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Abstract The neutrino trident scattering process in neutrino-

tungsten interactions at the LHC energy regime is inves-

tigated, and the cross-sections for different leptonic final

states in coherent and incoherent interactions are estimated.

Furthermore, the associated number of events at FASERν2

detector is estimated considering different predictions for the

flux of incident neutrinos on the detector, based on distinct

hadronic models for the particle production in pp collisions

at ultra-forward rapidities. Our results indicate that the obser-

vation of the neutrino trident process is, in principle, feasible

at the Forward Physics Facility.

1 Introduction

The recent detection of neutrinos by the SND@LHC [1] and

FASERν [2,3] experiments has started the far-forward neu-

trino physics program at the Large Hadron Collider (LHC),

which is expected to be boosted during the high luminosity

LHC (HL-LHC) era with the experiments to be installed in

the Forward Physics Facility (FPF) [4,5]. The basic idea is

that a large number of neutrinos originate through the decay

of hadrons produced at forward rapidities in high energy pp

collisions and, consequently, LHC provides an intense and

strongly collimated beam of high-energy neutrinos that can

be used to study neutrino-hadron interactions in a detector

centered around the beam–collision axis, as e.g. FASERν,

FASERν2 and FLArE, or off axis as e.g. SND@LHC. In

recent years, several studies have explored the possibility

of probing Standard Model (SM) predictions, constrain the

neutrino-nucleon cross-sections in an explored energy range
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and searching for signals of New Physics using the forthcom-

ing results from neutrino-hadron interactions at the FPF (For

a review see, e.g., Ref. [4]), strongly motivated by the huge

integrated luminosity predicted for the HL-LHC run of L = 3

ab−1. Such luminosity is expected to allow us to investigate

rare processes, characterized by tiny cross-sections, whose

predictions have not yet tested experimentally, or that current

data is still scarce.

In this paper, we will investigate the neutrino trident pro-

duction, which is a weak process characterized by the pro-

duction of a pair of charged leptons through the neutrino

scattering in the Coulombian field of a heavy nucleus. Such

process can be mediated by a W ± or a Z0 boson exchange, as

represented in Fig. 1, and as the mass of these gauge boson is

much larger than the relevant momentum transfer, the cross-

section can be accurately estimated assuming a four lepton

contact interaction. For a pair of muons in the final state, the

CHARM-II [6] and CCFR [7] experiments have claimed the

observation of the trident processνµ → νµµ+µ−, with the

results in agreement with the SM predictions. The NuTeV

experiment [8] also searched for this process, but only was

able to establish an upper limit. However, measurements

for other incident neutrinos and/or final states have not yet

obtained. In recent years, several theoretical studies have

been carried out, showing the feasibility of observing the

trident process in experiments such as DUNE [9], IceCube

[10,11] and near detectors [12]. Our goal in this study is

to provide, for the first time, the predictions for the trident

cross-sections at the LHC energies and the event rates at the

FASERν2 detector for a variety of neutrino and antineutrino-

induced trident processes. As we will demonstrate below, our

results indicate that a future experimental analysis of neutrino

trident process at the FPF is, in principle, feasible.
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2 Trident process at the LHC

In what follows, we will present our results for trident produc-

tion induced by electronic and muonic (anti)neutrinos, con-

sidering the neutrino-tungsten interaction in the kinematical

regime that will be covered by FASERν2 detector, which is a

detector based on the emulsion technology, with a transverse

size of 40 cm × 40 cm and total tungsten mass of 20 tons,

centered around the beam-collision LHC axis. In our analy-

sis, we will estimate the cross-section using the four lepton

contact interaction theory, as described e.g. in Refs. [9,12],

and taken into account of contribution of coherent and inco-

herent elastic scatterings, where the leptonic system scatters

on the full nucleus or with the individual nucleons inside the

nucleus, respectively. In particular, we will present separately

the incoherent predictions for the interaction with a proton

and with a neutron. It is important to emphasize that these

two contributions are characterized by distinct final states:

while in a coherent scattering the nucleus remains intact, in

the incoherent one, it is expected to breakup, generating a

hadronic activity in addition to the leptonic system, which is

associated with the fragments of the nucleus. Such distinct

topology can be used, in principle, to separate the coherent

and incoherent events. As in Ref. [9], the results will be calcu-

lated considering the full 2 → 4 scattering process, without

assume the validity of the equivalent photon approximation.

Initially, in Fig. 2, we present the cross-sections for

neutrino-induced trident processes, derived using the formal-

ism described in detail in Refs. [9,12] that was implemented

in the Monte Carlo event generator proposed in Ref. [9] to

estimate the trident events at DUNE. In our analysis, we have

adapted this event generator for a tungsten target. In partic-

ular, the form factor used in our calculations is given by the

Fourier transform of the Woods-Saxon nuclear charge distri-

bution [13], with the parametrization provided in [14]. We

will present predictions for σνl A, but we also have estimated

the cross-sections for an incident antineutrino and obtained

similar results. The predictions in Fig. 2 are for the coher-

ent scattering (left) and for the incoherent interaction with a

proton (middle) and with a neutron (right). Black, red, and

blue lines represent final states with two muons, muon plus

electron, and two electrons, respectively. One has that the

νµ → νeµ
−e+ process has the largest cross-section over the

energy range considered. In contrast, the νe → νeµ
+µ−

process has the smallest cross-section. It is important to

emphasize that the cross-section of the νµ → νµµ+µ− pro-

cess receives the contribution of both diagrams presented in

Fig. 1, which implies a destructive interference that reduces

the magnitude of the cross-section. Our results also indi-

cate that the coherent scattering dominates, which is directly

associated with the Z2 factor present in the cross-section.

Moreover, one has that the cross-section for the incoherent

scattering with a proton is one order of magnitude larger than

for a neutron target, which is smaller since it is electrically

neutral. These conclusions are in agreement with those pre-

sented in Ref. [9] for smaller neutrino energies.

In order to quantify the contribution of coherent and inco-

herent scatterings for a given final state, in Fig. 3 we show

the energy dependence of the ratio between these contribu-

tions to the total cross-section, which is the sum of both

processes, considering νµ
187W (left) and νe

187W interac-

tions. In agreement with the results presented in Fig. 2, the

coherent process dominates for all channels in the energy

range considered. The incoherent contribution is more sig-

nificant for the production of a pair of muons than for the

production of a e+e− system, which is associated with the

Fig. 1 Feynman diagrams for the neutrino trident scattering off a nucleus target associated with a W ± (left) and Z0 (right) exchange. The lepton

flavors l and k can be equal or different. For a W ± exchange, the charged lepton pair can be constituted by different flavors
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Fig. 2 Cross-sections for the trident processes as a function of the

incident neutrino energy. We consider interactions of muonic (solid)

and electronic (dashed) neutrinos originating muon pair (black) muon

plus electron (red) and electron pair (blue). Our results are for coherent

scattering with the full nucleus (left panel) and for incoherent scatter-

ing with a proton (middle panel) and a neutron (right panel) inside the

nucleus

Fig. 3 Ratio between coherent (solid) and incoherent (dashed) contributions to the total cross-section for trident events induced by muonic (left)

and electronic (right) neutrino, considering a tungsten target

fact that a larger value of the photon virtuality is needed in

order to produce a muon pair. In this case, the probability of

probing the internal structure of the nucleus is larger, which

implies a larger cross-section for the incoherent interaction.

It also explains why the production of muon plus electron has

an intermediate contribution from the incoherent case com-

pared to the cases mentioned before. Our results indicate that

the contribution of incoherent processes is smaller than 10%

in the LHC energy range.

The cross-section is one of the main ingredients for esti-

mating the number of trident of events in a given detector.

Another important ingredient is the flux of incident neutrinos.

In our analysis, we will consider the neutrino flux incident

on the FASERν2 estimated in Ref. [15] considering distinct

modeling for the hadron production at large pseudorapidities

in pp collisions at the LHC energy, implemented in differ-

ent Monte Carlo generators. As demonstrated in Ref. [15],

the main contributions for the neutrino fluxes comes from

the decay of light mesons (pions and kaons) and from the

decay of charmed hadrons. In order to quantify the uncer-

tainty in our predictions, we will estimate the neutrino flux

associated with the decay of light mesons using the follow-

ing MC generators: EPOS-LHC [16], DPMJET 3.2019.1

[17,18], QGSJET II-04 [19], SIBYLL 2.3d [20,21]

and Pythia 8.2 [22,23]. On the other hand, the neutrino

flux coming from charmed hadrons will be estimated using

the results derived in Refs. [24–26] (denoted BDGJKR), [27]

(denoted BKRS), [28] (denoted BKSS kT ), [29] (denoted MS

kT ) and [30,31] (denoted SIBYLL 2.3d). In particular, we

will use the same generator combinations for the total neu-

trino flux considered in Ref. [15].

The number of neutrino-induced events at the FASERν2

detector is given by the product of the time-integrated neu-

trino flux with the neutrino interaction probability, which

is defined by σν AρL/m A, where σν A is the neutrino-nucleus

cross-section, ρ the density of the target material (19.3 g/cm3

for tungsten), L the length of the detector (6.6 m) and m A the

mass of the target nucleus. In Fig. 4 we present our results for
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Fig. 4 Number of trident events per bin expected in the FASERν2

detector, induced by muonic (top) and electronic (bottom) neutrinos,

derived assuming the expected luminosity for the HL-LHC of 3 ab−1.

Our results are for different leptons in the final state: muon pair (left),

muon plus electron (middle) and electron pair (right). The uncertainty

band was constructed considering different Monte Carlo generators for

the incident neutrino flux

Fig. 5 Total number of trident events in the FASERν2 detector characterized by a given final state, estimated considering different MC generators

for the incident neutrino flux. Results for a muon pair (left panel), a muon plus electron (middle panel) and an electron pair (right panel)

the number of trident events per bin expected in the FASERν2

detector during the high luminosity LHC regime for events

induced by νµ (top) and νe (bottom). We consider three lep-

tonic final states: muon pair (left), muon plus electron (mid-

dle), and electron pair (right). Furthermore, we present sep-

arately the coherent and incoherent scattering contributions.

The uncertainty band was constructed with the different MC

generators mentioned previously, limiting the maximum and

minimum values with the largest and smallest predictions

for the neutrino flux. We predict a larger number of trident

events induced by muonic neutrinos, with the production of

charged leptons of different flavors being dominant. One has

that the uncertainty bands increase appreciably for events

with Eν � 103 GeV. Moreover, the uncertainty at high ener-

gies is larger for trident processes induced by electronic neu-

trinos, since it receive a greater contribution from the decay

of charmed hadrons, whose predictions from the different

production models still are largely distinct (See, e.g. Ref.

[15]). As expected from the analysis of the cross-sections,

our results also indicate that coherent interactions dominate

the number of events, about an order of magnitude above the

incoherent contribution.

Finally, in Fig. 5 we present our results for the expected

number of trident events in the FASERν2 detector character-

ized by a given final state, independently of the flavor of the

incident (anti)neutrino. We have summed the coherent and

incoherent cross-sections, as well as the contributions asso-

ciated with the neutrino and antineutrino-tungsten interac-
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Table 1 Total number of trident events in the FASERν2 detector per

topology during the high luminosity era of the LHC, estimated consid-

ering different MC generators for the incident neutrino flux

µ+ + µ− µ± + e∓ e+ + e−

Pythia + MS kT 37.0 134.2 36.1

DPMJET + BKRS 34.6 126.5 36.1

EPOS-LHC + BKSS kT 55.0 209.0 70.5

QGSJET + BDGJKR 34.4 124.0 29.6

SIBYLL 33.0 116.5 29.1

tions. Our results are presented for a muon pair (left panel), a

muon plus electron (middle panel) and an electron pair (right

panel) considering different MC generators for the incident

(anti)neutrino flux. One has that the number of events per bin

for Eν ≈ 103 GeV is larger than 3 for a pair of leptons of the

same flavor, and larger than 10 for a muon plus electron final

state. In Table 1 we present the total number of events per

lepton final state. Our results indicate values between 33–55,

116–209 and 29–70 for final states of muon pair, muon plus

electron and electron pair, respectively. Such results indicate

that the observation of the trident process is, in principle,

feasible in the FASERν2 detector.

3 Summary

In this paper, we have performed an exploratory study of the

trident process in LHC energy regime. We estimate the total

cross-sections considering the production of different lep-

ton final states. Moreover, we have calculated the expected

number of events for the high luminosity LHC regime, using

different Monte Carlo generators to estimate the incident neu-

trino flux. We have demonstrated that, in principle, this rare

process can be observed in the FASERν2 detector, which

will allow us to test the SM predictions as well as searching

for the contribution of new gauge bosons predicted in some

scenarios for beyond the standard model physics. The results

presented here strongly motivate a more detailed analysis in

terms of angular and energetic distributions of the charged

leptons present in the final state, as well as the analysis of

potential backgrounds. We plan to perform these studies in

future publications.

Note added. After our work had been submitted to arXiv,

the preprint [32] appeared, which also discusses the neutrino

trident processes at the LHC. This work agrees with our pre-

dictions for the number of events at the FASERν2 detector.

Moreover, the analysis of the backgrounds performed in that

reference, confirms our conclusion that a future observation

of the trident process is feasible, and that the FASERν2 will

be able to discover this rare process.
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