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Neutrino trident production of dilepton pairs is well recognized as a sensitive probe of both electroweak
physics and physics beyond the Standard Model. Although a rare process, it could be significantly boosted
by such new physics, and it also allows the electroweak theory to be tested in a new regime. We
demonstrate that the forward neutrino physics program at the Large Hadron Collider offers a promising
opportunity to measure for the first time, dimuon neutrino tridents with a statistical significance exceeding
5o, improving on the previous claims at the ~3¢ level by the CHARM-II and CCFR collaborations
while accounting for additional backgrounds later identified by the NuTeV collaboration. We present
predictions for various proposed experiments and outline a specific experimental strategy to identify the
signal and mitigate backgrounds, based on “reverse tracking” dimuon pairs in the FASERv2 detector. We
also discuss prospects for constraining beyond Standard Model contributions to neutrino trident rates at

high energies.
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I. INTRODUCTION

The success of the Standard Model (SM) has been firmly
established in particle physics over the last half century via
numerous observations of new elementary processes.
Intriguingly, several such pivotal studies concern neutrino
interactions. These have long provided essential consis-
tency tests of the SM, and also the first evidence of new
physics beyond the Standard Model (BSM), namely
neutrino mass, which motivates further attempts to measure
very rare events involving neutrinos.
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A good example of such a process is “neutrino trident
scattering” off a nucleus, vN — = ¢+ N, where £ and
¢") are charged leptons of the same or different flavor, and
lepton number is conserved taking into account the incident
and outgoing neutrinos, v and ) [1-18]. It is an attractive
test of the electroweak theory as it is affected by both
Z- and W-mediated contributions, depending on the final
state. It has also been recognized as a sensitive probe of
BSM physics [11,19].

Measuring neutrino tridents is however difficult. To date,
only a few experiments have reported results and only
for events with a dimuon pair in the final state,
vN = vutpu~N. The CHARM-II [20] collaboration used
a glass target to study interactions of neutrinos with
energies of order E, ~ 20 GeV, while subsequent mea-
surements in CCFR [21] and NuTeV [22] detectors
employed an iron target and more energetic neutrinos with
E, ~ 160 GeV. The first two experiments found evidence
for such interactions at only the ~3¢ level, while for the
third, new backgrounds that had been previously over-
looked have come to light. Thus, presently, no conclusive
signal of trident events can be claimed. This has motivated
new proposals to measure neutrino tridents at forthcoming
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experiments—using both accelerators and neutrino tele-
scopes [11-15,17,18,23]. In particular, future measure-
ments at DUNE could detect the dimuon trident signal
with significance between 2 and 4o [15].

We propose to perform the first such measurement at
TeV energies by utilizing the neutrinos produced in the very
forward kinematic region at the collision points of the
Large Hadron Collider (LHC). This provides a naturally
well-collimated flux of neutrinos whose interactions can be
studied in compact, well-instrumented detectors with high-
Z nuclear target material. Both these characteristics and the
increased energy with respect to past searches allow
maximization of the neutrino trident scattering rates and
benefit from improved background rejection.1 Importantly,
the measurement at the LHC will not be dominated by a
resonance or on-shell W-boson production, which is
relevant at even higher energies [17,18,24-26]. This allows
for probing interference between charged current (CC) and
neutral current (NC) contributions in the SM, as well as
studying potential BSM effects.

These advantages situate the LHC, equipped with a
dedicated forward neutrino detector, as an ideal facility for
neutrino trident measurements in the near future. We show
that even a modest ~10 ton detector sensitive to forward
neutrinos will detect tens of dimuon trident events during
the High-Luminosity LHC (HL-LHC) era. This would
extend the existing LHC neutrino physics program of
the FASER/FASERv [27-29] and SND@LHC [30,31]
detectors. We present predictions for y*pu~ and other
dilepton final states, including the rare ditau production,
and discuss specific prospects for the proposed Forward
Physics Facility (FPF) [32,33].

This paper is organized as follows. Neutrino trident
interactions are introduced in Sec. II, and possibilities for
detecting them at the LHC are discussed in Sec. III, along
with the expected numbers of signal events at various
existing and proposed detectors. Then, the remainder of this
paper focuses on a single detector, FASERw22. Section IV
details the expected signal, and Sec. V discusses the
background and discovery prospects for trident events.
Section VI discusses how these observations can be used to
constrain muonic four-Fermi interactions. Our conclusions
are presented in Sec. VII and further details about the form
factors used in computing the trident signal cross sections
are given in the Appendix.

II. NEUTRINO TRIDENTS

Neutrino trident interaction is the process in which a
charged lepton pair is produced through neutrino scattering
in a nuclear electric field. Both CC and NC interactions can

'The trident cross sections are computed using a modified
version of the code [15], which is publicly available at https:/
github.com/makelat/forward-nu-flux-fit, together with the soft-
ware developed for the present study.
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FIG. 1. [Illustrative Feynman diagrams for trident production of
a dimuon pair in interactions of incident muon neutrinos (see
Fig. 5 of Ref. [17] for all five diagrams). Both neutral and charged
current contributions in the SM are shown; the former can have
new physics contributions from e.g. the exchange of a Z’ boson.

be relevant for the process depending on the charged-lepton
final state. The left panel of Fig. 1 shows typical Feynman
diagrams for dimuon production. Although the cross section
is suppressed in the SM (compared to, e.g., e*u produc-
tion) due to destructive interference between the dominant
W- and subdominant Z-mediated contributions [10], it
remains the most relevant experimentally, given the ease
of identifying and measuring both outgoing muons. The
relevant interaction rate can also increase if there is a light
BSM vector mediator Z' with m, < my [11,19], as is also
indicated.

The neutrino trident cross section can be estimated using
the equivalent photon approximation [34,35], in which the
subprocess of the neutrino interaction with a real photon is
first calculated and then convolved with the virtual photon
distribution in the nuclear electric field [10-12]. However,
in the most general case, this was found to introduce
sizeable uncertainties that can only be reduced with a full
calculation of the 2 — 4 scattering process [14,15,17,18].
In the following, we employ the detailed calculation
of Ref. [15].

The dominant trident production mode in neutrino
interactions with a nucleus is coherent scattering in which
the nucleus stays intact. The corresponding cross section is
thus Z2-enhanced, where Z is the atomic number of the
nucleus. We refer to Appendix for the discussion of nuclear
form factor parameterizations used in our study. The
coherent scattering cross section calculation suffers from
small theoretical uncertainties from modeling these form
factors, as well as higher-order QED effects, and ambiguity
in the weak mixing angle predictions. However, these
uncertainties are estimated to be only a few percent, so
will not affect our conclusions [15].

Additionally, we include diffractive contributions from
scattering off individual nucleons. The production rate is
now only Z-enhanced and dominated by scattering off
protons. Depending on the target material and the charged-
lepton-pair final state, this typically contributes no more
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than a few % to the total signal for the heavy target nuclei
of our interest. Only in some cases do diffractive scatte-
rings become more important and contribute up to about
20%—-30% of the total cross section. This effect is strength-
ened for nuclear targets with a smaller Z and for heavier
final-state charged leptons. The production of tau leptons,
especially, requires a larger momentum exchange that
favors more substantial diffractive contributions. However,
although we report the corresponding signal rates below, we
stress that processes involving tau leptons in the final state are
phase-space suppressed with respect to other neutrino trident
production modes and thus remain challenging to probe
experimentally.

In modeling diffractive trident production, we introduce
additional cuts on the energy of the final-state protons to
ensure that they remain below the detection threshold in the
detectors of interest. Consequently, such contributions are
suppressed further, and diffractive processes contribute no
more than ~10% of the coherentlike signal that we focus on.
Diffractive trident production may be even more strongly
suppressed if energy dissipation due to final state inter-
actions (FSI) of the proton inside the nucleus is considered.
We do not model neutrino trident production in deep
inelastic scattering (DIS), as this has substantial back-
grounds in the experiments discussed below. We also do
not consider final-state radiation from the final-state charged
leptons, which is not important for £, <1 TeV [36]. We
conclude that the signal of our interest is mainly associated
with coherent neutrino scattering, with only a modest
diffractive contribution. The uncertainties in estimating
the latter thus play little role in our analysis.

III. NEUTRINO TRIDENTS AT THE LHC

Besides its main physics goals, the LHC is also a neutrino
factory with most of the high-energy neutrinos produced in
the very forward kinematic region [37—42]. This observation
has led to a dedicated neutrino physics program in the Run 3
data-taking period, and the first observations of neutrino
interactions at the LHC have recently been reported [43—46].
The FASER and SND@LHC experiments are foreseen to
continue taking data beyond the current period and poten-
tially expand their scope. In addition, a significant extension
of this program has been proposed for the future HL-LHC
era, in which the FPF would host several experiments
targeting neutrino and QCD physics with implications for
astroparticle and BSM searches [32,33,47]. Importantly, the
LHC neutrino physics program supports and complements
the astroparticle high- and ultrahigh energy neutrino pro-
gram [48].

The proposed neutrino trident measurement at the LHC
is thus well-grounded in the ongoing and proposed exper-
imental efforts. The forward neutrino spectrum at the LHC
peaks at several hundred GeV [49,50]. At these energies,
the predicted SM neutrino trident cross section corresponds
to O0(0.01%) of the total neutrino deep-inelastic scattering

(DIS) cross section [15,17], resulting in tens of expected
events for a O(10 ton) detector operating in the HL-LHC
era. While neutrinos of any flavor can produce neutrino
tridents, the dominant contribution comes from muon
neutrinos v, and antineutrinos o, since their flux is the
largest.

Notably, the incident neutrino flux is subject to uncer-
tainties that currently range from tens of percent to even an
order of magnitude, depending on the neutrino flavor and
energy. The main uncertainty is the modeling of forward
parent hadron spectra produced in pp collisions at the
LHC. However, these uncertainties can in principle be
reduced to even subpercent level thanks to neutrino DIS
data to be gathered during the current Run 3 and future HL-
LHC era [51]. The predicted rate of the neutrino trident
process will then also be known with significantly higher
precision.

Figure 2, left panel shows our predicted neutrino trident
interaction spectra for the dimuon final state. These apply
to the proposed FASERz2 experiment near the ATLAS
interaction point and are obtained using different available
predictions for the spectra of light mesons (i.e., pions and
kaons) and charmed hadrons. We model them separately, as
indicated by two names in the labels in the plot, before and
after the ampersand (&) sign, for light and charmed
hadrons, respectively. The generation of light mesons is
simulated using EPOS-LHC [52], QGSJET II-04 [53], or
SIBYLL 2.3d [54-57] generators as implemented in the
CRMC package [58]. To describe charm hadron production,
we utilize the predictions using SIBYLL, but also pertur-
bative calculations referred to as BKRS [59], BKSS ky [60]
and BDGJKR [61-63]—see also Ref. [51] for a summary
and further references. Given the parent hadron spectra, the
neutrino fluxes are obtained via the fast neutrino flux
simulation, which models the propagation of hadrons
through the LHC beam pipe and magnetic fields, and their
decay into neutrinos [49].

The neutrino trident dimuon production rates range from
27 expected coherent events for the SIBYLL + SIBYLL
case, to 50 such events predicted with the EPOSLHC +
BKSS hadron spectra. These numbers correspond to 3 ab™!
of integrated luminosity in pp collisions at the HL-LHC
era. The difference between the predictions is mainly
associated with the high-energy part of the muon (anti)
neutrino spectrum, which is affected by their production in
charmed hadron decays. We employ an intermediate
EPOSLHC + BKRS prediction as a baseline for further
study. After adding both the coherent and diffractive
contributions, it predicts 40 y"u~ trident events in
FASERw2. In the right panel of Fig. 2, we also present
relative contributions of the incident electron, muon, and
tau (anti)neutrinos to the expected dimuon neutrino trident
signal rate.

In Table 1 we provide the estimated event rates for
various ongoing and proposed experiments. As can be seen,
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FIG. 2. Left: the sum of trident dimuon signal events originating from all neutrino and antineutrino flavors is shown, using various
neutrino flux predictions described in the text. Right: the individual contributions of electron, muon, and tau neutrinos and antineutrinos
to the signal, using the EPOSLHC&BKRS neutrino flux prediction.

the ongoing neutrino measurements in FASERv and
SND@LHC are not expected to have sensitivity to measure
neutrino trident production during LHC Run 3. However,
the proposed future experiments at the FPF [33] and
beyond would be able to detect a few tens of such events
and study them for different target materials. These include
the FASER12 emulsion detector which we discuss in
greater detail in Secs. IV and V. The Table includes other
proposed detectors such as the liquid argon (LAr) time-
projection chamber experiment FLArE [64], the successor
of the SND@LHC experiment dubbed Advanced
SND@LHC, and a NuTeV-like O(100ton) detector in
the forward region of the LHC [65]. For the last case,
we assume a detector of size 3 m x 3 m x 4 m, with either
iron or lead target material. Table I contains additional
information on the target mass and nucleus for all the
experiments, in particular if the detector is positioned on or
off the proton beam axis. This is important as the highest
energy neutrinos are collimated along the beam axis, hence
detectors placed off-axis lose sensitivity.

In order to facilitate comparison between different detec-
tors, we additionally provide in Table I the inverse inter-
action length for the dimuon coherent trident production
process for an incident muon neutrinowith £, = 1 TeV. We
denote this by Lii ey, = (Pr/m1) X 6,,,,, Where pr and
mr are the target density and the target nucleus mass,
respectively, and o,_,,, is the cross section for the afore-
mentioned process at 1 TeV. The larger the inverse inter-
action length, the larger interaction probability, as

Pine = Laet X Ligt oy, 00 Where Lyg is the detector length.

Most straightforward is the comparison between the NuTe V-
like iron and lead detectors, which differ only in the target
material. The inverse interaction length of Pb is about a
factor of two larger than that of Fe, which translates into a
similar difference in the reported number of y™u~ events.
Note that the event numbers in the table have been obtained
after convoluting with the full neutrino spectrum.

The tungsten (W) target material is characterized by a

larger value of Li! 1.y, . than lead (Pb). This difference,

and also the different geometry, partially compensate for
the expected a priori larger difference between a 135-ton
NuTeV-like Pb detector and 20-ton tungsten FASERu2.
The latter (geometry) effect is due to an increased tungsten
density and a different shape of the proposed detector,
which is more focused around the beam collision axis with
a transverse size of only 40 cm x 40 cm. Consequently,
FASERw2 captures most of the high-energy neutrino flux,
and the more extensive transverse size of the NuTeV-like
detector adds less than anticipated based on its size alone.
Therefore, the expected number of dimuon trident events is
similar for both detectors. The effect of the neutrino flux
collimation can also be seen when FLATE and FLArE-100
predictions are compared; even though the latter has an
order of magnitude larger target mass, the event rate is not
proportionally enhanced due to the increased transverse
size of FLATE-100. For this reason and the difference in

Li_n:,TeVu—mp between LAr and tungsten, even the 100-ton

FLATE detector has a lower expected dimuon trident event
rate than FASERz2.
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TABLE I. The expected number of neutrino trident events in both the neutrino detectors active during current LHC Run 3, as well as
detectors proposed for the future HL-LHC era. The numbers increase with target atomic mass number, inverse interaction length
L;,:,Tew_) 4> and total detector mass, with most interactions occurring along the line of sight from the LHC beam axis. For completeness,
projections are shown for all charged lepton final states. For the  u~ final state, an alternative calculation is also performed, in which a

fraction f; = 0.5 of neutrino parent pions are translated into kaons, motivated by the enhanced strangeness scenario discussed in Ref. [66].

Mass  Target On(Off)- Li_n:,TeVy—mﬂ
Name [tons] nucleus Axis x10'7 [em™!] Neutrino tridents, vN — vN'¢T¢~
Wiu pHr g5 etem  wtr etuT etrT o optlT
Run 3 (150 tb~1)

FASERv 1.1 w On 252 0.22 0.54 0.24 0.0029 0.83 0.035 0.060
SND@LHC 0.83 \%% Off 252 0.024 0.06 0.03 0.0002 0.10 0.004 0.004
HL-LHC (3 ab™!)

FASER12 20 w On 252 40 97 44 0.51 150 6.3 10
AdvSND@LHC (Far) 5 w Off 252 2.2 53 2.7 0.02 9.0 0.3 0.4
FLArE 10 LAr On 8.56 4.5 11 4.5 0.07 16 0.7 1.2
FLATE-100 100 LAr On 8.56 26 63 27 0.37 91 4.1 6.8
NuTeV-like (Fe) 95 Fe On 65.4 21 52 22 0.29 76 3.4 5.5
NuTeV-like (Pb) 135 Pb On 154 48 116 57 0.45 190 7.0 10

If any non-standard effects change the incident neutrino
spectrum, they will also affect the predicted dimuon trident
production rate. In particular, it has been proposed [66] that
a significantly enhanced strangeness production at large
rapidities in pp collisions could explain the persistent
cosmic-ray muon puzzle [67] while respecting constraints
from measurements at lower energies and in central LHC
detectors. The corresponding predicted change in the
neutrino spectra will substantially increase the number of
expected neutrino trident events. We provide the corre-
sponding expectations in Table I denoted by the label
fs =0.5, where f describes the pion to kaon swapping
probability. See Refs. [51,66] for further discussion regard-
ing the impact on the forward LHC data.

We also show in Table I the predicted trident event rates
for dielectron, ditau, and mixed final states with two
charged leptons of a different flavor. As can be seen, the
predicted number of e*uT production events is the largest
being of order O(100) for the FASERz2 and the NuTeV-
like detectors. The relevant production process in this case
is the dominant charged-current contribution, and there is
no destructive interference with the Z-mediated diagram.
This final state, however, is difficult to study experimen-
tally. A similar statement is valid for the interactions
producing a tau lepton(s). In this case, the aforementioned
scaling between different experiments breaks down further
due to the diffractive contribution. We find that up to O(10)
mu-tau events can be expected in the detectors considered.

IV. NEUTRINO TRIDENT SIGNAL IN FASERz2

Detecting neutrino trident events requires a dedicated
search strategy. In this section, we discuss experimental

cuts that optimise the capabilities of the FASERw2 detector
proposed for the FPF to study dimuon trident production.
We focus first on signal selection and then discuss back-
grounds in Sec. A

We consider first coherent-like neutrino trident signal
events that produce only two charged tracks in the final state,
i.e. a pair of muons. While other charged lepton pair final
states could also be detected in FASERz2, mitigating
backgrounds would be challenging in the absence of long
muon tracks. This is especially relevant for electrons or
positrons in the final state that generate electromagnetic
showers in the emulsion. The discussion below may also
apply to the interesting case of the y*z¥ final state, which
has never been observed. This is due to possible tau lepton
decays into muons with branching fraction BR(z™ —
WD) = 0.1739 [69]. The resulting event will resemble
dimuon trident production with an intermediate short
tau track, which could also be resolved for E, >
few tons of GeV thanks to the excellent spatial resolution
of the emulsion detector. However, the expected number of
events in FASERw2, cf. Table I, is not sufficient to guarantee
the detectability of such events after cuts, and a larger
detector would be needed for this purpose.3 We focus
therefore on the most promising 'y~ final state below.

%See also Ref. [68] for a recent study, which also notes that the
observation of the neutrino trident process is, in principle,
feasible at the Forward Physics Facility, but does not outline
an experimental strategy to identify signal events or study the
expected backgrounds, as we have done in detail, in order to
establish the necessary criteria for a discovery.

’See Ref. [70] concerning prospects for measuring tridents
with taus in the final state at DUNE.
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llustration of the neutrino trident production signature and the two main background processes (single pion production and

charm production) in high-energy neutrino interactions in the FASER22 detector. In the trident signal, two outgoing muons (shown in
green) leave long tracks in the emulsion in FASERwv2 and travel through the interface tracker (IF), veto station, spectrometer,
electromagnetic calorimeter, and iron block to be identified as muons. Background events contain at least one charged hadron track
(shown in red). This could be long (for pions and kaons) and typically ends with the hadronic interaction vertex in tungsten, lead, or iron
block. It could also be short and produce the second muon mimicking the trident signature. Our event analysis and background rejection
rely on reverse tracking between the IF and the emulsion. See the text for more details.

Figure 3 shows schematically the FASERv2 detector
along with the signal event signature and leading back-
grounds. This detector will employ emulsion detectors and
tungsten target material [33]. We assume that the 2 mm
thick tungsten plates are interleaved with emulsion layers
and the interaction vertices in the tungsten can be recon-
structed based on the tracks of charged particles in the
emulsion. The events in the emulsion detector are not time-
stamped, however this can be mitigated by employing the
interface tracker (IF) station placed downstream of the
detector. The muons produced in neutrino interactions in
the emulsion layers propagate to the IF station, after which
their momenta are measured in the FASER2 spectrometer,
cf. the discussion for the current FASER detector [28]. The
trident processes also have a missing energy component
due to the undetected final state neutrino.

The role of the IF station is to allow for connecting the
neutrino interaction vertex in the emulsion and the outgoing
long muon track with the muon momentum measurement
in the spectrometer. This timing information is necessary to
facilitate muon charge identification and improve the
accuracy of the muon energy measurement. To this end,
when neutrino events are studied, first, a vertex is identified
with at least five charged tracks in the final state. The long
muon track in the emulsion is matched with the IF event.

For neutrino trident events, the interaction vertex has
only two charged tracks. To facilitate signal identification,
we propose to use a novel reverse tracking strategy, i.e., the
triggering of the events will be based on the spectrometer
and IF station measurement of two time-coincident muons
and no simultaneous front veto layer activation. The latter
cut is introduced to reject muons coming from the ATLAS
interaction point. Neutrino-induced muons produced in
tungsten and detected in the spectrometer will be
reverse-matched with the tracks in the emulsion. To this

end, a sample of tracks in the emulsion that are consistent
with the candidate IF station tracks should first be identified
to reduce the combinatorial complexity of the matching.
The matched tracks will then be reverse-tracked in the
emulsion to verify if they come from the common vertex
that satisfies other cuts discussed below. Before the
interaction vertex is analyzed in FASERw2, the predicted
neutrino-induced dimuon background rate is of O(7 k), as
discussed below. This is also the expected triggering rate of
such events in the entire HL-LHC period, for which the
reverse tracking analysis would be performed. This trigger-
ing strategy greatly simplifies the search, which otherwise
would require searching for all vertices in the emulsion
with two outgoing muons and no incoming tracks.

Our predicted rates correspond to events with the two
muons in the final state properly identified, which is an
essential part of the signature. The muon identification is
based on their long tracks in the emulsion, the IF and
spectrometer matching, and the final muon ID detector. The
latter is placed downstream of the FASER2 spectrometer
and the electromagnetic calorimeter (ECAL) shown in
yellow in Fig. 3. It is additionally shielded with an iron
block to help disentangle charged pions from muons. In
Fig. 3, we also show the additional veto layer between the
emulsion detector and spectrometer. It is interleaved with a
lead plate with a thickness of more than a few radiation
lengths, as indicated by the green rectangle marked Pb. This
layer improves the rejection of events with photons or
electrons produced in the final state that could occasionally
exit the emulsion detector before showering.

The reverse tracking signature requires both muons
produced in the neutrino trident process to leave the
emulsion detector without losing all their energy while
traversing the tungsten layers. In the high-energy regime of
our interest, the dominant muon energy loss mechanisms
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are ionization, radiative bremsstrahlung, direct e™e™ pair
production, and photonuclear interactions [71]. In order to
consider this effect, we model the muon energy loss via
their mean stopping power for tungsten [69]. The longi-
tudinal position of a neutrino interaction vertex in the
emulsion detector is assumed to follow a uniform distri-
bution. This position determines the number of tungsten
layers crossed by the outgoing muons. We find that muons
with energies of E, 2 (20-30) GeV typically reach the IF
station and spectrometer. They can then be measured and
time stamped.

We note that muons with E, < few tons of GeV may be
deflected away by the strong magnetic field of the
spectrometer before going through all the tracking stations,
ECAL, and the iron block. This could affect their muon ID,
although they are still expected to leave long charged tracks
in the emulsion if they originate from well inside the
detector. However, events originating from the last few tens
of cm of the emulsion can be negatively affected by the
spectrometer magnets and this should be taken into
account, depending on the final design of the magnet.
While high-energy muons with E, 2 100 GeV will be well
measured and identified in FASER2, low-energy muons
with £, < 10 GeV are often stopped in tungsten, thereby
preventing the use of the reverse tracking strategy dis-
cussed above.

Figure 4 illustrates the impact of the muon energy-loss
cut on the outgoing muon spectra in FASER22. In the plot,
we show the energy distribution of both the final-state
muons produced in the neutrino trident production process.
As can be seen, typically, one of the outgoing muons is very
energetic, with Eﬂ of order a few hundred GeV, and the
other is softer with tens of GeV energy. The latter muon is
then primarily subject to the efficiency cut, and we show
the impact of such a cut. We find that about 50% of the
neutrino trident events in FASER22 survive the muon-
energy-loss cut and can be studied with the reverse tracking
strategy.

In order to disentangle neutrino trident dimuon produc-
tion events from the backgrounds discussed below, we
introduce further cuts on the vertex identification and the
angle between the two muons. In particular, we require that
only two charged tracks with energy above the detectability
threshold for FASER12 emerge from the vertex. This
threshold is set to 300 MeV in the following [27]. We also
reject all events in which muons are not reconstructed as
coming from a single vertex. We specifically require that the
muon production vertices cannot be separated by more than
2 mm distance, corresponding to the assumed tungsten plate
thickness. Eventually, we require the opening angle between
the two muons to be no larger than 0.1 rad. This relies on the
perfect capability to measure the angle between charged
tracks in the emulsion detector, which is expected to have
sub-mrad precision for extended tracks [27]. We find that
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FIG. 4. Energy distributions of the lower and higher energy
muons in the trident signal sample. The outlined histogram
indicates the full spectrum without consideration of muon energy
loss, while the filled regions indicate the muons expected to be
within FASER22 acceptance.

applying the above cuts suppresses the neutrino trident
signal rate only slightly, and about 93% of them survive.

We summarize below the cuts employed:

(1) Muon ID and neutral vertex We reject events
initiated by incident muons (charged vertices) or
containing energetic charged pions or kaons in the
final state.

(i) Muon-emergy-loss We apply the efficiency cut on
both muons to reach the IF station and spectrometer,
cf. Fig. 4 and the discussion above.

(iii) Multiplicity We require only two charged tracks
emerging from the neutrino interaction vertex.

(iv) Displaced vertex Both the final-state muons must
have a common vertex, i.e., their tracks should start
at most 2 mm apart from each other.

(v) Muon opening angle The angle between the two
outgoing muons should not exceed 0.1 rad.

V. BACKGROUNDS IN FASER?2

The FASER22 detector in the FPF would be very well
shielded from the ATLAS interaction point (IP), such that
only the neutrinos and muons produced there can reach the
detector. Both create backgrounds in the neutrino trident
measurement. The high-energy neutrinos dominantly origi-
nate from decays of hadrons near the IP or in the beam pipe
before the parent hadrons are deflected by LHC magnets or
hit particle absorbers. The flux of these forward neutrinos is
suppressed only at low energies, E, ~ 1 GeV, in which
case additional production modes in hadronic showers
down the beam pipe become important [49]. These,
however, do not generate background events that can
mimic the neutrino trident signal and pass the cuts.
High-energy muons are also dominantly produced near
the ATLAS IP. However, as the LHC magnets can deflect
these, additional secondary muon production modes are
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also considered when modeling their flux and spectrum,
namely proton collisions with the elements of the LHC
infrastructure down the beam pipe [33]. We employ the
results of such simulations performed by the CERN STI
group in our analysis below [72]. We now discuss how to
suppress neutrino- and muon-induced backgrounds using
the cuts above.

A. Neutrino-induced backgrounds

Backgrounds related to neutrino interactions can be
broadly categorized into two main types. In one case,
direct non-trident muon pair production occurs; this is
typically connected to an intermediate heavier hadron
decaying into the muon. Alternatively, a muon and long-
lived charged hadron (pion or kaon) can be present in the
final state, where the latter mimics a muon in the detector.

1. Prompt dimuon production (nontrident)

The majority of the background to the dimuon neutrino
trident process is due to charge current DIS (CCDIS) events
involving charmed meson production. These mesons can
decay quickly into muons, mimicking the signature of trident
events. This background is simulated using PYTHIAS [73],
following the procedure initially developed for a study
focusing on the CCDIS dimuons [74]. We estimate 4579
(1751) such interactions are originated by v, (,) within the
FASER®2?2 detector, with the muons predominantly produced
in D meson decays as shown in Fig. 5. Smaller contributions
from hyperon production and decay, as well as other
processes, are also shown as a function of the parent hadron
energy. As this background is mostly inelastic, it can be
reduced to a negligible level by the experimental cuts
proposed in Sec. IV as follows.

The displaced vertex cut removes a significant portion of
the D* and DY events, but is less effective against D
events as illustrated in Fig. 6, which shows the decay length
distribution of charmed mesons produced in muon neutrino
interactions in FASERv2. While ¢z < mm for each of these
mesons (where 7 is the lifetime), they are typically
produced with a boost factor y of O(10) in high-energy
neutrino scatterings relevant for our analysis. Therefore,
their decay length is driven to larger values above the
assumed 2 mm track reconstruction resolution indicated
with a vertical dashed line in the plot. In particular, charged
mesons can be identified based on this, as they leave tracks
in the emulsion.

Note that although the D does not leave a charged track,
its daughter muons are necessarily accompanied by another
charged track, thus violating the multiplicity cut. Figure 7
shows that the multiplicity cut is highly effective against
most DIS dimuon backgrounds. A related source of back-
ground events is v, CC scattering producing a 7+ D
meson, with the 7 decaying as v, +u + 7, This is,
however, suppressed by the low rate of v, events and
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FIG.5. Prompt dimuon backgrounds in the FASER22 detector.

The energy distribution of the parent hadrons of the 2nd muon
(i.e., not the one from the leptonic vertex in the neutrino
interaction) is shown, for each hadron type. Only production
channels that are expected to create more than one event are
included.
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FIG. 6. The decay length distribution in the background sample
obtained for a prompt dimuon production in the FASERz2
detector. The events to the right of the dashed line are excluded
by the displaced vertex cut.

reduced further by the displaced vertex and multiplicity
cuts akin to D meson production via v,-CC-DIS.

It is also possible that two or more muons are produced
in NC interactions. However, unlike the signal events, these
are not expected to have a high-energy muon inheriting
most of the neutrino momentum and accompanied by a
softer near-parallel muon produced in the Coulomb field.
Hence, such events with multiple muons originating from
hadronic decays are effectively removed by the charged
track multiplicity and muon opening angle cuts.

The effects of our proposed cuts on the DIS dimuon
background are shown in Fig. 8. We find only O(1) prompt
dimuon background events remain after cuts, while notably,
the trident signal is very mildly affected.
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FIG. 7. The multiplicity of charged tracks in the background
sample obtained for a prompt dimuon production in the
FASERwv2 detector. The dashed line illustrates that the bulk of
the background is removed, and less than 10 events remain after
restricting to exactly two charged tracks.
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FIG. 8. The effect of various cuts on the backgrounds, both
individually as well as in combination. The dashed red histogram
corresponds to the dimuon trident signal rate after the muon
energy loss is considered, i.e., only events that permit reverse
tracking of both muons are included. The solid red histogram
shows the effect of the applied cuts: to restrict the angle between
two outgoing muons to € < 0.1 rad, parent meson decay length
to d <2 mm, and the number of charged tracks N, with
momentum p > 300 MeV to exactly 2.

2. Charged current (CC) single pion production (SPP)

Muon (anti-)neutrino CC interactions producing a single
charged pion and a muon in the final state can mimic
neutrino trident events if the charged hadron is mis-
reconstructed as a muon. While most high-energy neutrino

TABLE II. Predicted single pion production background
rates in FASERv2, originating from different types of neutrino
scattering processes after the multiplicity, angular, and energy-
loss cuts are considered. The predicted total number of neutrino
scatterings is 983k for the dominant CCDIS process, 3014 for
CCRES, 1160 for CCQE, and 121.9 for COHPION. We note,
however, that the trident events will not be searched for among all
the neutrino-induced vertices in the emulsion detector. Instead,
candidate events can first be identified based on the reverse
tracking of two muons. The remaining SPP backgrounds given in
the 4th column of the Table can be rejected in the analysis based
on the muon ID detector placed downstream of the FASER2
spectrometer (Fig. 3), as discussed in the text.

SPP Number of events after cuts

Multiplicity
Process Multiplicity — and angular ~ All (w/o final x4 ID)
CCDIS 2519 1362 25.8
CCRES 148.1 1.6 0.025
COHPION 121.9 13.4 0.21
CCQE 1.8 0.3 0.004

Total 26.01147

DIS interactions produce multiple charged tracks, as dis-
cussed above, the SPP event rate is non-negligible. We
estimate these backgrounds with GENIE v3.4.2 [75-77] as
follows. The high-energy (> 100 GeV) cross section is
calculated using the CSMSI11 approach [78] as imple-
mented in the GHE19 00b comprehensive model con-
figuration obtained within the HEDIS package [79].
For lower energies (<100 GeV), we employ the
G18 10a_ 02 11b tune [80,81] (the “G18 10a” model
set embeds the best theoretical modeling elements imple-
mented in GENIE [82]).

At high energies relevant for LHC neutrinos, the most
important contribution to the SPP in v, and 7, interactions
comes from CCDIS events that, occasionally, produce only
neutral particles and soft charged tracks other than the
dominant p*z¥ pair. On top of this, CC resonant pion
production (CCRES) processes can also yield a similar
signature for lower momentum exchange with the nucleus.
This is when an outgoing nucleon is a neutron or proton
with small kinetic energy, taking into account final-state
interactions (FSI) inside the nucleus. In addition, despite
giving a subdominant contribution to the predicted neutrino
scattering rate, coherent pion production (COHPION), e.g.,
Ny, — Ny~ =", where the nucleus stays intact, also con-
tributes to SPP backgrounds after cuts. We find that the
contribution from quasi-elastic scatterings (CCQE) is quite
suppressed and does not play a substantial role in our
analysis.

Table II shows the expected background event numbers
for the various SPP contributions discussed above and the
impact of the cuts on the numbers. In particular, the
multiplicity cut alone allows one to reduce the number
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of expected CCDIS-induced SPP events to a few thousand,
in comparison with the total event rate of O(1M). The
relevant numbers for expected CCRES and COHPION
events are of (O(100). In particular, the resonant pion
production rate is suppressed to a level similar to that of
coherent production after considering the charged-track
multiplicity. The additional angular cut suppresses even
more strongly events in which soft pions are produced via
nuclear resonances.

Further rejection capabilities come from considering the
pion energy loss. Given their characteristic decay length,
yPet= ~7.8 mx (E,/m,;) and the hadronic interaction
length in tungsten, Au,q = 9.946 cm [69], boosted 7*s
produced in high-energy neutrino interactions inside
FASERw2 typically interact in tungsten layers before
decaying to a muon or leaving the detector. As a result,
residual backgrounds from charged pions decaying
promptly are suppressed. Hence, charged pions produced
in tungsten away from the downstream interface tracker are
not likely to mimic long muon-like tracks in the emulsion.
We estimate the total SPP background event rate after
applying all the cuts above to be Npg spp = 26.0:11‘15 . We
present the expected energy spectrum of these events
in Fig. 9.

The reported error bar on the SPP background event
rate comes mainly from the estimated uncertainty of our
Monte Carlo simulations of CCDIS events satisfying all
the cuts. On top of the parton distribution function (PDF)
uncertainty of a few percent on the cross section pre-
diction [79], these estimates are additionally sensitive
to hadronization and FSI modeling. Due to varying

SPP background
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FIG. 9. The effect of various cuts on the single pion production
background. This can be rejected based on muon vs pion
identification; see text for details.

predictions of different interaction models, the subdomi-
nant CCRES and COHPION event rates at high energies are
subject to further uncertainties (see Refs. [83—85] for recent
discussions). In particular, the employed GENIE implemen-
tation is based on the Berger-Sehgal model [86,87]; as its
tuning is based on low-energy neutrino scattering data, we
assume a larger (100%) uncertainty in modeling these in
our study.

An estimate of the uncertainty in modeling SPP can be
obtained by examining results from different neutrino
generators, as was done in a recent comparison of GENIE
and Nuwro [88,89] with data from MINERvA at E, ~
3 GeV [90]. As discussed therein, while these differences
can be as large as a few tens of percent, they become
much smaller at high momenta in the DIS-dominated
regime. Measuring SPP events remains challenging at the
high energies of our interest, so there is less available data
to tune the generators. However this may be overcome
with ongoing and future neutrino measurements at the
LHC which would enable a more detailed study.

Importantly, even though a priori the estimated SPP
background rate after cuts is comparable to the trident
signal rate, we stress that these backgrounds can be rejected
based on the final-state muon identification. This is based
on the additional muon ID system in FASER2, as discussed
in Sec. IV Therefore, we do not treat these backgrounds as
irreducible in further analysis. A similar conclusion holds
for background events associated with kaon production
that are suppressed with respect to SPP, cf. discussion
in Ref. [91].

B. Muon-induced backgrounds

Although magnets deflect most of the muons produced in
pp collisions at the ATLAS interaction point, a significant
number of them can still reach the FASER22 detector [33].
Since the emulsion detectors collect information about
events integrated over time, multiple muon tracks crossing
the emulsion need to be rejected in our analysis. This can be
done because they do not produce neutral vertices, i.e.,
vertices with no incoming track.

Muons passing through FASER22 will produce secon-
dary particles that subsequently interact in tungsten. In
particular, one expects about 10% of high-energy muons to
emit photons via bremsstrahlung [64]. Photons leave no
tracks in the emulsion and travel about (9/7)A,qw =~
0.45 cm before producing an e*e” pair, where A,qw is
the radiation length in tungsten. This distance corresponds
to many tungsten layers in FASERw2. The resulting
(neutral) photon interaction vertex is then distant from
the parent muon kink and will be reconstructed separately;
see, however, Ref. [92] for discussion about strategies to
associate both vertices in the analysis.

Occasionally, high-energy photons can also produce
dimuon pairs, yN — Nutu~, mimicking the neutrino
trident signal. However, the relevant production rate is
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suppressed by the lepton mass ratio, (m,/m,)? ~2 x 107>,
Given the total muon rate predicted for FASERw2 [72], we
expect about O(10°) such events in the detector. The
bremsstrahlung photons are typically of GeV energy,
resulting in soft muons that are rejected based on their
energy loss in tungsten. Only the high-energy tail of the
bremsstrahlung photon-induced dimuon spectrum can
mimic neutrino tridents, resulting in an additional 2 orders
of magnitude or so suppression.

Since the number of such background events might still
seem substantial even after all these cuts, we stress that
they can in any case be rejected by vetoing incident muons
that enter the emulsion detector and associating this with
time-coincident dimuon signals in the interface tracker and
spectrometer. Notably, the muon veto in the current FASER
experiment is extremely efficient [93]. Given the higher
statistics of such background events, they could also
be used to test and calibrate the reverse tracking procedure.
Finally, neutrino-induced muons produced inside FASER»2
could contribute to photon bremsstrahlung backgrounds.
However, the much lower expected statistics of such events,
renders these backgrounds negligible.

We conclude that, although they do need to be taken into
account in the analysis, muon-induced backgrounds can be
efficiently rejected in the neutrino trident measurement
in FASERv2.

C. Statistical significance and uncertainty

Using the above estimates for the total number of signal
(s = 18.6 after cuts) and background (b = 0.55) events in
FASERz2, we estimate the expected statistical signifi-
cance of the dimuon trident discovery in FASER22 to be
9.9¢ for the baseline neutrino flux used in our study.
Similarly, we estimate 11.16 (7.30) significance for the
most optimistic (pessimistic) predictions shown in Fig. 2.
We reiterate that while the flux uncertainties remain
substantial at this stage, they will be significantly reduced
to even sub-percent level with the CCDIS data collected in
the current FASER and SND@LHC experiments and the
future FASERw2 detector [51]. The proposed FASERy2
detector thus provides a very promising tool for the first
precision measurement of dimuon neutrino tridents.

We note that besides the efficiency of the cuts employed
in our study, additional detector-level efficiencies will
affect the trident signal rates in FASERz2. We find that
these need to be higher than 40% to guarantee the > 5o
discovery potential. Last but not least, the trident search in
FASER®2 relies on excellent background rejection poten-
tial. In particular, if the residual SPP background men-
tioned in Table II (b ~ 26) cannot be rejected based on the
additional iron block and muon ID, cf. discussion in
Sec. IV, this will translate into a reduced statistical
significance of the trident measurement to about 3.3c.
The SPP and other backgrounds must be suppressed
down to Npg <9, in order to guarantee discovery at 5o

significance. Thus our study highlights certain detector
requirements that would have to be considered for the
future HL-LHC period in order to allow for trident
measurement. As long as the assumed background rejec-
tion and signal detection efficiencies can be achieved, the
expected accuracy of the dimuon trident production rate in
FASERv2 will be of order 23%, and the statistical
uncertainty on the number of signal events will dominate.

VI. CONSTRAINING FOUR-FERMI
MUON INTERACTIONS

As the typical momentum transfer in trident events is
significantly below the electroweak scale, weak interactions
can be described in terms of the effective interaction [15]

Gr , ikl —
Herr = £ (gxfkl(ViJ’aPLl/j)(ka )

V2
+ QZkI(DiYaPLUj)(EJ’a?’sz))’ (1)

where G is the Fermi coupling, P; the left-handed
projection, y, the Dirac gamma matrices and gifkl (gi{kl)
the (axial-)vector coupling with i,j, k,l€{e, pu,1}.
However, the couplings involving electrons are stringently
constrained by bounds from LEP [94], and the incoming
neutrinos expected in forward neutrino detectors at the
LHC are predominantly muon neutrinos. So we focus on
possible modifications to the vector and axial-vector cou-
plings ¢/ = gy and ¢** = g,, respectively, and para-
metrize new physics interfering with muonic interactions as

gy = 1 + 4Sin26W + Agv
{ @)

ga = -1 + A.gA’

where 6y is the Weinberg angle. A possible UV completion
of such a theory is provided for example by a heavy
muonphilic Z' [95]. For a fixed incoming neutrino energy
E,, the resulting cross section has approximately the form of
an elliptical paraboloid in (Agy,Agy) space, with the
minimum at (Agy, Ag,) = (=1 — 4sin? Oy, 1) lying below
the SM value at (Agy, Ag,) = (0,0).

We note that the coherent Nv, — Nv,u"u~ scattering
cross section [4,8] (see also [14,15,96]) depends on the

leptonic tensor Lys = D pin A(,,A;, where
Aa = (u/nyLu)

x (ﬁ_ [n%ﬂ‘(gv + 9a¥s)

—1"(gv + gars) %m] v+>. (3)

Since the terms proportional to the final state charged
lepton momenta p, and momentum transfer ¢ carry more
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FIG. 10. Left: contours of modifications to axial and vector couplings Ag, and Agy, which result in cross sections identical to the SM
values in muon neutrino interactions with tungsten. The intersection of the dotted lines indicates the SM. The dark (bright) contours
correspond to low (high) incoming E,, with the legend illustrating the color gradient for a selection of E, values. Since the observed
event number is directly proportional to the cross section, this illustrates that differently-shaped constraints are expected from
experiments performed at different energies. Right: modifications to axial and vector couplings excluded by existing CCFR and NuTeV
measurements (gray), compared to the projected bounds from DUNE assuming a 25% uncertainty cross section measurement (dashed
brown), and at FASER22 for 100% (solid teal) or 25% (dotted teal) of the expected data. The solid black lines intersect at
(Agy,Agy) = (0,0), corresponding to the SM. The NuTeV bound is computed following Ref. [15] and assumes equal BSM to SM
cross section ratios at CCFR and NuTeV due to their similar energies. All sensitivities are at 95% confidence level.

gamma matrices than those proportional to the muon mass
m, the y5 matrix decreases the growth of the cross section as
a function of |g,|. In contrast, the gy direction remains
unaffected. However, the cross section becomes symmetric
at high E, as incoming neutrino momentum is transferred
mainly to a charged lepton, making the m-dependent terms
negligible. This effect is illustrated by the SM-equivalent
contours of the cross section in Fig. 10 (left), shown
together with the projected exclusion bounds for experi-
ments at various energies (right), each displaying a distinct
ellipticity. It should be noted that the exploitation of this
effect does not require a particular £, binning, but is
determined by the energy scale of the bulk of the inter-
actions. Since the E, resolution of the trident signal is
limited by missing energy due to the final state neutrino, we
proceed conservatively by assuming that the total number
of observed events across the entire E, range of the
experiment is Poisson distributed. The constraints are then
found as the contours corresponding to the 95% confidence
level deviations up and down from the SM expectation,
using an interpolation grid as a function of Agy and Agy.

Although trident event statistics are limited at the
FPF, our results indicate that FASERv2 would comple-
ment the existing limits on Agy, Ag, obtained in Ref. [15]
from CCFR cross section measurements [97], cf. also
Refs. [51,98,99] for FPF bounds on effective interactions

between neutrinos and quarks. For reference, we also indi-
cate the constraints obtained from the NuTeV measure-
ment [22] assuming a BSM to SM cross section ratio the
same as that for CCFR, given the similar energies of the
two experiments. Moreover, already with only 25% of
the expected data, FASER22 can be expected to partially
enhance the projected bounds on Ag, obtained for DUNE
with E, = O(1 GeV) [15]. This is due to the cross section
dependence on E,, which reaches values of O(1 TeV) at
FASER22, rendering the FASERz2 bounds more sym-
metric in Agy, Ag, than the low-energy experiments.

VII. CONCLUSIONS

The study of neutrino interactions has long been a key
tool for discoveries in particle physics, and a new oppor-
tunity has now opened up with dedicated forward detectors
to study the naturally collimated high-energy neutrinos
emanating from the LHC collision points. In this study, we
have analyzed the prospects for measuring neutrino trident
events, finding that in the coming High-Luminosity data-
taking period, an O(10 ton) detector placed in the forward
kinematical region of the LHC could measure tens of
dimuon trident events. We have discussed in detail the
trident signature and possible background rejection strat-
egies for the proposed FASERv2 experiment. We estimate

072018-12



DISCOVERING NEUTRINO TRIDENTS AT THE LARGE HADRON ...

PHYS. REV. D 110, 072018 (2024)

that with this detector a statistical significance between 7.3
and 11.16 can be achieved for the first unambiguous
measurement of the neutrino trident process, by adopting
a reverse tracking strategy to identify signal and reject
backgrounds in the analysis.

Besides testing predictions of the SM, the dimuon
neutrino trident measurements in FASER22 can also be
used to probe new physics. We have analyzed prospects for
constraining BSM contributions to effective four-Fermi
contact operators between muon neutrinos and muons and
highlighted the complementarity between low- and high-
energy experiments setting such bounds.

We have also provided estimates for other leptonic final
states. In particular, event statistics of neutrino trident
interactions producing e*e™ or e*u¥ are similar or larger
than dimuon event rates, although they are more difficult to
disentangle from backgrounds. In addition, of O(10) events
with the y*7¥ final states are expected in some of the
proposed detectors, which could enable the first-ever
observation of such trident final states. This, however,
would require a modified detection strategy as well as
background mitigation strategies that differ from our
discussion and need to be studied separately.

The neutrino trident measurement at the LHC would also
pave the way for similar studies in future colliders. In
particular, a collimated beam of high-energy neutrinos
should also be produced in the forward region of the
Future Circular Collider operating with proton beams at
100 TeV center-of-mass energy (FCC-hh) [100,101]. Since
the corresponding neutrino interaction rates will exceed
those at the LHC predictions by about two orders of
magnitude [102], rare neutrino scattering processes can
then be measured with unprecedented precision. Increased
neutrino energies could additionally allow for studying on-
shell W-boson production [17] in a laboratory setup.

Despite decades of experimental efforts, neutrinos still
hold many secrets. Measuring high-energy neutrino inter-
actions at hadron colliders would provide a new window to
unravel them, as was anticipated when the LHC was first
proposed [37]. The neutrino physics program ought thus to
be an essential part of all planning for future hadron colliders.
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APPENDIX: FORM FACTORS

The computation of trident cross sections follows the
procedure outlined in Ref. [15]. The calculation relies on
form factors given by

FN(qz):/drrZMﬂN(”)-

qr (A1)

For argon, the spherically symmetric charge density dis-
tribution py(r) is expressed in terms of the spherical Bessel
function of zeroth order as

N ay jo(nar/R,), for r < Ry,
pxlr) =y (A2)

0, for r > Ry,

where ay and Ry are the Fourier-Bessel coefficients listed
in Ref. [103]. As these coefficients are however unavailable
for tungsten, the functional form

_ N
1+ exp((r—ro)/o)’

is employed, with ry = 1.18 fm x A!/3 —0.48 fm and
o = 0.55 fm—found to best correspond to the result of
Eq. (A2) in the case of argon and iron. The normalization
factor A in Egs. (A2) and (A3) is determined by requiring

/drrsz(r) =1

yielding Fy(0) = 1.

The approximate form factors obtained using Eq. (A3)
are depicted in the left panel of Fig. 11, together with
the simple exponential form Fy(g) = e 7/ with
a=A"313fm. To illustrate the level of agreement
between Eqgs. (A2) and (A3), the right panel of Fig. 11
shows a comparison of the integrals of the approximated
form factors for argon and iron to those obtained using
Eq. (A2), as well as the integral of the approximate form
factor for tungsten. These integrals enter the trident cross
section computation in the form of interpolation grids.

pn(r) (A3)

(A4)
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FIG. 11. Left: the approximate form factors for argon, iron, tungsten, and lead using Eq. (A3), compared with the simple exponential
form Fy(q) = e='4"/19, g = AY/31.3 fm. Right: integrals of the approximate form factors squared and the interpolation grids provided
in the original computation of Ref. [15] as in Eq. (A2), for comparison with our approximations for argon and iron.
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