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The detection of collider neutrinos will provide new insights about neutrino production, propa-8

gation, and interactions at TeV energies, the highest human-made energies ever observed. During9

Run 3 of the LHC, the FASER experiment is expected to detect roughly 104 collider neutrinos using10

its emulsion-based neutrino detector FASERν. In this study, we show that, even without processing11

the emulsion data, low-level input provided by the electronic detector components of FASER and12

FASERν will be able to establish a 5σ discovery of collider neutrinos with as little as 5 fb−1 of13

integrated luminosity. These results foreshadow the possible early discovery of collider neutrinos in14

LHC Run 3, which could be further improved using full tracking information.15

I. INTRODUCTION16

Particle colliders produce electron, muon, and tau neu-17

trinos and anti-neutrinos in large numbers. Nevertheless,18

until recently, no collider neutrino had been detected.19

This is not because neutrinos interact so weakly that20

they are undetectable at colliders. Rather, it is because21

neutrinos interact weakly and those with the largest en-22

ergies and cross sections are primarily produced along23

the beamline and so escape through the blind spots of24

typical collider detectors. For these same reasons, how-25

ever, the detection of collider neutrinos is of great in-26

terest [1–8], since, if they are observed, they will have27

the highest human-made energies ever recorded. Their28

detection therefore provides a new window into the pro-29

duction, propagation, and interaction of neutrinos with30

significant implications for new physics, QCD, neutrino31

properties, and astroparticle physics [9–22].32

In 2021, the FASER Collaboration announced the first33

detection of collider neutrino candidates. This result34

used data collected by a lead-emulsion and tungsten-35

emulsion pilot detector with a target mass of 11 kg, which36

collected data in the far-forward region for just 4 weeks37

in 2018 during LHC Run 2 [23]. These results fall short38

of a 5σ discovery of collider neutrinos, but they demon-39

strate the potential of dedicated experiments placed in40

the far-forward direction.41

For LHC Run 3 from 2022-2025, FASERν [24, 25], a42

1.1-ton, tungsten-emulsion detector, has been installed43

on the beam collision axis with pseudorapidity coverage44

η > 8.4, 480 m to the east of the ATLAS interaction point45

(IP). In this location, and shielded from the ATLAS IP by46

approximately 100 m of rock and concrete, FASERν is ex-47

pected to detect roughly 1,000 electron neutrinos, 10,00048
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muon neutrinos, and tens of tau neutrinos at TeV ener-49

gies. SND@LHC [26, 27], a detector similar to FASERν,50

with a target mass of 800 kg of tungsten, has also been51

installed at a symmetric location 480 m to the west of the52

ATLAS IP. SND@LHC is slightly off-axis, with pseudo-53

rapidity coverage 7.2 < η < 8.4, where the neutrino flux54

is lower, but still very significant, and a large number of55

neutrinos are also expected to be detected at SND@LHC.56

Together, these emulsion detectors, with their unparal-57

leled spatial resolution, will be able to distinguish the58

different neutrino flavors, providing complementary and59

incisive probes of neutrino properties at TeV energies.60

In this work, we show that the far-forward collider neu-61

trino signal is so spectacular that a 5σ discovery of col-62

lider neutrinos may be established even without analyz-63

ing the emulsion data from FASERν and SND@LHC. In64

particular, we will consider the electronic subsystems of65

the FASER [35–39] and FASERν [24, 25] detectors [40],66

which include scintillators, trackers, and a calorimeter.67

Neutrinos may pass through the front scintillators and68

scatter in the back of the FASERν detector, produc-69

ing electromagnetic and hadronic showers that trigger70

downstream scintillators and trackers, and also deposit71

significant energy in the calorimeter. We devise cuts72

to isolate this signal from the leading (muon-induced)73

backgrounds and determine the effectiveness of these cuts74

through FLUKA simulations [28–32]. Given the expected75

rates for the neutrino signal and standard model (SM)76

backgrounds, we find that a 5σ discovery of collider neu-77

trinos is possible, using only the electronic detector com-78

ponents, with as little as 5 fb−1 of integrated luminosity.79

We expect that the approach put forward in this paper80

will be the approach used to discover collider neutrinos.81

At the same time, our analysis uses only rudimentary82

information from the FASER trackers. Further improve-83

ments using detailed tracker data to suppress the back-84

ground will no doubt improve the analysis, and, of course,85

the analysis of the emulsion data will provide a far more86

incisive view of the neutrino events. However, the results87

presented here already further demonstrate the promise88
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FIG. 1. Diagrams of the FASER and FASERν detector geometry used for the FLUKA simulations [28–32], rendered using
Flair [33, 34]. Top: End views of the detector, showing the cross sectional areas of detector components as viewed from
ATLAS looking along the beam collision axis. Bottom: Side view of the detector. Particles from the ATLAS IP enter from
the left. The dotted horizontal line is the beam collision axis. The hatched regions in front of and below FASER are concrete,
the blue regions are the scintillators, the red regions are tracker stations (the interface tracking station (IFT), followed by three
additional tracking stations), the green region is the electromagnetic calorimeter, the dark gray regions are considered neutrino
targets (the tungsten-emulsion detector and the lead shield), and the remaining light gray regions are FASERν’s aluminum box
and the magnets.

of the far-forward region, and they foreshadow the pos-89

sible early discovery of collider neutrinos in LHC Run 3,90

followed by detailed studies that fully exploit the infor-91

mation provided by all the detector components.92

This paper is organized as follows: In Sec. II, we de-93

scribe the FASER and FASERν detectors and the qual-94

itative features of the neutrino signal and the dominant95

muon-induced backgrounds. In Sec. III, we discuss the96

fluxes of neutrinos and muons arriving at FASER and97

their simulation in FLUKA. We then define the observables98

that we will use to distinguish signal from background in99

Sec. IV. Finally, we present the results of the analysis in100

Sec. V and summarize our conclusions in Sec. VI.101

II. SIGNAL AND BACKGROUND102

CHARACTERISTICS IN FASER103

The large multi-purpose detectors at the LHC are op-104

timized for the rare, but spectacular, events containing105

particles with large transverse momentum, for example,106

from the decay of the Higgs boson. However, the vast107

majority of interactions at the LHC are actually soft,108

with GeV-scale momentum transfers between the collid-109

ing protons, and produce hadrons with a sizable fraction110

of the proton energy along the beam direction. These111

hadrons can then decay into neutrinos, and hence cre-112

ate an intense, strongly-collimated beam of high-energy113

neutrinos along the beam collision axis. Similarly, these114

hadrons may also decay to as-yet-undiscovered light and115

weakly interacting particles, which are predicted by vari-116

ous models of new physics and could play the role of dark117

matter or be a mediator to the dark sector.118

Although the LHC will eventually curve away, the neu-119

trino and dark sector particles will continue to propagate120

straight along the beam collision axis. 480 m downstream121

from the ATLAS IP, the beam collision axis intersects122

with the TI12 tunnel, a vestigial remnant of the Large123

Electron-Positron Collider era. This location provides a124

rare opportunity to access the beam collision axis and125

exploit the beam of neutrinos and other light, weakly in-126

teracting particles. Recently, the FASER experiment has127

been installed in TI12 to take advantage of this opportu-128

nity. The main goals of the experiment are to detect and129

study TeV neutrinos at the LHC [24, 25] and to search130

for light, long-lived particles [5, 41–44].131

The schematic layout of the FASER experiment is132

shown in Fig. 1. The experiment is placed inside a con-133

crete trench that has been excavated so that the detector134

can be aligned with the beam collision axis, as indicated135

by the dashed horizontal line. Located at the front is136

the FASERν neutrino detector. Its main component is a137

1.1-ton, tungsten target interleaved with emulsion films,138

which is housed inside an aluminum box. This is comple-139

mented by two electronic components. On the upstream140

side is a front veto, consisting of two scintillator layers to141

detect incoming charged particles. On the downstream142

side, placed right behind the FASERν box, is the inter-143

face tracking station (IFT), which will be used to inter-144

face the emulsion detector with the electronic detector145
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FIG. 2. Examples of charged tracks seen in the first interface tracker station (IFT) for typical muon neutrino events (top three
panels) and muon events (bottom three panels). All events pass the stringent scintillator cut requiring no hits in the front veto
scintillators and hits in all of the downstream scintillators. The energy indicated in each panel is the energy deposited in the
calorimeter, and the color of the pixel indicates the number of charged tracks traversing that pixel during the event.

components of the FASER main detector.146

Behind FASERν is the FASER main detector, which147

is specifically designed for long-lived particle searches.148

Placed at the front, immediately behind the IFT, is a149

veto station consisting of a ∼ 13 cm-thick lead shield with150

two scintillator layers directly in front of it and two scin-151

tillator layers directly behind it. This is followed by three152

cylindrical magnets, which are constructed in a Halbach153

design and provide a constant 0.6 T magnetic field in the154

hollow interior. The inside of the first 1.5 m-long magnet155

acts as a decay volume, and it is followed by an addi-156

tional scintillator layer for timing and triggering. The157

remaining two 1.0 m-long magnets and three additional158

tracking stations form FASER’s spectrometer. Located159

at the downstream end is the pre-shower station, consist-160

ing of two additional scintillator layers interleaved with161

lead plates, and, finally, the electromagnetic calorimeter162

with a depth of 25 radiation lengths.163

Although the FASER main detector, composed en-164

tirely of electronic components, was optimized for long-165

lived particle searches, it is also able to detect neutrinos,166

as we will see. The signature of interest arises when a167

neutrino passes through the front veto scintillators and168

then interacts in the massive components at the front169

part of the detector, either the tungsten in FASERν or170

the lead shield, producing an energetic hadronic shower.171

When this hadronic shower is produced near the back172

of the tungsten or in the lead shield, it is not contained,173

producing a distinctive signature of neutrinos in which no174

charged particles enter the detector and significant activ-175

ity is recorded in the downstream electronic components176

of the detector.177

Although such a signal is indeed quite distinctive, there178

are nevertheless significant backgrounds that arise from179

the large number of energetic muons coming from the AT-180

LAS IP. However, the different electronic detector com-181

ponents may also be used to separate the signal from182

these backgrounds:183

Scintillators: Neutrino interactions produce a large184

number of charged particles that activate the down-185

stream scintillator layers but not the upstream front186

veto. In contrast, the vast majority of muons passing187

through the detector can be rejected using the front188

veto, leaving only a small number of events in which189

the muons pass through sides of the detector and barely190

miss the veto.191

Tracker: In addition, the large number of charged par-192

ticles produced in neutrino events can be seen in the193

tracking stations. Especially promising for this task is194

the IFT, which is located right behind the tungsten195

target. In contrast, muons typically deposit only a196

small amount of energy in tungsten, with 〈dE/dx〉 ∼197

40 MeV/cm, and so no or only a small number of ad-198

ditional charged particles are expected to be present.199

Calorimeter: Finally, the LHC neutrinos carry between200

several hundreds of GeV up to a few TeV of en-201

ergy, with typically half of it being transferred to the202

hadronic shower. This can lead to a sizable energy de-203

posit in the electromagnetic calorimeter, which is typ-204

ically absent in the muon-induced background.205

To illustrate these features, we show in Fig. 2 six ex-206

ample events. These events were obtained using the ded-207

icated FLUKA simulation that we describe in Sec. III B.208
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They have passed the stringent scintillator cuts that re-209

quire no hits in the front veto scintillators and hits in210

all of the other scintillators. Each panel shows the dis-211

tribution of charged particle hits in the IFT, as well as212

the energy deposit in the calorimeter. The top three213

panels show neutrino interactions occurring in the tung-214

sten target. The event in the left panel contains a single215

track near the center of the tracker corresponding to a216

muon created during the neutrino charged current in-217

teraction. The absence of any further activity suggests218

that the scattering occurred in the upstream end of the219

tungsten target. The muon proceeds to generate a small220

∼ 200 MeV deposit in the calorimeter. These sorts of221

neutrino events are the most difficult to distinguish from222

an incoming muon. In the middle and right panels we223

show two events in which the neutrino scattered closer224

to the end of the tungsten target. We observe a large225

number of hits that are strongly clustered and located226

in the center of the tracking station, accompanied by a227

sizable energy deposit in the calorimeter.228

The bottom three panels show muon events. In the left229

and middle panels, we show the most typical muon events230

that pass the stringent scintillator cuts; most muons ei-231

ther miss the first tracker completely or only pass near232

the edge of the tracker and deposit little to no energy233

in the calorimeter. In the right, we observe a rare muon234

event that generates a large number of hits at the edge235

of the tracker. Most of the shower seen in the tracker236

is stopped in the lead shield, and so there is very little237

energy deposited in the calorimeter.238

In the rest of this study, we quantify these findings.239

In particular, we perform a dedicated FLUKA simulation240

of both neutrino and muon events in the FASER experi-241

ment. We use this to obtain the kinematic distributions,242

define observables, and develop an analysis strategy to243

distinguish the neutrino signal from background.244

III. SIMULATION SETUP245

A. LHC Neutrinos and Muons246

Before proceeding to the details of the simulation and247

analysis strategy, let us review the expected fluxes of the248

particles that pass through FASER. For the signal, the249

relevant particles are the muon and electron neutrinos250

and anti-neutrinos. For the background, the most rele-251

vant particles are muons produced near the ATLAS IP252

and muons and other particles produced in other ways by253

the collider, for example, through beam-gas interactions.254

The neutrinos incident on FASER originate from for-255

ward hadrons produced at ATLAS, primarily pions,256

kaons and charmed hadrons. For this study, we use the257

neutrino fluxes presented in Ref. [45], which were ob-258

tained using a dedicated fast neutrino flux simulation to259

model the propagation and decay of long-lived hadrons260

in the forward LHC infrastructure. In particular, we use261

the central neutrino flux, which corresponds to an aver-262

age of the predictions obtained using the event generators263

Sibyll 2.3d [46–50], EPOS-LHC [51], QGSJET II-04 [52],264

DPMJET III.2017.1 [53, 54] and Pythia 8.2 [55, 56].265

To calculate the neutrino event rate, we use the neu-266

trino scattering cross section on tungsten obtained us-267

ing Genie [57, 58]. The resulting energy spectrum of in-268

teracting neutrinos, including both charged current and269

neutral current scattering in both the FASERν tungsten270

target and the lead shield, is shown in the left panel of271

Fig. 3. The average energy of the interacting neutrinos272

is O(TeV) for both νe and νµ. In addition to the central273

prediction, we also show a rough estimate of the neutrino274

flux uncertainty as a shaded band, which corresponds to275

the range of predictions obtained with the different gen-276

erators.277

The dominant background to the considered neutrino278

signal is associated with LHC muons. These are pro-279

duced at or near the ATLAS IP and pass through the280

roughly 100 m of rock and concrete before reaching281

FASER. The flux of LHC muons has been obtained by282

a dedicated FLUKA simulation performed by the EN-STI283

CERN group, which contains a realistic modelling of the284

LHC infrastructure and optics; it is presented in Ref. [35].285

The obtained muon energy spectrum is shown in the right286

panel of Fig. 3, where we plot the expected rate for a287

43 × 43 cm2 muon beam evading the initial scintillator288

veto, which covers the central area of 30 × 35 cm2. In289

contrast to the spectrum of neutrinos that interact in290

FASER, which peaks near TeV energies, the muon flux291

peaks at low energies. The uncertainty associated with292

this flux estimate has been described as ‘a factor of a few’293

and originates from the limited simulation statistics [35].294

In addition to the muons produced near the ATLAS295

IP, muons and other particles may be produced at other296

points along the LHC and arrive at FASER. FASER is297

shielded from most of these particles by large amounts of298

rock and concrete. An exception is particles produced in299

beam-gas collisions by Beam 1, which travels westward300

from LHCb past FASER on its way to ATLAS. Particles301

produced by Beam 1-gas interactions can therefore travel302

up TI12 and pass through FASER without encountering303

any shielding. This flux of particles has been observed,304

as discussed in Ref. [35]. However, in 2022, 6 1×1×1 m3
305

concrete blocks were added at the base of TI12 to sup-306

press this background, and this background can be fur-307

ther suppressed by the stringent scintillator cuts we dis-308

cuss in Sec. IV A and requiring that the scintillators be309

triggered with timing consistent with particles coming310

from the direction of ATLAS. This background is there-311

fore expected to be far below the dominant background312

of muons from ATLAS.313

B. FLUKA Simulation314

We performed a Monte Carlo simulation of the signal315

and the main muon backgrounds using FLUKA [28–32].316

The FLUKA simulation is composed of the geometry of317
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FIG. 3. Left: The number of expected muon neutrinos (blue) and electron neutrinos (red) interacting with the target material
as a function of their primary energy. The shaded region is a rough estimate of the flux uncertainty. Right: The number of
muons expected to evade the initial veto as a function of their primary energy.

the apparatus, scoring (or recording) procedures, and the318

primary particles.319

The geometry specifies the details pertaining to the320

tungsten target and its aluminum cage, the lead shield-321

ing, the magnets and their fields, and the rock and con-322

crete of the tunnel. A diagram of the setup generated by323

the Flair [33, 34] geometry viewer is shown in Fig. 1.324

The tungsten, aluminum, and lead are all assigned their325

corresponding default material in FLUKA, while the mag-326

net, rock, and concrete are assigned custom materials327

that match their nuclear densities. The vacuum inside328

the magnets is filled with a 0.6 T magnetic field oriented329

toward the concrete floor, while the magnetic field inside330

the material is neglected.331

For the scoring procedures, for each event, correspond-332

ing to the initialization of a single primary particle, we333

record a variety of data similar to the experimental ob-334

servables with the EVENTBIN routine.335

Scintillators: The scintillators are simulated as a vol-336

ume of the FLUKA-defined PLASCINT material recording337

the energy deposited. The scintillators are 30× 30× 2338

cm3, except for the timing scintillator located between339

the magnets, which is 40 × 40 × 2 cm3, and the front340

veto, which is 30 × 35 × 2 cm3. The scintillators lo-341

cated between the tungsten and lead shield are tilted342

3.7◦ clock-wise and the scintillators located between343

the lead shield and the magnets are tilted 3.7◦ counter-344

clock-wise to match their orientation as installed in the345

FASER detector. We mark the scintillator as triggered346

during the event if the energy deposited exceeds 100347

keV.348

Tracker Stations: The trackers are simulated as 25 ×349

25 × 0.1 cm3 regions divided into 625 1 × 1 × 0.1 cm3
350

bins with each bin scoring the track length of charged351

particles. We estimate the number of charged tracks352

in each bin by dividing the scored track length by the353

depth of the bin (0.1 cm).354

Calorimeter: The calorimeter is simulated as a 24.3 ×355

24.3 × 13 cm3 (88 kg) lead target that has the same356

cross section and mass as the calorimeter in the FASER357

detector. The energy deposited in the calorimeter is358

recorded for each event.359

To model the neutrino signal, we initialize electron and360

muon neutrino interactions evenly-distributed through-361

out the tungsten target and lead shielding with their mo-362

menta aligned with the long axis of FASER. Neutrinos363

in FLUKA interact immediately with the material they are364

initialized in, so the simulated neutrinos are weighted ac-365

cording to the expected number of neutrino interactions.366

The origin and spectra of the neutrino interactions are367

as discussed in Sec. III A. We simulate 3×105 muon neu-368

trino and 8× 104 electron neutrino interactions shown in369

Fig. 3, while we expect only 104 total neutrino interac-370

tions in all of Run 3. Due to oversampling of the neutrino371

interactions, the uncertainty in the signal rate predicted372

from the MC simulation is small, and our results are re-373

liable.374

To model the background, we simulate the muon fluxes375

discussed in Sec. III A. We simulate muon samples in two376

regions in the transverse plane: a central region with area377

30 × 35 cm2, corresponding to the area covered by the378

front veto scintillators, and an outer region correspond-379

ing to a 43×43 cm2 square centered on the beam collision380

axis, but omitting the 30×35 cm2 region occupied by the381

front scintillators. In both cases, the primary muons start382

16 cm in front of the initial scintillators with momenta383

aligned with the long axis of FASER, and we propagate384

them through 10 cm of rock before reaching the FASER385

detector. For the energy distribution, we divide the spec-386

trum into the energy bins shown in Fig. 4.387
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For muons in the central region, we simulate approxi-388

mately 104 muons per energy bin. Given a conservative389

scintillator veto efficiency of 99.9% for each scintillator390

(the expected efficiency is above 99.95%), ∼ 10 muons391

per fb−1 pass the central veto. These muons are, there-392

fore, very well sampled in our simulation and are shown393

not to pose a problem.394

For muons in the outer region, we simulate approxi-395

mately 2 × 106 muons per energy bin. In all of Run 3,396

we expect ∼ 107 muons in the outer region with energy397

above 1 TeV, which is computationally taxing to simu-398

late. However, our analysis finds that only the ∼ 106399

high-energy muons with energy E & 1 TeV are prob-400

lematic, and these muons are sufficiently sampled in our401

simulation.402

C. Cosmic Muons403

In addition to the muons and other particles produced404

by the collider, high-energy cosmic muons may also prop-405

agate to FASER. The flux and typical energies of cosmic406

muons are tiny compared to muons produced at the AT-407

LAS IP. On the other hand, cosmic muons may impinge408

on the FASER detector at significant angles relative to409

the beam collision axis. One could therefore worry that410

they could more easily evade the front scintillator veto,411

but still deposit energy in the downstream components,412

thereby passing the stringent scintillator cuts and mim-413

icking the signal with a greater efficiency than the LHC414

muons.415

To investigate this, we have simulated the cosmic416

muons in FLUKA. The flux of cosmic muons has been417

estimated by propagating the cosmic muon flux at418

the Earth’s surface to the tunnel where FASER is lo-419

cated [59]. It peaks for low energy muons coming from420

directly above, but muons coming at a large angle with421

respect to the beam axis will activate the scintillators in422

a way that is inconsistent with the timing signatures ex-423

pected from neutrino events, and so can therefore be re-424

jected. The most problematic muons are therefore those425

coming from near the direction of ATLAS, but the flux426

dramatically decreases for such angles and also for higher427

energies. Over the 4 years 2022-2025 of Run 3, there are428

O(107) cosmic muons arriving at FASER from all angles429

and with energies above 10 GeV, but only O(104) within430

an angle of 25◦ of ATLAS and with energy above 500431

GeV.432

When these muons interact more than a few m before433

they reach the tunnel, the resulting showers are absorbed434

by the rock, but if they interact in a thin layer of rock435

that surrounds the tunnel, the resulting showers could436

propagate into the tunnel and trigger the scintillators.437

We have modeled the tunnel as a cylinder with a radius438

of 2 m surrounded by rock, and with a concrete floor,439

as shown in Fig. 1. The axis of the tunnel and FASER440

are offset by an angle of roughly 17◦. We then simulate441

muons that start 2 m into the rock and consider primary442

muon trajectories that are pointed at all parts of the443

FASER/FASERν detector. We find that the expected444

rate of cosmic muon events that pass the stringent scin-445

tillator cut is O(10−3) events in the typical time it takes446

ATLAS to collect 1 fb−1. This rate can be further sup-447

pressed by an order of magnitude by requiring that the448

muon arrive in coincidence with a bunch crossing.449

We conclude, then, that the cosmic muon rate is com-450

pletely negligible and far below the LHC muon back-451

ground rate. Although the cosmic muon simulation could452

certainly be refined, this preliminary analysis indicates453

that it will be easily suppressed by the cuts that we im-454

pose to remove the LHC muons. We note also that the455

cosmic muon background will be well-measured in a data-456

driven way when FASER is on, but the LHC beam is off.457

In the following, we therefore focus out attention on the458

dominant background from LHC muons.459

IV. OBSERVABLES AND ANALYSIS460

In the previous section, we described the experimen-461

tal input for our analysis. In this section, we discuss462

how this may be used to separate the signal events from463

neutrino interactions from the background events aris-464

ing from muons originating in the LHC. In Sec. IV A we465

describe how the majority of the muon background can466

be rejected using the scintillator activation pattern, in467

Sec. IV B we discuss the origin of large calorimeter en-468

ergies and their rates for signal and background, and in469

Sec. IV C we consider physically motivated tracker image470

observables.471

A. Scintillators472

Throughout FASER, there are nine scintillators that473

will trigger when a charged particle passes through with474

efficiencies that have been measured to above 99.95%.475

A striking feature of a muon neutrino interacting in476

FASERν is the resulting muon which passes through the477

entirety of FASER. The muon from this interaction will478

proceed to trigger the scintillators following the interac-479

tion, but the background muons from cosmic rays and480

the LHC are a priori capable of producing the same sig-481

nal. The two scintillators at the front of FASER provide482

an efficient veto for the majority of muons entering from483

the LHC. However, there remain ∼ 107 muons that pass484

the edges of the initial veto for just 1 fb−1 at the LHC.485

Since there are expected to be on the order of 10 − 100486

neutrino interactions for the same integrated luminosity,487

this large flux of muons can easily generate backgrounds488

that eclipse the neutrino signal despite a low probability489

for an individual muon to generate a given signal.490

We considered many possible combinations of scintil-491
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FIG. 4. Left: The expected rate of µ, νµ, νe events passing various scintillator cuts as a function of the primary energy. The
three cuts are described in Eq. (1). The stringent cut reduces the background event rate by ∼ 102 while keeping O(1) of the
signal. Right: The distribution of neutrino events that pass the stringent scintillator cut. The bins are colored according to
the number of interactions expected to generate the signal for 10 fb−1 integrated luminosity at ATLAS. The energy spectrum
matches that of the neutrino interactions. The scintillator cut favors neutrino interactions at the back of the tungsten and in
the lead shield.

lator cuts and define three representative combinations:492

Scintillators 1 2 3 4 5 6 7 8 9
only veto 7 7 − − − − − − −
weak cut 7 7 3 3 3 3 − − −

stringent cut 7 7 3 3 3 3 3 3 3

(1)

The scintillators are numbered from the front of the de-493

tector (see Fig. 1): scintillators 1 and 2 are the veto scin-494

tillators at the front of the detector, 3 and 4 are just495

before the lead shield, 5 and 6 are just behind the lead496

shield, 7 is the timing scintillator just behind the first497

magnet, and 8 and 9 are part of the preshower. In Eq. (1)498

the 7 indicate that the scintillator is off, the 3 indicate499

that the scintillator is on, and the − indicate that the500

scintillator can be either on or off.501

In the left panel of Fig. 4, we plot the expected event502

rate of muons, muon neutrinos, and electron neutrinos503

passing these three cuts as a function of their primary504

energy. As we can see, muons that barely miss the front505

veto in some cases still activate the downstream scintil-506

lators. The signal to background ratio improves from507

∼ 10−7 when only applying a front veto cut to ∼ 10−4508

with the stringent scintillator requirements. However,509

even with the drastic improvement in signal to back-510

ground ratio provided by the most stringent cut, the scin-511

tillators are not sufficient to distinguish the background512

from signal alone. Combined measurements, from the513

calorimeter and interface trackers, are necessary to dis-514

tinguish signal and background. Given the effectiveness515

of the stringent scintillator cut, it is assumed throughout516

the rest of our analysis.517

In the right panel of Fig. 4, we show the origins of518

the interacting neutrinos that pass the stringent scintil-519

lator requirement. The neutrino interactions are predom-520

inantly located at the back side of the tungsten or in the521

lead shield because the shower from the neutrino interac-522

tion near the front of the tungsten can “backsplash” and523

activate the initial veto.524

B. Calorimeter Energy525

The calorimeter at the end of FASER is capable of526

measuring large energy deposits. Depending on the inci-527

dent particles, the energy deposits can be very different:528

Muons: As a minimum ionizing particle, the muon de-529

posits on average 1.66 MeV/cm in water [60]. A muon530

aligned with the beam axis travels through 13 cm of531

lead, depositing ∼147 MeV into the calorimeter.532

Hadrons: Charged pions, kaons, and other similar533

hadrons begin showering in the calorimeter, but most534

of the hadronic shower will escape the back of the535

calorimeter.536

Electromagnetic Showers: Electrons and photons537

quickly shower and deposit most of their energy in538

the calorimeter. Therefore, they are the dominant539

source of large energy deposits. However, note that540

low-energy electrons entering the FASER decay vol-541

ume are typically deflected by FASER magnets before542

reaching the calorimeter.543

Incident neutrinos are more likely to leave large energy544

deposits in the calorimeter than the incident muons. The545

high energy neutrino-nucleon interactions in the back of546

the tungsten target or lead shielding create showers of547
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energy neutrinos interacting in the back side of the tungsten and in the lead shield.

high energy hadrons and photons. In contrast, the inci-548

dent muons will pass through FASER, leaving little trace549

apart from their ionizing track and emission of low energy550

photons through bremsstrahlung.551

This can be seen in Fig. 5 where we plot the event rate552

for muons, muon neutrinos, and electron neutrinos as a553

function of the energy they deposit in the calorimeter.554

Low energy deposits are dominated by muon ionization555

as can be seen in the large jump in the event rate be-556

tween 100 and 200 MeV. The muon event rate drops sig-557

nificantly at high energy deposits, while the neutrino rate558

remains largely intact. The neutrino event rate eventu-559

ally surpasses the muon event rate around ∼ 10 GeV,560

but, as we show in Sec. V, even calorimeter energy cuts561

as low as 1 GeV can significantly improve the discovery562

potential.563

Additionally, we plot the locations and primary ener-564

gies of the neutrino events that deposit at least 15 GeV565

in the calorimeter. The events with high energy deposits566

are dramatically favored to result from neutrinos with567

energies ∼1 TeV which interact in the back 10 cm of the568

tungsten or in the lead shield.569

The signal to background ratio can be quite high for570

cuts that require large energy deposit in the calorime-571

ter, but the trade-off is a significant reduction in the572

signal event rate. As we show in the next section,573

tracker observables, either alone or in conjunction with574

the calorimeter energy, can be used to dramatically im-575

prove the discovery potential of our analysis while keep-576

ing a large fraction of the signal event rate.577

C. Tracker Observables578

There are four tracking stations that provide high reso-579

lution images of events as they progress through FASER.580

The most useful input is provided by the first tracking581

station, the IFT. Some example event displays have been582

shown in Fig. 2. Conceptually, distinguishing between583

the neutrino signal and muon background can be seen as584

an image/pattern recognition problem, and there are a585

variety of modern techniques for this task. Instead, we586

take a different approach and define three physics-driven587

observables and focus on the first tracker located directly588

after the emulsion detector. While this approach helps589

to understand the physical differences between neutrino590

and muon interactions, an analysis using the full images591

of all trackers will undoubtedly perform better at distin-592

guishing signal and background events.593

The track multiplicity N is defined as the total number594

of tracks in each image. It is calculated as595

N =
∑
i

ni , (2)

where ni is the number of tracks estimated in each pixel596

of the tracker image. The expected counts for muon and597

neutrino events as a function of the number of charged598

tracks in the first tracker are shown in the left panel of599

Fig. 6. It is clear that a large number of tracks is a good600

indicator of a neutrino event due to the nature of the601

high energy neutrino-nucleus interaction. The neutrino602

interactions occurring in the back of the emulsion de-603

tector typically create an energetic hadronic shower con-604

taining large numbers of charged tracks. Meanwhile in-605
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the number of tracks in the cut further favors interactions in the back of the tungsten.

cident muons travel through the emulsion leaving a track606

possibly surrounded by a few ionized electrons. The pri-607

mary way for muons to generate large numbers of charged608

tracks is via dramatic energy loss events, for example, via609

bremsstrahlung. The resulting high energy photon would610

then cause an electromagnetic shower containing a large611

number of electron tracks.612

Since the primary mode for muons to generate large613

numbers of tracks is through an electromagnetic shower,614

most of the tracks going through the IFT will either615

be stopped by the lead shielding or diverted before the616

calorimeter by the magnets. In contrast, muon events617

often contain energetic hadrons that could be able to618

propagate until the calorimeter and deposit energy there.619

Thus large calorimeter deposits in events with large num-620

bers of tracks should further distinguish neutrino signal621

events from muon background events. We present the622

neutrino and muon event rates as a function of the num-623

ber of tracks and calorimeter energy in the left and cen-624

tral panels of the top row of Fig. 7, respectively. The625

right panel shows the signal to background ratio. Indeed,626

the high signal to background region in the upper-right627

portion of the phase space, highlighted by a dashed line,628

indicates a potentially powerful search strategy. We will629

discuss the discovery potential of this region in Sec. V.630

To further characterize the tracker images, we define631

two quantities, centrality and spread, which characterize632

the central position and width of the shower that the633

tracker images capture. We define the central position of634

the tracker image as635

(X,Y ) =
1

N

∑
i

ni × (xi, yi) , (3)

where (xi, yi) are the coordinates and ni are the number636

of tracks of each pixel. The centrality C is then the637

maximum of the two average coordinates638

C = max(|X|, |Y |) . (4)

The intent is to quantify how close the event is to the639

center of FASER, which is aligned with the beam colli-640

sion axis. Equivalently, this observable also quantifies the641

distance from the edge of the tracker plane. As the muon642

background predominantly originates from muons which643

pass the edges of the initial scintillator veto, centrality is644

physically motivated to distinguish between muons and645

neutrinos.646

We find that centrality alone is not sufficient to iden-647

tify neutrino signal, but correlated cuts using the cen-648

trality can improve event selection. We show the two649

dimensional distribution of events in terms of centrality650

and track multiplicity for neutrinos and muons in the left651

and center panels of the middle row in Fig. 7 respectively.652

The right panel shows the signal over background ratio.653

We can see that the track multiplicities provide the most654

useful handle to isolate the signal. At small numbers655

of tracks, low centrality favors neutrino interactions, but656

the event rate is low. At high numbers of tracks, the cen-657

trality can help identify either neutrino or muon events658

as can be seen by the correlated cut illustrated with a659

dashed, black line. We present the discovery potential of660

such a cut in Sec. V.661

The spread S parameterizes the width of the shower662

seen in the IFT and is defined as663

S =

[
1

N

∑
i

ni × ((xi, yi)− (X,Y ))
2

]1/2

. (5)
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promising regions for distinguishing signal from background. The dashed black lines correspond to the correlated cut discussed
in the text.

As noted earlier, high-energy neutrino-nucleon interac-664

tions typically produce several showering particles that665

produce several tracks throughout the tracker whereas666

muons typically produce a few highly collimated tracks.667

While it is rare, muons can generate large numbers of668

tracks through an electromagnetic shower. The descen-669

dants of these shower will undergo several low energy670

interactions which cause the descendants to spread out671

around the muon track over short distances. In contrast,672

the large track numbers from neutrino events originate673

from a single high energy neutrino-nucleon interaction674

where the nuclear descendants travel longer distances675

between interactions, resulting in less spread out tracks676

than in the muon events.677

Similar to centrality, spread alone is not capable of678

differentiating neutrino signal from muon background.679

However, there are easily identifiable regions of spread680

and number of tracks which can significantly improve681

the signal to background ratio. In the bottom row of682

Fig. 7, we compare the neutrino and muon event rates as683

a function of spread and number of tracks to illustrate684

this point. The left and center panels show the neutrino685

and muon event rates, while the right panel shows the686

signal to background ratio. Just as with centrality, the687

signal to background ratio is largest at large numbers688

of tracks. The main difference with centrality is that689

the neutrino event rate remains large at high numbers690

of tracks with small spread. This can be seen by com-691

paring the event rate of neutrinos under the dashed in692

lines in the bottom two rows of the left column of Fig. 7.693

The additional handle of spread allows further rejection694

of muon background without removing the neutrino sig-695

nal. In particular, the neutrino events favor small spread696

∼ 2−4 cm for all numbers of tracks, while the muon event697

rate falls drastically at low spread and a high number of698

tracks, opening a promising search strategy. We present699
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possible cuts and their discovery potential for various in-700

tegrated luminosities in Sec. V.701

V. RESULTS702

In the previous section, we discussed the physics of703

several observables and their ability to distinguish neu-704

trino events from muon events. Using these results, we705

design several possible analysis strategies to extract the706

neutrino signal. The corresponding results are shown707

in Fig. 8. Here the upper panel shows the number of708

neutrino signal and LHC muon background events after709

the selection cuts. Note that all of these cuts reduce710

the muon background by orders of magnitude while hav-711

ing little effect on the neutrino signal. The lower panel712

shows the corresponding expected statistical sensitivity,713

obtained from a likelihood ratio test, for several luminosi-714

ties: 5 fb−1, which roughly corresponds to the first month715

of data taking; 25 fb−1, which roughly corresponds to lu-716

minosity expected in 2022; and 150 fb−1, which is the717

nominal luminosity for LHC Run 3.718

Starting on the left, we present four different single719

variable analyses requiring either a minimum energy de-720

posit in the calorimeter, Emin, or minimum number of721

charged tracks in the IFT, Nmin. We can see that strin-722

gent cuts Emin = 15 GeV and Nmin = 100 lead to a723

significance of about 3.5σ and 2σ, respectively, at a lumi-724

nosity of 5 fb−1. Further improvements can be obtained725

using multivariate analyses. In particular, we present five726

different analyses, shown on the right, which are able to727

provide ∼ 5σ evidence for neutrinos already at a lumi-728

nosity of 5 fb−1.
729

The sensitivity estimates discussed above only con-730

sider statistical uncertainties. However, in reality, several731

sources of systematic uncertainties will have to be taken732

into account for this analysis. The primary sources of un-733

certainty are expected to be related to particle fluxes. As734

described in Sec. III A, the muon flux and energy spec-735

trum used in this study has been obtained using a dedi-736

cated FLUKA simulation and the associated uncertainties737

are at a O(1) level. A first in-situ measurement of the738

overall flux was performed in 2018 using an emulsion de-739

tector and a good agreement with the simulation was740

found. The situation will significantly improve in the741

near future once FASER starts to collect data. This will742

allow to constrain the muon flux and muon energy spec-743

trum using the magnetized spectrometer in a data-driven744

way and significantly reduce the associated uncertainties.745

An additional uncertainty is associated with the neu-746

trino flux. A first quantitative estimate of this uncer-747

tainty was obtained in Ref. [45] by comparing the pre-748

dictions of different Monte Carlo event generators and749

shown as shaded band in Fig. 3. The uncertainties are750

around tens of percent at lower neutrino energies but in-751

crease significantly at higher energies above 1 TeV. This752

is due to an increasing contribution of neutrinos from753

charmed hadron decay to the overall flux for which the754

considered generator predictions differ by up to an order755

of magnitude. Dedicated efforts are needed, and have756

indeed already begun [10–15], to provide more reliable757

predictions for this forward charm production.
758

While the observation of neutrinos at the LHC con-759

stitute an important milestone on its own, high energy760

neutrinos at the LHC also provide a array of opportu-761

nities for physics measurements. As a specific example,762

we interpret our proposed analysis as a measurement of763

the neutrino cross-section. This is illustrated in Fig. 9764

where we show the neutrino-nucleon interaction cross sec-765

tion as a function of the neutrino energy. Up to an en-766

ergy of about 350 GeV, there are a variety of measure-767

ments of both the νµ and ν̄µ cross sections from accel-768

erator neutrino experiments [61–67]. In addition, there769

are several measurements using high energy cosmic neu-770

trinos observed at IceCube which constrain the average771

νµ + ν̄µ cross sections at energies between 10 TeV and772

10 PeV [68–70]. In the future, measurements with ultra773

high energy cosmic neutrinos will allow to extend these774

measurements to even higher energies [71].775

At TeV energies, in between the accelerator neutrino776

and high-energy cosmic neutrino experiments, there re-777

mains a gap that has evaded cross section measurements.778

This gap can be accessed by LHC neutrinos. Indeed, the779

FASERν pilot detector results can already be used to780

constrain this region, although with large uncertainties.781

We have reinterpreted the results presented in Ref. [23]782

and obtained the first measurement on the neutrino cross783

section at TeV energies. This is shown as a gray error784

bar in Fig. 9 and takes into account both the uncer-785

tainty on the measured number of neutrinos as well as786

the flux uncertainty. Since the detector lacked the abil-787

ity to identify leptons, this result should be understood as788

a constraint on the overall interaction strength for both789

charged and neutral current interactions of neutrinos and790

anti-neutrinos of all flavors.791

Shown in red we include the projected sensitivity that792

could be obtained with the analysis strategy presented793

in this work, assuming a luminosity of both 5 fb−1 and794

25 fb−1. Similar to the FASER pilot run, this constrains795

the average νµ and ν̄µ cross section due to a lack of en-796

ergy resolution and flavour identification abilities. The797

energy error bars are the 68% CL in the energy of a neu-798

trino interaction, and the cross-section error bars are the799

combined uncertainties from the statistics of the limited800

number of events and the neutrino flux uncertainties. We801

emphasize that, while the FASER pilot detector recorded802

the first neutrino interaction candidates at the LHC, the803

analysis we are proposing would be the first 5σ signal of804

TeV neutrinos constraining the neutrino-nucleon cross-805

section in this novel region.806

Finally, we also present the projected cross section sen-807

sitivity for FASERν assuming a luminosity of 150 fb−1.808

Unlike the analysis strategy proposed in this paper, the809

emulsion neutrino detector will provide additional in-810

formation on the neutrino interaction which allows to811

both identify the leptons and estimate the neutrino en-812
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We see that there is potential for a multivariate analysis to discover neutrino events at 5σ with an integrated luminosity as low
as 5 fb−1.

ergy [24]. In addition, the interface with the FASER813

spectrometer will measure the final state muon charge814

and therefore distinguish neutrinos and anti-neutrinos.815

Here we take into account a geometrical efficiency of 42%816

for a muon produced in the emulsion detector to enter the817

smaller FASER spectrometer. The corresponding results818

are shown in blue and include both statistical and flux819

uncertainties.820

VI. CONCLUSIONS821

The 2021 detection of far-forward neutrino candidates822

by an 11 kg FASER pilot detector [23] has signaled823

the opening of the new field of LHC neutrino physics.824

With the successful installation of the ton-scale detec-825

tors FASERν and SND@LHC in the far-forward regions826

480 m from the ATLAS IP, it is expected that ∼ 10, 000827

TeV-scale neutrinos will be detected with the 150 fb−1828

of integrated luminosity at LHC Run 3 from 2022-25.829

The full analysis of FASERν and SND@LHC data, es-830

pecially the emulsion data, will take time. In this work,831

we have shown that, even without an analysis of the emul-832

sion data, a 5σ discovery of collider neutrinos is possi-833

ble with as little as 5 fb−1 of integrated luminosity. We834

expect that the analysis described here will be the ap-835

proach used to discover collider neutrinos. In addition,836

this electronic-detector-only analysis provides an alter-837

native way of studying LHC neutrinos with experimental838

systematics that are very different from emulsion detec-839

tors. It therefore provides an independent cross check840

and an alternative view that may be sensitive to differ-841

ent new physics effects.842

The analysis is designed to isolate neutrinos that pass843

through the front veto scintillators and interact in the844

back of the tungsten target of the FASERν detector845

or the lead shielding. The resulting shower of parti-846

cles may then be seen as charged tracks in the IFT and847

downstream trackers, in the downstream scintillators and848

through the deposit of significant energy in the calorime-849

ter. The leading background is from muons produced at850
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neutral current cross-section measurement of the analysis presented in this work.

the LHC. Very rarely, these may pass through the front851

veto scintillators undetected, or they may just miss these852

scintillators, interact in the material on the sides of the853

detector, and produce particles that are detected in the854

downstream components.855

We have simulated the neutrino signal and muon-856

induced background in FLUKA. We have found that the857

signal sensitivity is maximized by requiring a set of strin-858

gent scintillator cuts, in which there are no hits in the859

front veto scintillators, but hits in all of the other scintil-860

lators. In addition to this requirement, we have examined861

the effect of requiring, in various combinations, a minimal862

number of charged tracks in the IFT, a maximal spatial863

spread of these tracks in the transverse plane, and a min-864

imal energy deposit of 1, 5, or 15 GeV in the calorimeter.865

The results are given in Fig. 8. We see that the most866

effective set of cuts retain roughly 1-10% of the neutrino867

signal rate, while simultaneously suppressing the back-868

ground by many orders of magnitude. A 5σ discovery is869

possible with the data collected in the early running of870

LHC Run 3 in 2022. The study of LHC neutrinos will871

therefore quickly pass through the discovery stage into872

the stage of studying TeV neutrinos. As an example, in873

Fig. 9 we show that neutrino detection at FASER with874

just 5 fb−1 will provide an interesting constraint on the875

neutrino-nucleon cross section in the currently open win-876

dow from Eν ∼ 350 GeV− 10 TeV.877

Although our results are promising, we emphasize that878

our analysis is limited to using the number of tracks and879

spread of the first tracker image and simple cuts. A thor-880

ough analysis of the full tracker data of all four tracker881

stations could improve this analysis greatly, allowing a882

discovery with less integrated luminosity at the LHC and883

a better measurement of the neutrino-nucleon cross sec-884

tion. Additionally, the event rate could deviate from SM885

predictions. Such an anomaly could be the sign of new886

muon, neutrino, or dark physics. An analysis of these887

scenarios is outside the scope of this study, but it would888

be interesting to consider these possibilities.889
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[56] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke,1104

N. Desai, P. Ilten, S. Mrenna, S. Prestel, C. O.1105

Rasmussen, and P. Z. Skands, “An Introduction to1106

PYTHIA 8.2,” Comput. Phys. Commun. 191 (2015)1107

159–177, arXiv:1410.3012 [hep-ph].1108

[57] C. Andreopoulos et al., “The GENIE Neutrino Monte1109

Carlo Generator,” Nucl. Instrum. Meth. A 614 (2010)1110

87–104, arXiv:0905.2517 [hep-ph].1111

[58] C. Andreopoulos, C. Barry, S. Dytman, H. Gallagher,1112

T. Golan, R. Hatcher, G. Perdue, and J. Yarba, “The1113

GENIE Neutrino Monte Carlo Generator: Physics and1114

User Manual,” arXiv:1510.05494 [hep-ph].1115

[59] D. Casper and S. Shively. Private communication, 2022.1116

[60] Particle Data Group Collaboration, P. A. Zyla et al.,1117

“Review of Particle Physics,” PTEP 2020 (2020) no. 8,1118

083C01.1119

[61] D. C. Colley et al., “Cross-sections for Charged Current1120

Neutrino and Anti-neutrino Interactions in the Energy1121

Range 10-GeV to 50-GeV,” Z. Phys. C 2 (1979) 187.1122

[62] Gargamelle SPS Collaboration, J. G. Morfin et al.,1123

“Total Cross-sections and Nucleon Structure Functions1124

in the Gargamelle SPS Neutrino / Anti-neutrino1125

Experiment,” Phys. Lett. B 104 (1981) 235–238.1126

[63] J. P. Berge et al., “Total Neutrino and Anti-neutrino1127

Charged Current Cross-section Measurements in1128

100-GeV, 160-GeV and 200-GeV Narrow Band Beams,”1129

Z. Phys. C 35 (1987) 443.1130

[64] W. G. Seligman, A Next-to-Leading Order QCD1131

Analysis of Neutrino - Iron Structure Functions at the1132

Tevatron. PhD thesis, Nevis Labs, Columbia U., 1997.1133

[65] NuTeV Collaboration, M. Tzanov et al., “Precise1134

measurement of neutrino and anti-neutrino differential1135

cross sections,” Phys. Rev. D 74 (2006) 012008,1136

arXiv:hep-ex/0509010.1137

[66] NOMAD Collaboration, Q. Wu et al., “A Precise1138

measurement of the muon neutrino-nucleon inclusive1139

charged current cross-section off an isoscalar target in1140

the energy range 2.5 < E(nu) < 40-GeV by NOMAD,”1141

Phys. Lett. B 660 (2008) 19–25, arXiv:0711.11831142

[hep-ex].1143

[67] MINOS Collaboration, P. Adamson et al., “Neutrino1144

and Antineutrino Inclusive Charged-current Cross1145

Section Measurements with the MINOS Near1146

Detector,” Phys. Rev. D 81 (2010) 072002,1147

arXiv:0910.2201 [hep-ex].1148

http://cern.ch/flair
http://arxiv.org/abs/1812.09139
http://arxiv.org/abs/1901.04468
http://dx.doi.org/10.1088/1748-0221/16/12/P12028
http://arxiv.org/abs/2110.15186
http://arxiv.org/abs/2110.15186
http://arxiv.org/abs/2110.15186
http://dx.doi.org/10.1016/j.nima.2022.166825
http://dx.doi.org/10.1016/j.nima.2022.166825
http://dx.doi.org/10.1016/j.nima.2022.166825
http://arxiv.org/abs/2112.01116
http://arxiv.org/abs/2112.01116
http://arxiv.org/abs/2112.01116
https://cds.cern.ch/record/2803084
http://dx.doi.org/10.1103/PhysRevD.97.055034
http://arxiv.org/abs/1710.09387
http://dx.doi.org/10.1103/PhysRevD.97.095016
http://arxiv.org/abs/1801.08947
http://dx.doi.org/10.1103/PhysRevD.98.055021
http://arxiv.org/abs/1806.02348
http://dx.doi.org/10.1103/PhysRevD.99.095011
http://dx.doi.org/10.1103/PhysRevD.99.095011
http://dx.doi.org/10.1103/PhysRevD.99.095011
http://arxiv.org/abs/1811.12522
http://dx.doi.org/10.1103/PhysRevD.104.113008
http://arxiv.org/abs/2105.08270
http://dx.doi.org/10.1103/PhysRevD.80.094003
http://arxiv.org/abs/0906.4113
http://arxiv.org/abs/1510.00568
http://arxiv.org/abs/1510.00568
http://arxiv.org/abs/1510.00568
http://dx.doi.org/10.22323/1.301.0301
http://dx.doi.org/10.22323/1.301.0301
http://dx.doi.org/10.22323/1.301.0301
http://arxiv.org/abs/1709.07227
http://dx.doi.org/10.1103/PhysRevD.100.103018
http://dx.doi.org/10.1103/PhysRevD.100.103018
http://dx.doi.org/10.1103/PhysRevD.100.103018
http://arxiv.org/abs/1806.04140
http://dx.doi.org/10.1103/PhysRevD.102.063002
http://dx.doi.org/10.1103/PhysRevD.102.063002
http://dx.doi.org/10.1103/PhysRevD.102.063002
http://arxiv.org/abs/1912.03300
http://dx.doi.org/10.1103/PhysRevC.92.034906
http://arxiv.org/abs/1306.0121
http://dx.doi.org/10.1103/PhysRevD.83.014018
http://arxiv.org/abs/1010.1869
http://dx.doi.org/10.1007/978-3-642-18211-2_166
http://dx.doi.org/10.1007/978-3-642-18211-2_166
http://dx.doi.org/10.1007/978-3-642-18211-2_166
http://arxiv.org/abs/hep-ph/0012252
http://dx.doi.org/10.5445/IR/1000055433
http://dx.doi.org/10.5445/IR/1000055433
http://dx.doi.org/10.5445/IR/1000055433
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012
http://dx.doi.org/10.1016/j.nima.2009.12.009
http://dx.doi.org/10.1016/j.nima.2009.12.009
http://dx.doi.org/10.1016/j.nima.2009.12.009
http://arxiv.org/abs/0905.2517
http://arxiv.org/abs/1510.05494
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1007/BF01474659
http://dx.doi.org/10.1016/0370-2693(81)90598-0
http://dx.doi.org/10.1007/BF01596895
http://dx.doi.org/10.2172/1421736
http://dx.doi.org/10.2172/1421736
http://dx.doi.org/10.2172/1421736
http://dx.doi.org/10.2172/1421736
http://dx.doi.org/10.2172/1421736
http://dx.doi.org/10.1103/PhysRevD.74.012008
http://arxiv.org/abs/hep-ex/0509010
http://dx.doi.org/10.1016/j.physletb.2007.12.027
http://arxiv.org/abs/0711.1183
http://arxiv.org/abs/0711.1183
http://arxiv.org/abs/0711.1183
http://dx.doi.org/10.1103/PhysRevD.81.072002
http://arxiv.org/abs/0910.2201


16

[68] IceCube Collaboration, M. G. Aartsen et al.,1149

“Measurement of the multi-TeV neutrino cross section1150

with IceCube using Earth absorption,” Nature 5511151

(2017) 596–600, arXiv:1711.08119 [hep-ex].1152

[69] M. Bustamante and A. Connolly, “Extracting the1153

Energy-Dependent Neutrino-Nucleon Cross Section1154

above 10 TeV Using IceCube Showers,” Phys. Rev. Lett.1155

122 (2019) no. 4, 041101, arXiv:1711.110431156

[astro-ph.HE].1157

[70] IceCube Collaboration, R. Abbasi et al.,1158

“Measurement of the high-energy all-flavor1159

neutrino-nucleon cross section with IceCube,”1160

arXiv:2011.03560 [hep-ex].1161

[71] V. B. Valera, M. Bustamante, and C. Glaser, “The1162

ultra-high-energy neutrino-nucleon cross section:1163

measurement forecasts for an era of cosmic1164

EeV-neutrino discovery,” arXiv:2204.04237 [hep-ph].1165

[72] R. Ulrich, T. Pierog, and C. Baus, “Cosmic ray monte1166

carlo package, crmc.”1167

https://doi.org/10.5281/zenodo.5270381, Aug.,1168

2021.1169

[73] A. Buckley, J. Butterworth, D. Grellscheid, H. Hoeth,1170

L. Lonnblad, J. Monk, H. Schulz, and F. Siegert, “Rivet1171

user manual,” Comput. Phys. Commun. 184 (2013)1172

2803–2819, arXiv:1003.0694 [hep-ph].1173

[74] C. Bierlich et al., “Robust Independent Validation of1174

Experiment and Theory: Rivet version 3,” SciPost1175

Phys. 8 (2020) 026, arXiv:1912.05451 [hep-ph].1176

[75] E. Rodrigues, “The Scikit-HEP Project,” EPJ Web1177

Conf. 214 (2019) 06005, arXiv:1905.000021178

[physics.comp-ph].1179

[76] E. Rodrigues et al., “The Scikit HEP Project –1180

overview and prospects,” EPJ Web Conf. 245 (2020)1181

06028, arXiv:2007.03577 [physics.comp-ph].1182

http://dx.doi.org/10.1038/nature24459
http://dx.doi.org/10.1038/nature24459
http://dx.doi.org/10.1038/nature24459
http://arxiv.org/abs/1711.08119
http://dx.doi.org/10.1103/PhysRevLett.122.041101
http://dx.doi.org/10.1103/PhysRevLett.122.041101
http://dx.doi.org/10.1103/PhysRevLett.122.041101
http://arxiv.org/abs/1711.11043
http://arxiv.org/abs/1711.11043
http://arxiv.org/abs/1711.11043
http://arxiv.org/abs/2011.03560
http://arxiv.org/abs/2204.04237
https://doi.org/10.5281/zenodo.5270381
http://dx.doi.org/10.1016/j.cpc.2013.05.021
http://dx.doi.org/10.1016/j.cpc.2013.05.021
http://dx.doi.org/10.1016/j.cpc.2013.05.021
http://arxiv.org/abs/1003.0694
http://dx.doi.org/10.21468/SciPostPhys.8.2.026
http://dx.doi.org/10.21468/SciPostPhys.8.2.026
http://dx.doi.org/10.21468/SciPostPhys.8.2.026
http://arxiv.org/abs/1912.05451
http://dx.doi.org/10.1051/epjconf/201921406005
http://dx.doi.org/10.1051/epjconf/201921406005
http://dx.doi.org/10.1051/epjconf/201921406005
http://arxiv.org/abs/1905.00002
http://arxiv.org/abs/1905.00002
http://arxiv.org/abs/1905.00002
http://dx.doi.org/10.1051/epjconf/202024506028
http://dx.doi.org/10.1051/epjconf/202024506028
http://dx.doi.org/10.1051/epjconf/202024506028
http://arxiv.org/abs/2007.03577

	Neutrino Detection without Neutrino Detectors:  Discovering Collider Neutrinos at FASER with Electronic Signals Only
	Abstract
	Introduction
	Signal and Background Characteristics in FASER
	Simulation Setup
	LHC Neutrinos and Muons
	FLUKA Simulation
	Cosmic Muons

	Observables and Analysis 
	Scintillators
	Calorimeter Energy
	Tracker Observables

	Results 
	Conclusions 
	Acknowledgements
	References


