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The DUNE near detector will collect an unprecedented large number of neutrino interactions, allowing

the precise measurement of rare processes such as neutrino trident production, i.e., the generation of a

lepton-antilepton pair through the scattering of a neutrino off a heavy nucleus. The event rate of this process

is a powerful probe to a well-motivated parameter space of new physics beyond the Standard Model. In this

paper, we perform a detailed study of the sensitivity of the DUNE near detector to neutrino tridents. We

provide predictions for the Standard Model cross sections and corresponding event rates at the near detector

for the νμ → νμμ
þμ−, νμ → νμe

þe− and νμ → νee
þμ− trident interactions (and the corresponding

antineutrino modes), discussing their uncertainties. We analyze all relevant backgrounds, utilize a

Geant4-based simulation of the DUNE-near detector liquid argon TPC (the official DUNE simulation

at the time of writing this paper), and identify a set of selection cuts that would allow the DUNE near

detector to measure the νμ → νμμ
þμ− cross section with a ∼40% accuracy after running in neutrino and

anti-neutrino modes for ∼3 years each. We show that this measurement would be highly sensitive to new

physics, and, in particular, we find that the parameter space of models with gauged Lμ − Lτ that can explain

the ðg − 2Þμ anomaly could be covered with large significance. As a by-product, a new Monte Carlo tool to

generate neutrino trident events is made publicly available.

DOI: 10.1103/PhysRevD.100.115029

I. INTRODUCTION

Neutrino trident production is a weak process by

which a neutrino, scattering off the Coulomb field of a

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

Measurements of muonic neutrino tridents, νμ → νμμ
þμ−,

were performed at the CHARM-II [8], CCFR [9] and

NuTeV [10] experiments:

σðνμ → νμμ
þμ−Þexp

σðνμ → νμμ
þμ−ÞSM

¼

8

>

<

>

:

1.58� 0.64 ðCHARM-IIÞ
0.82� 0.28 ðCCFRÞ
0.72þ1.73

−0.72 ðNuTeVÞ
ð1Þ

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

LBNF/DUNE [11–14], will offer excellent prospects to

improve these measurements [15–18]. A deviation from

the event rate predicted by the SM could be an indication

of new interactions mediated by new gauge bosons [15].

This could happen, for example, if neutrinos were charged

under new gauge symmetries beyond the SM gauge

group, SUð3Þc × SUð2ÞL ×Uð1ÞY .
In this paper, we study in detail the prospects for

measuring neutrino trident production at the near detector

of DUNE. 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 ¼ 18 for argon

(DUNE), Z ¼ 14 for silicon (CHARM II), and Z ¼ 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, νμN → μπN0, as

muon and pion tracks can be easily confused. Here, we

identify a set of kinematic selection cuts that strongly

suppress the background, allowing a measurement of the

νμ → νμμ
þμ− cross section at DUNE.
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Our paper is organized as follows. In Sec. II, we compute

the cross sections for several neutrino-induced trident

processes in the SM, and discuss the theoretical uncertain-

ties 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, and determine the accuracy with

which the νμ → νμμ
þμ− cross section can be measured at

the DUNE near detector. In Sec. IV, we analyze the impact

that such a measurement will have on physics beyond the

SM, both model independently and in the context of a Z0

model with gauged Lμ − Lτ. We conclude in Sec. V. Details

about nuclear and nucleon form factors and our imple-

mentation of the Borexino bound on the Z0 parameter space

are given in the Appendices A–C. Our neutrino trident

Monte Carlo generator tool can be found as an ancillary file

on the arXiv entry for this paper.

II. NEUTRINO TRIDENTS IN THE

STANDARD MODEL

A. SM predictions for the neutrino trident cross section

Lepton-pair production through the scattering of a

neutrino in the Coulomb field of a nucleus can proceed

in the SM via the electroweak interactions. Figure 1 shows

example diagrams for various charged lepton flavor com-

binations that can be produced from a muon-neutrino in the

initial state: a μþμ− pair can be generated by W and Z

exchange (top, left and right diagrams); an eþe− pair can be

generated by Z exchange (bottom left); an eþμ− pair can be

generated by W exchange (bottom right). A muon neutrino

cannot generate μþe− in the SM. Analogous processes can

be induced by the other neutrino flavors and also by

antineutrinos. The amplitude corresponding to the dia-

grams shown in the figure has a first-order dependence on

the Fermi constant. Additional SM diagrams where the

lepton system interacts with the nucleus through W or Z
boson exchange instead of photon exchange are suppressed

by higher powers of the Fermi constant and are therefore

negligible.

The weak gauge bosons of the SM are much heavier than

the relevant momentum transfer in the trident process.

Therefore, the effect of the W and Z bosons is accurately

described by a four lepton contact interaction. After

performing a Fierz transformation, the effective interaction

can be written as

HSM
eff ¼ GF

ffiffiffi

2
p

X

i;j;k;l

ðgVijklðν̄iγαPLνjÞðl̄kγαllÞ

þ gAijklðν̄iγαPLνjÞðl̄kγαγ5llÞÞ; ð2Þ

with vector couplings gV and axial-vector couplings gA.
The indexes i; j; k; l (¼ e; μ; τ) denote the SM lepton

flavors. The values for the coefficients gV and gA for a

variety of trident processes in the SM are listed in Table I.

FIG. 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 different neutrino

flavors and by antineutrinos.
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These factors are the same as obtained in Ref. [16]. Using

the effective interactions, there are two Feynman diagrams

that contribute to the trident processes. They are shown

in Fig. 2.

Given the above effective interactions, the cross sections

for the trident processes can be computed in a straightfor-

ward 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 diffractive scattering in Refs. [16,18]).

In addition to the elastic scattering on the full nucleus or

on individual nucleons, also inelastic processes can con-

tribute to trident production. Inelastic processes include

events where the nucleus scatters into an excited state, the

excitation of a nucleon resonance, and deep-inelastic

scattering. As shown in [16], deep-inelastic scattering is

negligible for trident production at the SHiP experiment.

We expect inelastic processes to be negligible for the

neutrino energies we consider.

All our results shown below are based on a calculation of

the full 2 → 4 scattering process. We do not use the

equivalent photon approximation that has been shown

not to be reliable in some cases [18].

1. Coherent scattering on nuclei

The differential cross section of the coherent scattering

process on a nucleus of massmN is enhanced by Z2 and can

be expressed as [2,6] (see also [17,18])

dσcoh ¼
Z2α2emG

2
F

128π6
1

mNEν

d3k0

2Ek0

d3pþ
2Eþ

d3p
−

2E
−

d3P0

2EP0

×
H

αβ
N Lαβ

q4
δð4Þðk − k0 − pþ − p

−
þ qÞ; ð3Þ

where the momenta of the incoming and outgoing particles

are defined in Fig. 2 and Eν is the energy of the incoming

neutrino. The leptonic tensor Lαβ is given by

Lαβ ¼
X

s;s0;sþ;s−

AαA
†

β;

with Aα ¼ðū0γμPLuÞ

×

�

ū
−

�

γα
=p
−
−=qþm

−

ðp
−
−qÞ2−m2

−

γμðgVijklþgAijklγ5Þ

− γμðgVijklþgAijklγ5Þ
=pþ−=qþmþ

ðpþ−qÞ2−m2
þ
γα

�

vþ

�

;

ð4Þ

wherem�, s�, and vþ, u− are the masses, spins and spinors

of the positively and negatively charged leptons and s, s0

and u, u0 are the spins and spinors of the incoming and

outgoing neutrinos.

The relevant part of the hadronic tensor for coherent

scattering on a spin 0 nucleus is

H
αβ
N ¼ 4PαPβ½FNðq2Þ�2; ð5Þ

where FNðq2Þ is the electric form factor of the nucleus, N,

and P the initial momentum of the nucleus. We use nuclear

form factors based on measured charge distributions of

nuclei [19]. Details about the nuclear form factors are given

in the Appendix A.

The experimental signature of the coherent scattering are

two opposite sign leptons without any additional hadronic

activity.

FIG. 2. Diagrams for the νj → νil
−

k l
þ
l trident process using the effective interaction of Eq. (2).

TABLE I. Effective Standard Model vector and axial-vector

couplings, as defined in Eq. (2), for a variety of neutrino trident

processes.

Process gVSM gASM

νe → νee
þe− 1þ 4 sin2 θW −1

νe → νeμ
þμ− −1þ 4 sin2 θW þ1

νe → νμμ
þe− 2 −2

νμ → νμe
þe− −1þ 4 sin2 θW þ1

νμ → νμμ
þμ− 1þ 4 sin2 θW −1

νμ → νee
þμ− 2 −2
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2. Incoherent scattering on individual nucleons

In addition to the coherent scattering on the nucleus, the

leptonic system can also scatter on individual nucleons

inside the nucleus. The corresponding differential cross

sections have a similar form and read

dσpðnÞ ¼
α2emG

2
F

128π6
1

mpðnÞEν

d3k0

2Ek0

d3pþ
2Eþ

d3p
−

2E
−

d3P0

2EP0

×
H

αβ

pðnÞLαβ

q4
δð4Þðk−k0−pþ−p

−
þqÞ: ð6Þ

The leptonic tensor is still given by Eq. (4). The relevant

part of the hadronic tensor for scattering on the spin 1=2
protons (neutrons) is

H
αβ

pðnÞ ¼ 4PαPβ

�

4m2

pðnÞ½G
pðnÞ
E ðq2Þ�2

q2 þ 4m2

pðnÞ
þ q2½GpðnÞ

M ðq2Þ�2
q2 þ 4m2

pðnÞ

�

þ gαβq2½GpðnÞ
M ðq2Þ�2; ð7Þ

where G
pðnÞ
E ðq2Þ and G

pðnÞ
M ðq2Þ are the electric and mag-

netic form factor of the proton (neutron) and mpðnÞ is the
proton (neutron) mass. In our numerical calculations, we

use form factors from a fit to electron-proton and electron-

nucleus scattering data [20]. Details about the nucleon form

factors are given in the Appendix B.

The differential trident cross section corresponding to the

incoherent processes is

dσincoh ¼ Θðjq⃗jÞðZdσp þ ðA − ZÞdσnÞ; ð8Þ

where Z and (A − Z) are the number of protons and

neutrons inside the nucleus, respectively. We include a

Pauli blocking factor derived from the ideal Fermi gas

model of the nucleus [2]

Θðjq⃗jÞ ¼
(

3jq⃗j
4pF

−
jq⃗j3
16p3

F

; for jq⃗j < 2pF

1; for jq⃗j > 2pF

; ð9Þ

with the Fermi momentum pF ¼ 235 MeV and q⃗ the

spatial component of the momentum transfer to the

nucleus.

In addition to the two opposite sign leptons, the final

state now contains an additional proton (or neutron) that is

kicked out from the nucleus during the scattering process.

3. Results for the cross section and

discussion of uncertainties

To obtain the total cross sections for the coherent and

incoherent processes discussed above, we integrate the

four-particle phase space in (3) and (6) numerically. Using

the optimized integration variables identified in [2], we find

that the numerical integration converges reasonably fast.

We checked explicitly that our numerical computation

accurately reproduces the cross section tables for a set

of fixed neutrino energies given in [2]. We estimate the

uncertainty of our numerical integration procedure to be

around the per-mille level, which is negligible compared to

the other uncertainties discussed below.

In Fig. 3 we show the cross sections for the

νμ → νμμ
þμ−, νμ → νμe

þe−, and νμ → νee
þμ− processes

for scattering on argon (left) and iron (right) as a function of

the energy of the incoming neutrino. We show both the

coherent and incoherent components. From the figure, we

make the following observations:

(i) The cross sections fall steeply at low neutrino

energy, as it becomes more and more difficult to

produce the lepton pair via scattering with a low q2

photon from the Coulomb field.

(ii) The νμ → νeμ
þe− process has the largest cross

section over a broad range of neutrino energies since

it arises from aW mediated diagram (see Fig. 1). The

cross section for the νμ → νee
þe− process is smaller

due to the smaller couplings of the Z boson with

leptons and neutrinos. The νμ → νμμ
þμ− process

typically leads to the smallest cross section at low

energies, due to destructive interference between the

W and the Z contributions and the relatively heavy

dimuon pair in the final state.

(iii) For processes involving electrons, the incoherent

cross section is approximately 5%–10% of the

coherent cross section. For the νμ → νμμ
þμ− proc-

ess, however, about 30% of the cross section is

coming from incoherent scattering. Scattering on

individual protons and neutrons provides photons

with higher q2, which makes it easier to produce the

(relatively) heavy dimuon pair.

(iv) Among the incoherent processes, the cross section

for scattering on protons is approximately one order

of magnitude larger than for scattering on neutrons

because neutrons are electrically neutral.

In Fig. 3, estimates of the 1σ and 2σ uncertainties of the

cross sections are indicated by the shaded bands.We consider

uncertainties from form factors, higher order QED correc-

tions, higher order weak corrections, and nuclear modeling.

Form factor uncertainties for the coherent scattering

appear to be well under control (see Appendix A). In

our numerical analysis, we use 1% uncertainty on the

coherent cross section coming from form factors. For the

incoherent scattering we find differences in the cross

section of a few percent, using different nucleon form

factors (see Appendix B). For our numerical analysis, we

assign a 3% value to the uncertainty arising from form

factors.

Higher order QED effects might lead to non-negligible

corrections. Naively, we estimate that the effects could be

of order Zαem=4π ≃ 1% for argon. Moreover, at tree level
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there is ambiguity about which value of αem should be used

in the cross section computation. The q2 of the photon from
the Coulomb field is typically very low, suggesting that the

zero momentum value should be appropriate. We use

αem ¼ 1=137 and conservatively assign a 3% uncertainty

to the total cross section from higher order QED effects.

At lowest order in the weak interactions, the value for the

weak mixing angle is ambiguous. Using the on-shell value

sin2 θW ¼ 0.22336 [21] or the MS value at zero momentum

transfer sin2 θW ¼ 0.23868 [22], it tleads, for example, to a

∼5% shift in the cross section of the νμ → νμμ
þμ− process.

In our numerical analysis we use the MS value at the

electroweak scale sin2 θW ¼ 0.23129 [21] and assign a 5%
uncertainty due to higher order weak corrections to all cross
sections.

A large uncertainty might originate from the nuclear

modeling of the incoherent processes. As described above,

we include a Pauli blocking factor that is derived by

FIG. 3. Standard Model predictions for the cross sections of the trident processes νμ → νμμ
þμ−, νμ → νμe

þe−, and νμ → νee
þμ− for

scattering on argon (left) and iron (right) as a function of the energy of the incoming neutrino. Shown are both the coherent component

(solid) and incoherent components (dashed for proton, dotted for neutron). The 1σ and 2σ cross-section uncertainties are indicated by the

shaded bands.
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treating the nucleus as an ideal Fermi gas. In [23],

differences in incoherent scattering cross sections of

Oð20%Þ are found by comparing the Fermi gas model

with more sophisticated shell models. As additional effects

like rescattering or absorption of the nucleon in the nucleus

might further modify the cross section, we use 30%

uncertainty on all incoherent cross sections to be con-

servative. A more sophisticated nuclear model would be

required to obtain a more precise prediction of the

incoherent cross sections.

To determine the total uncertainty we add all individual

uncertainties in quadrature. The final uncertainties on the

coherent cross sections that we find are approximately 6%

and they are dominated by our estimate of possible higher

order electroweak corrections. For the incoherent scattering

cross sections, the by far dominant uncertainty is due to the

nuclear modeling.

B. Neutrino tridents at the DUNE near detector

1. The DUNE near detector

The Deep Underground Neutrino Experiment (DUNE)

[11–14] is an international project for neutrino physics

and nucleon-decay searches, currently in the design and

planning stages. Once built, DUNE will consist of two

detectors exposed to a megawatt-scale, wide-band muon-

neutrino beam produced at the Fermi National Accelerator

Laboratory (Illinois, USA). One of the detectors will record

neutrino interactions near the beginning of the beamline,

while the other, much larger, detector, comprising four

10-kilotonne liquid argon time projection chambers

(TPCs), will be installed at a depth of 1.5 km at the

Sanford Underground Research Facility (South Dakota,

USA), about 1300 kilometres away of the neutrino source.

Among the primary scientific goals of DUNE are the

precision measurement of the parameters that govern

neutrino mixing—including those still unknown: the octant

in which the θ23 mixing angle lies, the neutrino mass

ordering and the value of the CP-violation phase—, as well

as nucleon-decay searches and neutrino astrophysics.

One of the main roles of the DUNE near detector (ND),

which will be located 570 meters away from the beamline

production target, is the precise characterization of the

neutrino beam energy and composition, as well as the

measurement to unprecedented accuracy of the cross

sections and particle yields of the various neutrino scatter-

ing processes. Additionally, as the ND will be exposed to

an intense flux of neutrinos, it will collect an extraordi-

narily large sample of neutrino interactions, allowing for an

extended science program that includes searches for new

physics (e.g., heavy sterile neutrinos or nonstandard

interactions).

The DUNE ND is presently under design. The baseline

detector concept consists of a liquid argon TPC (LArTPC)

and a magnetized high-resolution tracker [24]. The latter,

not considered for the study discussed in this paper, will

consist of a large high-pressure argon gas TPC surrounded

by an electromagnetic sampling calorimeter. The design of

the LArTPC will be based on the ArgonCube concept [25],

which places identical but separate TPC modules in a

common bath of liquid argon. Each module features a

central cathode and two drift volumes with pixelized charge

readouts and light detection systems. Module walls are kept

thin to provide transparency to the tracks and showers

produced in neutrino interactions. This detector configu-

ration will mitigate the effects of event pile-up and allow for

an optimal use of liquid argon by boasting a relatively large

active volume. The dimensions presently considered for the

LArTPC, imposed by requirements on event statistics and

containment, are 7 m width, 3 m height and 5 m depth,

corresponding to an argon mass of about 147 tonnes. The

definitive DUNE ND configuration will be defined in an

upcoming near detector Conceptual Design Report (CDR)

and in a subsequent Technical Design Report (TDR).

2. Expected event rates in the Standard Model

In Table II we show the number of expected events of

muon-neutrino-induced Standard Model trident events at

the DUNE near detector per tonne of argon and year of

operation in the neutrino-beam (first four rows) or anti-

neutrino-beam (last four rows) configurations. Note that the

number of events for the incoherent process is mainly

coming from the scattering with protons. As discussed in

Sec. II A 2, the neutron contribution (included as well in the

TABLE II. Expected number of muon-neutrino-induced

Standard Model trident events at the DUNE near detector per

tonne of argon and year of operation in neutrino mode (first four

rows) or antineutrino mode (last four rows). The numbers in

parenthesis correspond to the total statistics in the 147-tonne

LArTPC for a run of 3 years.

Coherent Incoherent

νμ → νμμ
þμ− 1.17� 0.07 0.49� 0.15

(516� 31) (216� 66)

νμ → νμe
þe− 2.84� 0.17 0.18� 0.06

(1252� 75) (79� 27)

νμ → νee
þμ− 9.8� 0.6 1.2� 0.4

(4322� 265) (529� 176)

νμ → νeμ
þe− 0 0

(0) (0)

ν̄μ → ν̄μμ
þμ− 0.72� 0.04 0.32� 0.10

(318� 18) (141� 44)

ν̄μ → ν̄μe
þe− 2.21� 0.13 0.13� 0.04

(975� 57) (57� 18)

ν̄μ → ν̄ee
þμ− 0 0

(0) (0)

ν̄μ → ν̄eμ
þe− 7.0� 0.4 0.9� 0.3

(3087� 176) (397� 132)
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table) is much smaller and amounts to only ∼10% of the

total incoherent cross section. In parenthesis, we also show

the number of expected events for 147 tonnes of argon and

a run of 3 years.

The normalized neutrino beam energy spectra are

shown in Fig. 4. The relevant integrated flux in neutrino

mode is Fνμ
¼ 1.04 × 10−3 m−2 POT−1 and in antineutrino

mode F̄ν̄μ
¼ 0.94 × 10−3 m−2 POT−1 [26]. We assume

1.1 × 1021 POT per year.

The numbers of events for the coherent process in

Table II are then obtained via

Ntrident ¼ FσNAr NPOT ¼ Fσ
MD

MAr

NPOT; ð10Þ

where F is the relevant integrated neutrino flux as given

above, σ is the neutrino trident cross section (convoluted

with the corresponding normalized energy distribution),

NAr the number of argon nuclei in the detector, MD the

mass of the detector, MAr the mass of argon (39.95u), and
NPOT is the number of protons on target. Similarly, we

computed the number of events for the incoherent

processes.

In our calculation of the number of trident events we

neglect all flux components but the νμ component in

neutrino mode and the ν̄μ component in antineutrino mode.

Taking into account the scattering of the other components

will increase the expected event numbers by a few percent,

which is within the given uncertainties. The rates for the

antineutrino-beam mode are smaller by approximately

30%, mainly due to the lower flux.

III. DISCOVERING SM MUON

TRIDENTS AT DUNE

In this section, we discuss the prospects for detecting

muon trident events, νμ → νμμ
þμ−, at the DUNE near

detector. As we will discuss in Sec. IV, this process is

particularly relevant to test new light gauge bosons that

couple to second generation leptons. A detailed discussion

of electron tridents and electron-muon tridents at the

DUNE near detector is left for future work.

A. Simulation

The study presented here makes use of Monte-Carlo

datasets generated with the official (at the time of writing of

the paper) DUNE Geant4 [27] simulation of the ND

LArTPC. Each simulated event represents a different

neutrino-argon interaction in the active volume of the

detector. All final-state particles produced in the inter-

actions are propagated by Geant4 through the detector

geometry until they deposit all their energy or leave its

boundaries. In this process, additional particles (which are

tracked as well) may be generated via scattering or decay.

The trajectories and associated energy deposits left by

charged particles in the active volume of the LArTPC are

recorded and written to an output file.

For simplicity, charge collection and readout are not

simulated, but their effect on the data is taken into account

in our study with the introduction of the typical detection

thresholds and resolutions expected from the ND LArTPC.

Given that state-of-the-art TPCs have achieved very high

reconstruction efficiency (> 90%) in significantly busier

environments (e.g., the ALICE experiment [28]), we

neglect the effect of mis-reconstructed events. Likewise,

FIG. 4. Normalized energy spectra of the neutrino species at the DUNE near detector for the neutrino-beam (left) and antineutrino-

beam (right) modes of operation.
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we ignore the possible backgrounds or the inefficiency

arising from interaction pile-up (i.e., the cross-contamina-

tion of different neutrino interactions occurring in the same

TPC event) since the detector design will be optimized to

make it negligible [24].

Muon trident signal events are generated using the stand-

alone Monte Carlo event generator that we have written and

that simulates muon-neutrino and electron-neutrino

induced trident events through the scattering off argon

and iron nuclei. Neutrino fluxes of the CCFR experiment

and the DUNE experiment are implemented. The phase

space sampling is based on the optimized kinematical

variables that were identified in Ref. [2]. The C++ source

code of the event generator is publicly available as an

ancillary file on the arXiv.

Several SM processes can constitute background for the

muon trident process. In our simulation, we generate 108

neutrino interactions using the GENIE Monte Carlo gen-

erator [29,30]. By far, the most important background is

due to the misidentification of charged-pion tracks.

Roughly 38% of the events have a charged lepton and a

charged pion in the final state, leading to two muonlike

charged tracks, as in our trident signal. We find that dimuon

events from charged current charm production only re-

present less than one percent of the total background.

B. Kinematic distributions and event selection

We identify a set of optimal kinematic variables that help

discriminating between signal and background. Particularly,

FIG. 5. Kinematic distributions for the coherent signal (in red), incoherent signal (in blue), and background (in green) used in our event

selection: number of tracks (upper left plot), angle between the two selected tracks (upper right plot), length of the shortest track (lower

left plot), and difference in length between 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 used in our analysis (see text for details).
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we use the number of tracks, the angle between tracks, the

length of the tracks, and the total energy deposited within

10 cm of the neutrino interaction vertex (E10).

Figures 5 and 6 show the distribution for signal (coherent

in red and incoherent in blue) and background (green)

events of these kinematic variables. All distributions are

area-normalized. Particularly, in the upper left panel of

Fig. 5, we present the distribution for the number of tracks,

Ntracks, where we have considered a threshold of 100 MeV

in energy deposited in the LAr for the definition of a track.

The other panels have been evaluated considering only

events that contain two and only two tracks. We consider

the distributions for the angle between the two tracks

(angle, upper right plot), the length of the shortest track

(Lmin, lower left plot), and the difference in length between

the two tracks (Lmax − Lmin), lower right plot). Finally, in

Fig. 6 we show the total energy deposited within 10 cm

(E10) of the neutrino interaction vertex. This includes the

sum of the energies deposited by any charged particle (even

those that deposit less than 100 MeV and that, therefore,

would not be classified as tracks) in a sphere of 10 cm

radius around the interaction vertex.

As expected, the background events tend to contain a

larger number of tracks than the signal. The other distri-

butions also show a clear discriminating power: the angle

between the two tracks is typically much smaller in the

signal than in the background. Moreover, the signal tracks

(two muons) tend to be longer than tracks in the back-

ground events (consisting typically in one muon plus one

pion). Finally, the energy deposited in the vicinity of

the interaction vertex for the coherent signal events is

compatible with the expectation from a pair of minimum

ionization tracks, ðdE=dxÞmip ≈ 2.1 MeV=cm. In contrast,

both the incoherent signal and the background have, on

average, more energy deposited around the vertex due to

the hadronic activity generated in the interaction.

C. Expected sensitivity

The 147-tonne LArTPC at the DUNE near detector will

record, in the neutrino-beam mode, close to 3.5 × 108

neutrino interactions per year, out of which only a couple

hundred events will correspond to the trident process. Our

event selection, therefore, has to achieve a background

suppression of at least 6 orders of magnitude.

To do this, we first require events with two and only two

tracks, with an angle of at least 0.5 degrees between them to

ensure separation of the tracks. This requirement alone is

able to suppress the background by a factor of 2, while the

signal is almost not affected (∼90% efficiency). On top of

this requirement, we optimize the cuts on the other

variables shows in Fig. 5: angle, Lmin, and Lmax − Lmin.

Particularly, we find the values of θmax, LM, ΔL such that

the requirements

angle<θmax; Lmin>LM; Lmax−Lmin<ΔL; ð11Þ

produces the largest S=
ffiffiffiffi

B
p

per year. (The following

discussion of the optimization of the cuts refers to the

trident signal arising from the neutrino mode. The signal

acceptance for the antineutrino mode is almost identical.)

We perform a scan on the maximum angle between the two

tracks, θmax, the minimum length of the shortest track, LM,

and the maximum difference between the length of the two

tracks, ΔL. We scan these cuts over a wide range:

θmax ⊂ ½0; 0.2�, LM ⊂ ½100; 450� cm, ΔL ⊂ ½0; 40� cm, in

steps of 0.01, 5 cm, and 5 cm, respectively. Each point in

this three-dimensional grid will give a number of expected

coherent and incoherent signal events, as well as back-

ground events. After having obtained this grid, we look for

the set of cuts that produces the largest S=
ffiffiffiffi

B
p

per year, after

having asked for at least 10 background events in our

generated sample. The optimized cuts that we find are given

by θmax ¼ 0.09 (∼5.5 degree), LM ¼ 375 cm, and

ΔL ¼ 5 cm. These cuts result in the following number

of selected events:

Scoherent≃8.7; Sproton≃0.72; Sneutron≃0.08; B≃96;

ð12Þ

per year with S=
ffiffiffiffi

B
p

∼ 0.9.

We now investigate if a cut on the energy deposited in the

first 10 cm from the interaction vertex can improve the

discrimination of signal vs background (see Fig. 6). If we

require E10 < 50 MeV, the total background (before apply-

ing any further cut) is suppressed by a factor of ∼5, while

FIG. 6. Total energy deposited within 10 cm from the neutrino

interaction vertex. We show the distribution for the coherent

signal (in red), the incoherent signal (in blue), and for background

events with and without the requirement of exactly two tracks

(lighter and darker green, respectively). The dashed black vertical

line indicates the cut used in our analysis.
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the total signal acceptance is near 70% (this arises from a

∼93% acceptance for the coherent signal, a ∼7% for the

incoherent-proton signal, and a ∼85% for the incoherent-

neutron signal). We find that the cut on E10 is correlated

with the other cuts we are employing in our analysis. In

particular, if we first demand two and only two tracks and,

on top of that, E10 < 50 MeV, the suppression of the

background due to the E10 cut is reduced to a factor of ∼3.

This suppression factor is reduced to ∼30% when we

demand two tracks with a minimum length of 375 cm,

as in the previously optimized cuts. Potential systematic

uncertainties impacting this vertex periphery cut on the

energy deposited have not been included in this analysis.

Uncertainties at the level of 10%, arising mainly from

data/simulation discrepancies have been obtained by the

MINERvA Collaboration using a similar cut [31]. Over the

next decade, as the DUNE analysis and simulation frame-

work is developed, such uncertainties should be further

reduced. Note that the E10 distribution shown in Fig. 6 can

be affected by rescattering processes that we neglect in our

analysis.

We rerun our cut optimization, having asked E10 <
50 MeV. We find that the optimal cuts are only mildly

modified to θmax¼0.08 (∼4.6 degree), LM ¼ 340 cm, and

ΔL ¼ 4 cm. These cuts lead to:

Scoherent ≃ 9.8; Sproton ≃ 0.18;

Sneutron ≃ 0.07; B ≃ 130; ð13Þ

per year with S=
ffiffiffiffi

B
p

∼ 0.9. This shows that the requirement

on the vertex activity does not substantially improve the

accuracy of the measurement.

These numbers show that a measurement of the SM

dimuon trident production at the 40% level could be

possibly obtained using ∼6 years running in neutrino

mode, or, equivalently, ∼3 years running in neutrino mode

and ∼3 years running in antineutrino mode.

Given the small expected number of incoherent signal

events, Sproton and Sneutron, a separate measurement of the

incoherent cross section appears to be very challenging.

Note that our modeling of the kinematics of the nucleon in

the incoherent processes might have sizable uncertainties

(cf. discussion in Sec. II A 3). However, we do not expect

that a more detailed modeling would qualitatively change

our conclusions with regards to the incoherent process.

IV. NEUTRINO TRIDENTS AND NEW PHYSICS

Neutrino tridents are induced at the tree level by the

electroweak interactions of the SM and thus can probe new

interactions among neutrinos and charged leptons of

electroweak strength. In the following we discuss the

sensitivity of neutrino tridents to heavy new physics para-

metrized in a model independent way by four fermion

interactions (Sec. IVA), and in the context of a new physics

model with a light new Z0 gauge boson (Sec. IV B).

A. Model-independent discussion

If the new physics is heavy compared to the relevant

momentum transfer in the trident process, its effect is

model-independently described by a modification of the

effective four fermion interactions introduced in Eq. (2).

Focusing on the case of muon-neutrinos interacting with

muons, we write

gVμμμμ ¼ 1þ4sin2θW þΔgVμμμμ; gAμμμμ¼−1þΔgAμμμμ;

ð14Þ

where ΔgVμμμμ and Δg
A
μμμμ parametrize possible new physics

contributions to the vector and axial-vector couplings.

Couplings involving other combinations of lepton flavors

can be modified analogously. Note, however, that for

interactions that involve electrons, very strong constraints

can be derived from LEP bounds on electron contact

interactions [32].

The modified interactions of the muon-neutrinos with

muons alter the cross section of the νμN → νμμ
þμ−N trident

process. We use the existing measurement of the trident

cross section by the CCFR experiment [9] and the expected

sensitivities at the DUNE near detector discussed in

Sec. III C, to put boundsonΔgVμμμμ andΔg
A
μμμμ (see also [33]).

Using the neutrino spectrum from the CCFR experiment

(see [34]) and the spectrum at the DUNE near detector

shown in Fig. 4, we find the cross sections

σCCFR ≃ ðgVμμμμÞ2 × 0.087 fbþ ðgAμμμμÞ2 × 0.099 fb; ð15Þ

σDUNE ≃ ðgVμμμμÞ2 × 1.30 × 10−4 fbþ ðgAμμμμÞ2

× 2.00 × 10−4 fb; ð16Þ

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 DUNEmeasurement

incoherent scattering events will be largely removed by cuts

on the hadronic activity (see discussion in Sec. III C).

For the modifications relative to the SM cross sections

we find

σCCFR

σSMCCFR
≃

ð1þ4sin2θWþΔgVμμμμÞ2þ1.13ð1−ΔgAμμμμÞ2
ð1þ4sin2θWÞ2þ1.13

;

ð17Þ

σDUNE

σSMDUNE
≃

ð1þ 4 sin2 θW þ ΔgVμμμμÞ2 þ 1.54ð1 − ΔgAμμμμÞ2
ð1þ 4 sin2 θWÞ2 þ 1.54

:

ð18Þ
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In Fig. 7 we show the regions in the ΔgVμμμμ vs ΔgAμμμμ
plane that are excluded by the existing CCFR meas-

urement σCCFR=σ
SM
CCFR ¼ 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 ΔgVμμμμ ¼ ΔgAμμμμ ¼ 0.

In the central gray region the new physics interferes

destructively with the SM and leads to a too small

trident cross section. Outside the white ring, the trident

cross section is significantly larger than observed. The

result of our baseline analysis (corresponding to an

expected measurement with 40% uncertainty) does not

extend the sensitivity into parameter space that is

unconstrained by the CCFR measurement. However, it

is likely that the use of a magnetized spectrometer, as it

is being considered for the DUNE ND, able to identify

the charge signal of the trident final state, along with

more sophisticated deep-learning based event selection,

will significantly improve separation between neutrino

trident interactions and backgrounds. Therefore, we also

present the region that could be probed by a 25%

measurement of the neutrino trident cross section at

DUNE, which would extend the coverage of new

physics parameter space substantially.

B. Z0 model based on gauged Lμ −Lτ

A class of example models that modify the trident cross

section are models that contain an additional neutral gauge

boson, Z0, that couples to neutrinos and charged leptons. A
consistent way of introducing such a Z0 is to gauge an

anomaly free global symmetry of the SM. Of particular

interest is the Z0 that is based on gauging the difference

between muon-number and tau-number, Lμ − Lτ [35,36].

Such a Z0 is relatively weakly constrained and can for

example address the longstanding discrepancy between SM

prediction and measurement of the anomalous magnetic

moment of the muon, ðg − 2Þμ [37,38]. The Lμ − Lτ Z
0 has

also been used in models to explain B physics anomalies

[39] and as a portal to dark matter [40,41]. The νμN →

νμμ
þμ−N trident process has been identified as important

probe of gauged Lμ − Lτ models over a broad range of Z0

masses [15,39].

The interactions of the Z0 with leptons and neutrinos are

given by

LLμ−Lτ
¼g0Z0

α½ðμ̄γαμÞ−ðτ̄γατÞþðν̄μγαPLνμÞ−ðν̄τγαPLντÞ�;
ð19Þ

where g0 is the Lμ − Lτ gauge coupling. Note that the Z0

couples purely vectorially to muons and taus. If the Z0 is
heavy when compared to the momentum exchanged in the

process, it can be integrated out, and its effect on the νμN →

νμμ
þμ−N process is described by the effective couplings

ΔgVμμμμ ¼ ðg0Þ2 2v
2

m2

Z0
; ΔgAμμμμ ¼ 0; ð20Þ

where mZ0 is the Z0 mass and v ≃ 246 GeV is the

electroweak breaking vacuum expectation value. Using

the expression for the cross section in (17) we find the

following bound from the existing CCFR measurement

g0 ≲ 0.2 ×

�

mZ0

100 GeV

�

for mZ0 ≳ few GeV: ð21Þ

The bound is applicable as long as the Z0 mass is heavier

than the average momentum transfer in the trident reaction

at CCFR, which—given the neutrino energy spectrum at

CCFR—is around a few GeV. For lower mZ0, the Z0

propagator is saturated by the momentum transfer and

the CCFR bound on g0 improves only logarithmically. A

measurement of the trident process at the DUNE near

detector has the potential to considerably improve the

sensitivity for low-mass Z0 bosons. Because of the much

lower energy of the neutrino beam compared to CCFR, also

the momentum transfer is much smaller and the scaling in

Eq. (21) extends to smaller Z0 masses.

In Fig. 8 we show the existing CCFR constraint on the

model parameter space in themZ0 vs g0 plane and compare it

FIG. 7. 95% CL sensitivity of a 40% (blue hashed regions)

and a 25% (dashed contours) uncertainty measurement of the

νμN → νμμ
þμ−N cross section at the DUNE near detector to

modifications of the vector and axial-vector couplings of muon-

neutrinos to muons. The gray regions are excluded at 95% CL

by existing measurements of the cross section by the CCFR

collaboration. The intersection of the thin black lines indicates

the SM point.
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to the region of parameter space where the anomaly in

ðg − 2Þμ ¼ 2aμ can be explained. The green region shows

the 1σ and 2σ preferred parameter space corresponding to a

shift Δaμ ¼ a
exp
μ − aSMμ ¼ ð2.71� 0.73Þ × 10−9 [42] (see

also [43]). In the figure, we also show the constraints from

LHC searches for the Z0 in the pp → μþμ−Z0
→

μþμ−μþμ− process [44] (see also [15]), direct searches

for the Z0 at BABAR using the eþe− → μþμ−Z0
→

μþμ−μþμ− process [45], and constraints from LEP

precision measurements of leptonic Z couplings

[39,46]. Also a Borexino bound on nonstandard contri-

butions to neutrino-electron scattering [47–49] has been

used to constrain the Lμ − Lτ gauge boson [50–52]. Our

version of this constraint (see Appendix C) is also shown.

For very light Z0 masses of Oðfew MeVÞ and below,

strong constraints from measurements of the effective

number of relativistic degrees of freedom during big bang

nucleosynthesis (BBN) apply [52–54] (see the vertical

dot-dashed line in the figure). For m0
Z ≃ 10 MeV, the

tension in the Hubble parameter H0 can be ameliorated

[54]. Taking into account all relevant constraints, the

region of parameter space left that may explain ðg − 2Þμ
lies below the dimuon threshold mZ0 ≲ 210 MeV.

A measurement of the νμN → νμμ
þμ−N cross section at

the SM value with 40% uncertainty at the DUNE near

detector is sensitive to the region delimited by the blue

contour. We find that the parameter space that is motivated

by ðg − 2Þμ could be covered in its majority.

Other proposals to cover the remaining region of

parameter space favored by ðg − 2Þμ include LHC searches

for μþμ− þ =ET [55], searches for γ þ =E at Belle II [56],

muon fixed-target experiments [57,58], high-intensity elec-

tron fixed-target experiments [59], or searches for Z þ =E at

future electron-positron colliders [60].

V. CONCLUSIONS

The production of a pair of charged leptons through the

scattering of a neutrino on a heavy nucleus (i.e., neutrino

trident production) is a powerful probe of new physics in the

leptonic sector. In this paper we have studied the sensitivity

to this process of the planned DUNE near detector.

In the SM, neutrino trident production proceeds via the

weak interaction, and thus the cross section can be

computed with good accuracy. Here, we have provide

SM predictions for the cross sections and the expected rates

at the DUNE near detector for a variety νμ and ν̄μ of

neutrino and antineutrino-induced trident processes:

ν
ð−Þ

μ → ν
ð−Þ

μμ
þμ−, ν

ð−Þ
μ → ν

ð−Þ
μe

þe−, and ν
ð−Þ

μ → ν
ð−Þ

ee
�μ∓.

We estimate that the uncertainties of our predictions for

the dominant coherent scattering process are approximately

6%, mainly due to higher order electroweak corrections.

Subdominant contributions from incoherent scattering have

larger uncertainties due to nuclear modeling.

We find that at the DUNE near detector, one can expect

∼240 νμ → νμμ
þμ− events per year, ∼440 νμ → νμe

þe−

FIG. 8. Existing constraints and DUNE sensitivity in the Lμ − Lτ parameter space. Shown in green is the region where the ðg − 2Þμ
anomaly can be explained at the 1σ and 2σ level. The parameter regions already probed by existing constraints are shaded in gray and

correspond to a CMS search for pp → μþμ−Z0
→ μþμ−μþμ− [44] (“LHC”), a BABAR search for eþe− → μþμ−Z0

→ μþμ−μþμ− [45]

(“BABAR”), precision measurements of Z → lþl− and Z → νν̄ couplings [39,46] (“LEP”), a previous measurement of the trident cross

section [9,15] (“CCFR”), a measurement of the scattering rate of solar neutrinos on electrons [47–49] (“Borexino”), and bounds from

big bang nucleosynthesis [52–54] (“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 40% precision.
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events per year, and ∼1600 νμ → νee
þμ− events per year.

This implies favorable conditions for performing precise

measurements of the cross sections of such processes.

In this paper, we performed a state-of-the-art analysis for

the future sensitivity of DUNE to muon neutrino tridents

using a Geant4-based simulation of the DUNE near

detector liquid argon TPC. Thanks to the very distinctive

kinematical features of the signal, if compared to the muon

inclusive production background (two long tracks with a

relatively small opening angle and a small energy deposited

around the neutrino vertex interaction), the background rate

can be reduced by ∼7 order of magnitude, reaching levels

comparable to the signal. We expect to be able to observe

Oð10Þ signal event/year and Oð20Þ background/year. The
main source of background arises from pion-muon produc-

tion, where both the pion and the muon produce long tracks,

and originate from the first part of the liquid argon. A further

suppression of the background might be obtained via the

magnetized spectrometer, whose sampling calorimeter

should improve the separation between muons and pions.

We find that the νμ → νμμ
þμ− trident cross section can

be measured with good precision at the DUNE near

detector. Taking into account approximately three years

running each in neutrino and antineutrino mode, we

anticipate a measurement with an accuracy of ∼40%.

This is comparable to the accuracy of the measurements

by the CCFR and CHARM II collaborations, see Eq. (1).

Note, however, that the much lower energy of the neutrino

beam at DUNE leads to an enhanced sensitivity to light new

physics. Moreover, it is likely that the use of the magnet-

ized spectrometer, along with more sophisticated deep-

learning based event selection, will significantly improve

the accuracy at DUNE.

We also analyzed the impact of such a measurement on

physics beyond the SM, both model independently and in a

benchmark Z0 model. We find that a measurement at DUNE

could significantly extend the coverage of new physics

parameter space compared to the existing trident measure-

ment from the CCFR and CHARM II experiments. This is

particularly the case for light new physics. As a benchmark

newphysicsmodelwe considered an extension of the SMby

a newZ0 gauge boson that is based on gauging the difference
of muon-number and tau-number, Lμ − Lτ. We provide a

summary of existing constraints on theZ0 parameter space in

Fig. 8. Interestingly enough, there is viable parameter space

where the Z0 can explain the long-standing discrepancy in

the anomalous magnetic moment of the muon, ðg − 2Þμ. We

find that the parameter space that is motivated by ðg − 2Þμ
could be largely covered by a measurement of the νμ →

νμμ
þμ− trident cross section at DUNE.
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APPENDIX A: NUCLEAR FORM FACTORS

In our predictions for the coherent neutrino trident process

we use electric form factors based on nuclear charge density

distributions that have been fitted to elastic electron scatter-

ing data [19]. The form factors are expressed as

FNðq2Þ ¼
Z

dr r2
sinðqrÞ
qr

ρNðrÞ; ðA1Þ

where q ¼
ffiffiffiffiffi

q2
p

and ρN is a spherically symmetric charge

density distribution of the nucleus N, normalized as
R

dr r2ρNðrÞ ¼ 1, such that FNð0Þ ¼ 1. The charge distri-

butions ρN can be parametrized in various different ways. In

Fig. 9we compare the form factors for argon and iron thatwe

obtain using various parametrizations that are available from

[19]. We show the form factors based on charge densities

parametrized by a Fourier-Bessel series expansion in purple.

Form factors based on the three parameter Fermi charge

distribution and the three parameter Gaussian charge dis-

tribution are shown in red and orange, respectively.

We also compare these form factors with other phenom-

enological parametrizations which are much less precise. In

particular we consider a two parameter charge density

distribution

ρNðrÞ ¼
N

1þ exp fðr − r0Þ=σg
; ðA2Þ

with r0 ¼ 1.18 fm × A
1

3 − 0.48 fm and σ ¼ 0.55 fm [2]

(shown in solid gray in the plots of Fig. 9) and r0 ¼
1.126 fm × A

1

3 and σ ¼ 0.523 fm [16,18] (shown in dashed

gray), whereA is the mass number of the nucleus. Finally, in

dotted gray, we show a simple exponential form factor [6]

FNðq2Þ¼ exp

�

−
a2q2

10

�

; with a¼ 1.3 fm×A
1

3: ðA3Þ

This is the form factor that was used in [15].

We observe that the form factors that are based on the

fitted nuclear charge distributions from [19] (purple,

orange, and red lines in the figure) agree very well over
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a broad range of relevant momentum transfer. Our pre-

dictions for the trident cross sections differ by less than 1%

using these parametrizations. As default for our numerical

calculations we choose the Fourier-Bessel series expansion

for argon and iron

ρNðrÞ ¼

8

<

:

N
P

n

a
ðnÞ
N j0ðnπr=RNÞ for r < RN ;

0 for r > RN ;

ðA4Þ

where j0 is the spherical Bessel function of 0th order.

(These correspond to the purple lines in Fig. 9). The

coefficients a
ðnÞ
N and RN are given in Table III.

The trident cross sections that we obtain with the two

parameter form factors used in [2] differ at most by few %

from the results using our default form factors. We find that

the form factors used in [16,18] (dashed gray in the figure)

tend to be somewhat smaller than the others and under-

estimate the trident cross sections by approximately 10% for

both argon and iron. The simple exponential form factors

used in [15] (dotted gray in the figure) give cross sections

that agree reasonably well in the case of iron, but tend to

overestimate the cross sections for argon by 5%–10%.

APPENDIX B: NUCLEON FORM FACTORS

We use proton and neutron form factors from [20] (see

also [61] for a recent reevaluation of nucleon form factors).

The form factors of the proton were obtained from fits to

measurements of the electron-proton elastic scattering cross

section and polarization transfer measurements. The form
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FIG. 9. Electric form factors, FNðq2Þ, of argon (left panel) and iron (right panel) based on various parametrizations of the nuclear

charge density distributions. See text for details.

TABLE III. Parameters for the Fourier-Bessel series expansion of the charge density distribution of argon and iron from [19],

see Eq. (A4).

Argon Iron Argon Iron

R 9 fm 9 fm að9Þ 0.000 119 71 −0.000 181 46

að1Þ 0.030 451 0.042 018 að10Þ −0.000 019 801 0.000 372 61

að2Þ 0.055 337 0.062 337 að11Þ −0.000 004 320 4 −0.000 232 96

að3Þ 0.020 203 0.000 239 95 að12Þ 0.000 006 120 5 0.000 114 94

að4Þ −0.016 765 −0.032 776 að13Þ −0.000 003 780 3 −0.000 050 596

að5Þ −0.013 578 −0.007 994 1 að14Þ 0.000 001 800 1 0.000 020 652

að6Þ −0.000 043 204 0.010 844 að15Þ −0.000 000 774 07 −0.000 007 942 8

að7Þ 0.000 919 88 0.004 912 3 að16Þ � � � 0.000 002 898 6

að8Þ −0.000 412 05 −0.002 214 4 að17Þ � � � −0.000 001 007 5
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factors of the neutron were obtained from fits to electron-

nucleus (mainly deuterium and 3He) scattering data. The

following parametrizations are used for the electric form

factor G
p
E and magnetic form factor G

p
M of the proton

G
p
Eðq2Þ ¼

1þ aEpτ

1þ bEp;1τ þ bEp;2τ
2 þ bEp;3τ

3
; ðB1Þ

G
p
Mðq2Þ
μp

¼ 1þ aMp τ

1þ bMp;1τ þ bMp;2τ
2 þ bMp;3τ

3
; ðB2Þ

where τ ¼ q2=ð4m2
pÞ and the magnetic moment of the

proton is μp ≃ 2.793. An analogous parametrization is used

for the magnetic form factor of the neutron

Gn
Mðq2Þ
μn

¼ 1þ aMn τ

1þ bMn;1τ þ bMn;2τ
2 þ bMn;3τ

3
; ðB3Þ

where τ ¼ q2=ð4m2
nÞ and the magnetic moment of the

neutron is μn ≃ −1.913. The a and b parameters are

collected in Table IV.

Finally, the electric form factor of the neutron is para-

metrized in the following way

Gn
Eðq2Þ ¼

Aτ

1þ Bτ
GDðq2Þ; ðB4Þ

where A ¼ 1.68, B ¼ 3.63, and the standard dipole form

factor is GDðq2Þ¼ ð1þq2=m2
VÞ−2, with m2

V ¼ 0.71 GeV2.

Figure 10 shows the electric (red) and magnetic (orange)

form factors of the proton and neutron (B1)–(B4). For

comparison, the standard dipole form factors used in [2,18]

are shown with the dashed lines. We see that the different

sets of form factors do not differ appreciably at low

momentum transfer. To estimate form factor uncertainties

we computed the incoherent trident cross sections also with

the standard dipole form factors and found few %

differences with respect to the calculation using the form

factors in (B1)–(B4). In view of the other uncertainties from

nuclear modeling discussed in Sec. II A, this difference is

insignificant.

APPENDIX C: BOREXINO BOUND ON THE

Lμ −Lτ GAUGE BOSON

In this Appendix we detail our treatment of the Borexino

constraint shown in Fig. 8. The Borexino experiment

measures the rate of low energy solar neutrinos that scatter

elastically on electrons [47,49]. The most precise meas-

urement is obtained for 7Be neutrinos which have an energy

of Eν ¼ 862 keV. The good agreement of the measured

scattering rate with the expectations from the Standard

Model allows one to put bounds on nonstandard contri-

butions to the neutrino-electron scattering cross section.

TABLE IV. Parameters for the electric and magnetic form

factors of the proton and neutron from [20], see Eqs. (B1)–(B3).

Proton Neutron Proton

aM 1.09 8.28 aE −0.19

bM
1

12.31 21.3 bE
1

11.12

bM
2

25.57 77 bE
2

15.16

bM
3

30.61 238 bE
3

21.25
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FIG. 10. Electric (red) and magnetic (orange) form factors of the proton and neutron from [20]. For comparison, simple dipole form

factors are shown with the dashed lines (in this case, the electric form factor of the neutron vanishes).
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The neutrino scattering rate at Borexino is proportional

to the neutrino-electron scattering cross section of the three

neutrino flavors, weighted by their respective fluxes at the

earth. For 7Be solar neutrinos, the flux ratios at the earth are

approximately

ϕνe
∶ϕνμ

∶ϕντ
≃ 54%∶20%∶26%; ðC1Þ

where we used the expressions from [62] and the latest

neutrino mixing parameters from [63]. The differential

scattering cross sections can be written as [64]

d

dy
σðνie → νieÞSM

¼ G2
FmeEν

8π

�

ðgViiee − gAiieeÞ2 þ ðgViiee þ gAiieeÞ2ð1 − yÞ2

− ððgViieeÞ2 − ðgAiieeÞ2Þ
me

Eν

y

�

; ðC2Þ

where y is the electron recoil energy ER normalized to the

energy of the incoming neutrino Eν, y ¼ ER

Eν
, and the

relevant couplings are given in the SM by (cf. Table I)

gVeeee¼1þ4sin2θW , gAeeee¼−1, gVμμee ¼ gVττee ¼ −1þ
4 sin2 θW , and g

A
μμee ¼ gAττee ¼ 1. Integrating over y between

the minimal recoil energy considered at Borexino ymin ≃

0.22 [49] and the maximal value allowed by kinematics

ymax ¼ 2Eν

2Eνþme
≃ 0.77 we find

σðνee → νeeÞSM∶σðνμe → νμeÞSM∶σðντe → ντeÞSM
≃ 4.7∶1∶1: ðC3Þ

The Lμ − Lτ gauge boson can contribute to the νμe → νμe

and ντe → ντe scattering processes at the 1-loop level,

through kinetic mixing between the Z0 and the SM photon.

The kinetic mixing becomes relevant if the momentum

transfer is small compared to the muon and tau masses, as is

the case in the low energy neutrino scattering at Borexino.

We find that the Z0 contributions can be easily incorporated
by making the following replacements in Eq. (C2)

gVμμee → gVμμee −
e2ðg0Þ2
6π2

log

�

m2
τ

m2
μ

�

v2

m2

Z0 þ 2meyEν

; ðC4Þ

gVττee → gVττee þ
e2ðg0Þ2
6π2

log

�

m2
τ

m2
μ

�

v2

m2

Z0 þ 2meyEν

: ðC5Þ

Contributions to the νee → νee process arise first at 2-loop

and require Z0 mixing with the SM Z boson. They are

therefore negligible. Note that the Z0 contributions to the

muon-neutrino and tau-neutrino scattering differ by a

relative minus sign. The new physics interferes construc-

tively in νμe → νμe and destructively in ντe → ντe, result-

ing in a partial cancellation of the new physics effect.

The change in the neutrino scattering rate at Borexino

due to the presence of the Z0 can be determined as

σBorexino

σSMBorexino
¼

σðνee → νeeÞϕνe
þ σðνμe → νμeÞϕνμ

þ σðντe → ντeÞϕντ

σðνee → νeeÞSMϕνe
þ σðνμe → νμeÞSMϕνμ

þ σðντe → ντeÞSMϕντ

: ðC6Þ

Standard Model predictions for the scattering rate depend

on the solar model, in particular on the assumed metallicity

of the sun. Combining the predictions from [65] with the

Borexino measurement in [49], we find the following range

of allowed values for the scattering rate at the 2σ level:

0.88 < σBorexino=σ
SM
Borexino < 1.24. This leads to the bound

on the Z0 parameter space shown in Fig. 8.
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