electron if one of the photons is

mis-identified and the other escapes detection. Finally, after misID happens, the signal can

still look unique in its kinematical properties. In particular, Eeθ
2 cuts can dramatically

reduce backgrounds due to the forwardness of our signal (see e.g. [52, 112]).

Statistics. In order to assess the potential of DUNE to discover new physics, we perform

a sensitivity analysis using a χ2 test with a pull method for systematic uncertainties. Our

goal is to assess when DUNE would be able to rule out the SM, and so we generate BSM
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Figure 7. The DUNE near detector neutrino scattering sensitivity to the Le −Lµ Z ′ at 90% C.L.

In solid line we show the ν−e scattering sensitivity, followed by the dielectron trident in dashed line,

and the dimuon trident in dot-dashed line. The coloured regions are excluded by other experiments,

where we highlight the neutrino-electron scattering measurements at reactor experiments [113–115],

searches at the BaBar e+e− collider [116, 117] and beam dump experiments [50].

10−2 10−1 100 101

MZ′ (GeV)

10−6

10−5

10−4

10−3

10−2

g
′

Le − Lµ, multiple DUNE fluxes, σnorm = 5%

ν − e scatt. 90% C.L.

62.4 GeV p+

80 GeV p+

120 GeV p+

ντ app optmized

10−2 10−1 100 101

MZ′ (GeV)

10−6

10−5

10−4

10−3

10−2

g
′

Le − Lµ, multiple σnorm, DUNE 120 GeV p+

ν − e scatt. 90% C.L.
σΦ = 1%

σΦ = 5%

σΦ = 10%

Figure 8. The ν − e scattering sensitivity to the Le −Lµ model at 90% C.L. On the left panel we

show the sensitivity using different choices for the neutrino flux, and on the right we use the neutrino

beam from 120 GeV protons and vary the normalization systematic error from an aggressive 1% to

a conservative 10% error.

events and fit the SM prediction to it. Our χ2 function is defined as

χ2 = min
α

[
(NBSM − (1 + α)NSM − (α+ β)NBKG)2

NBSM
+

(
α

σnorm

)2

+

(
β

σBKG

)2
]
, (4.1)
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where the number of events for the BSM case is given by NBSM, the SM number of events

is NSM and the number of background events is NBKG. The nuisance parameters α and

β, with their uncertainties σnorm and σBKG, take into account normalization uncertainties

from the flux and detector, and uncertainties on the background prediction, respectively.

For the DUNE ND, we assume σnorm = 5% and σBKG = 10%. These systematics will

likely be dominated by flux normalization uncertainties, and can only be measured with

interactions that do not depend on the leptophilic BSM physics.

4.2 Le − Lµ

New vector bosons with couplings to the first and second generation leptons can be probed

very effectively in neutrino experiments by meausuring the ν − e scattering rate. This has

been recognized in the literature [50, 55, 118], where bounds from various experiments,

including CHARM-II [119], TEXONO [113–115] and Borexino [120] have been derived on

these bosons. Curiously, the bound calculated from the CHARM-II data has been pointed

out by Ref. [50] to be too optimistic. The uncertainty on the neutrino flux is a real hindrance

for these measurements which has not been taken into account when these bounds were

computed. This is particularly important for measurements with large statistics, and for

this reason we do not show the CHARM-II bound here. The measurement of νe − e

scattering at TEXONO, on the other hand, is statistically limited, and the bound it places

on this class of models can safely ignore the flux systematics. This turns out to provide

the strongest limit in a large region of the Le − Lµ parameter space. Trident bounds can

be obtained for this model, but due to their lower statistics and more involved kinematics,

are subdominant.

We show our results for the DUNE ND in Fig. 7. Our results are for the combined

ν + ν̄ modes and do not include backgrounds. The opposite charges between the first and

second families implies constructive interference between the SM and BSM contributions

for neutrino scattering, contrary to what happens in a B−L model, for instance. Therefore,

the strongest bounds on this model can be obtained at DUNE in neutrino mode. It is clear,

however, that the degree with which DUNE can probe unexplored parameter space is a

question on how much the uncertainties on the flux can be lowered. To illustrate this effect,

we vary the normalization systematics on the right panel of Fig. 8, going from a conservative

10% to an aggressive 1% uncertainty. The effect of changing the thresholds is very small,

being most important in a region already probed by other experiments. Different beam

designs could also have an impact on the sensitivity, although this is quite small, as shown

on the left panel of Fig. 8.

Since we show the bounds obtained from the neutrino and antineutrino runs combined,

it is not possible to see effects of destructive interference. If only channels with destructive

interference are available, however, it would have been possible to allow for cancellations

between the total interference and the square of the BSM contributions in certain regions of

parameter space at the level of the total rate. The region where this cancellation happens

depends strongly on the neutrino energies involved and on the integrated phase space of the

recoiled electron. In that case, one expects that the sensitivity to the lowest new physics

couplings comes, in fact, from the search for a deficit of ν− e scattering events, as opposed
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to the constructive interference case where an excess of events is always produced. We note

that this has no significant impact in the sensitivity of a leptophilic Z ′, but might provide

crucial information about the nature of the Z ′ charges in case of detection.

The trident bounds we obtain are not competitive for this model despite the fact that

the trident cross sections receive similar enhancements to that of ν − e scattering. This

is due to two reasons: the low number of events and the non-trivial kinematics of trident

processes. Since the neutrino is essentially scattering off virtual charged leptons produced

in the Coulomb field of the nucleus, it has to typically transfer more energy to the system

than it would in a scattering off real particles in order to produce visible signatures. This

remark also helps us explain the behaviour of the sensitivity curves at the lowest masses.

Whilst ν−e scattering cross sections become insensitive to the boson mass at
√

2meTth, the

trident cross sections do not. This behaviour is most dramatic in the e+e− tridents, but is

also present in the µ+µ− one. This is a consequence of the 4-body phase space kinematics,

where now the momentum transfer through the Z ′ propagator is no longer trivially related

to the final state particle energies, as in 2 → 2 processes. It should be noted, however,

that both the dimuon and the dielectron trident rates become nearly independent of MZ′

below the muon and the electron mass, respectively, where only a logarithmic dependence

is expected [51].

DUNE can also proble this class of models in a different way. In the context of

long range forces in neutrino oscillation experiments and with the same choice of charges,

Ref. [121] places competitive bounds in this model with Super-Kamiokande data and

makes projections for DUNE. The matter potential created by the local matter density

modifies the dispersion relation of the neutrinos with lepton non-universal charges, leading

to very competitive bounds in our region of interest. Other experimental searches have

been conducted at electron beam dumps. This technique consists of producing the Z ′

boson at the target via radiative processes such as e + A → e + A + Z ′, and look for the

visible decays of the boson in the detector. In this model, the decay products are mostly

e+e− states and the bounds are only applicable at appreciably small values of g′ and MZ′ ,

where the lifetime of the Z ′ is sufficiently large. Probing the large mass region, on the

other hand, requires high-energy experiments. In that regime, the strongest bounds come

from searches at the e+e− collider BaBar. These come about in two ways: looking for

the visible decay products of a Z ′ produced radiatively or in heavy meson decays [116], or

exploring the BR into invisible final states [117].

4.3 Lµ − Lτ

In this section we evaluate the DUNE ND sensitivity to the presence of a light vector

Z ′ charged under Lµ − Lτ . Beyond being anomaly free, this choice of charges allows for

positive contributions to the anomalous magnetic moment of the muon, aµ = (g − 2)µ, as

discussed in Refs. [71, 75, 124, 125]. This quantity is well known for a ∼ 3.7σ discrepancy

between the experimental measurement [126] and the theory predictions [127, 128]. If

future efforts to measure it [129] confirm this disagreement and if theoretical uncertainties

are better controlled in the next few years, then constraining new physics scenarios that

could contribute to aµ is of utmost importance.
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Figure 9. The DUNE near detector neutrino scattering sensitivity for Lµ − Lτ 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 MZ′ . 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 σCCFR/σSM = 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 1σ upward fluctuation in the measurement: σCHARM−II/σSM = 1.58 ± 0.57.

Other important bounds from ν − e scattering have also been obtained using the kinetic
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Figure 10. The dimuon neutrino trident sensitivity to the Lµ − Lτ model with no kinetic mixing

at 90% C.L. On the left panel we show the sensitivity using different choices for the neutrino flux,

and on the right we use the neutrino beam from 120 GeV protons and scale the background with

respect to the total number of SM trident events after cuts.

mixing parameter generated at one-loop. The strongest of which uses data from Borexino

[57], and are only relevant for the lowest mass region MZ′ . 20 MeV.

At DUNE, both of these measurements are possible, allowing to constrain this model

in different ways. We show our results in Fig. 9, without including backgrounds. In this

scenario, DUNE would be able to cover all the 2σ region of the (g− 2)µ measurement only

with the measurement of µ+µ− tridents. For the low mass region, measuring the ν − e
scattering rate can provide a complementary probe of this region, depending most strongly

on the systematic uncertainties DUNE can achieve. We note that analysis thresholds used

for ν − e scattering have little impact on the sensitivity in the region of interest. Our

conclusion that DUNE can cover all of the (g − 2)µ region holds provided backgrounds

are kept below the SM signal rate. This can be seen when we include backgrounds with

different assumption on the right panel of Fig. 10. Finally, different assumption for the

beam design have little impact on the sensitivity, as show on the left panel of Fig. 10.

Apart from neutrino scattering, dedicated searches for resonances decaying into µ+µ−

in four muon final states have been performed at the BaBar [122], e+e− → µ+µ−Z ′(→
µ+µ−). At the LHC, the searches for Z → 4µ [123] performed by the ATLAS collaboration

can be recast into a bound in the Z ′. Here, we show the bounds derived in [51]. Big Bang

Nucleosynthesis bounds were studied in [71], and shown to constrain the mass of the boson

to be MZ′ & 5 MeV. Recently, additional constraints from Cosmology were derived given

that the presence of very light Z ′ bosons changes the evolution of the early Universe [74].

In particular, the decays and inverse decays induced by the new leptophilic interactions can

modify the neutrino relativistic degrees of freedom, requiring MZ′ & 10 MeV in order for

∆Neff < 0.5 for the case with no kinetic mixing. The authors of Ref. [74] also found that an
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additional Z ′ boson can alleviate the tension in the different measurements of the Hubble

parameter. Let us stress here that all these bounds will be complementary to possible

future constraints that can be obtained by the DUNE program, as shown in Fig. 9.

5 Conclusions

Although next generation oscillation experiments are designed for making precision mea-

surements of the neutrino mixing parameters, the unprecedented fluxes and large detectors

will allow for many non-minimal new physics searches. In this work, we have considered

the physics potential of the near detector of DUNE for constraining the existence of ad-

ditional anomaly-free U(1) gauge group which only couple to leptons — a form of purely

leptophilic neutral current. Specifically, we have considered the anomaly free scenarios

with charges associated to the lepton number difference Lα − Lβ . Focusing on the two

most promising neutrino scattering processes, ν− e scattering and (ν``) trident scattering,

we have computed expected sensitivity curves for the DUNE ND for a variety of charge

assignments.

In performing our sensitivity studies to the coupling and mass of the Z ′ boson, we

have remained as faithful as possible to the real experimental conditions of a LAr detector.

Our main results rely on the realistic assumptions of flux uncertainties of 5% and feasible

exposures. To avoid large backgrounds, we have also implemented kinematical cuts on

the neutrino trident sample, and an analysis threshold of 600 MeV for neutrino-electron

scattering. The parameter space which can be probed by neutrino-electron scattering in

the Le−Lµ scenario is at least two times better than e+e− and almost twenty times better

than the µ+µ− trident channels, specially for the lower mass region. In this case, the

DUNE ND would improve only slightly on previous neutrino-electron scattering bounds,

especially at around MZ′ ∼ 100 MeV. We do not expect e+e− trident measurements at

DUNE to improve our coverage of the Le − Lµ Z ′ parameter space, but note this process

has a distinct dependence on MZ′ if compared to ν − e scattering.

If the light vector Z ′ is charged under Lµ−Lτ , we have found that the dimuon trident

measurement could provide the leading bound in this parameter space. This is particularly

interesting as these models can also explain the discrepancy between the measurement of

the anomalous magnetic moment of muon and its SM prediction. We expect that DUNE

will be able to fully explore the (g− 2)µ motivated parameter space provided backgrounds

are kept under control. The robustness of our results is tested against different choices of

neutrino fluxes, where we find that despite the larger rates at higher neutrino energies and

the larger BSM enhancement at lower energies, the sensitivities are very similar.

Improvements to the experimental sensitivities we have displayed in Figs. 7 and 9

can be achieved by reducing uncertainties on the neutrino flux and detection. From the

experimental side, novel detection techniques suitable to rare neutrino events are currently

under discussion, such as the magnetized HPgTPC [99] and the Straw Tube Tracker [130,

131]. Together with improved analysis techniques, these will help to improve upon our

projections for the sensitivity of DUNE to new physics that might be hiding at light masses

and small couplings.

– 23 –



Note added: During the completion of this work, Ref. [132] appeared with similar results

for the sensitivity of DUNE to Lµ − Lτ bosons using µ+µ− tridents.
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A Trident phase space

In this appendix we derive a phase space parametrization for neutrino trident production

in terms of the momentum transfer K2 = 2p1 ·p2. This is important if one wants to change

variables to smooth out the integrand at low MZ′ masses. We follow the calculation in [86]

and [54], and proceed to define K2 as one of the integration variables. The relevant lorentz

invariant phase space for the 2→ 3 leptonic part of the cross section is given by∫
d3ΠLIPS =

∫
d~p2

(2π)32E2

d~p3

(2π)32E3

d~p4

(2π)32E4
(2π)4δ(4)(p1 + q − p2 − p3 − p4). (A.1)

Following [86] we start by working in the frame ~p1 + ~q − ~p3 = 0, putting ~p1 along the ẑ

direction instead. The delta function can be integrated with the ~p4 and |~p2| integrals, such

that ∫
d~p2

2E2

d~p4

2E4
δ(4)(p1 + q − p2 − p3 − p4) =

∫ |~p2|
4Wc

1

E1E2
dK2 dφ2, (A.2)

where we defined

|~p2| = (W 2
c −m2

1)/2Wc, Wc = q0 + E1 − E3, K2 = 2E1E2(1− cos θ2). (A.3)

Since we conserve energy and momentum in this frame, we can take −1 ≤ cos θ2 ≤ 1 and

0 ≤ φ2 ≤ 2π. The remaining ~p3 integral can be performed with the variables defined in

[86] to yield ∫
d~p3

2E3
=

∫
2π

ŝ
dx5 dx3, (A.4)

where a trivial azimuthal angle was integrated over. Their limits are more easily found in

the frame ~p1 + ~q = 0, with ~q along the ẑ direction. Finally, our main result is given by∫
d3ΠLIPS =

1

(2π)4

∫ |~p2|
4Wc

1

ŝ

1

E1E2
dx5 dx3 dK2 dφ2. (A.5)
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There remains two non-trivial integrations to be performed to obtain the full four body

phase space cross section, namely the ones over q2 and ŝ. The substitutions suggested in

[87] for these two invariants are still convenient, and we make use of these in our numerical

integrations.

B Weak form factor

Here we show our weak hadronic current used in the dark-bremsstrahlung calculation.

Similarly to the electronmagnetic case, we write the weak hadronic current for a spin-0

nucleus with Z protons and N neutrons as

Hµ
W = 〈H(k3)| JµW(Q2) |H(kb)〉 = QW(kb + k3)µFW(Q2), (B.1)

where QW = (1− 4s2
w)Z −N and FW(Q2) stands for the weak form factor of the nucleus.

We implement the Helm form factor as in [133], defined as

|F (Q2)|2 =

(
3j1(QR)

QR

)2

e−Q
2s2 , (B.2)

where j1(x) stands for the spherical Bessel function of the first kind, s = 0.9 fm and R = 3.9

fm for 40Ar.
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