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Prompt neutrinos

In pp collision at the LHC, various hadrons are produced. 

A number of neutrinos are produced from subsequent decay of the 
secondary hadrons. 

Neutrinos generated from the decay of charmed/bottom hadrons are 
called prompt neutrinos.

e . g.) π, K, D, B . . . → ν + X



Possible sites for detection

14 Ch.1 Motivation for GridPix

tunnel with a circumference of 27 km was built in order to host the Large Electron-
Positron (LEP) collider. The LEP was able to deliver a centre of mass energy from
91 GeV up to 209 GeV and was used for the detailed study of the electroweak theory
and the Standard Model in general through the production of the W± and the Z
bosons. Until its decommission in 2000 the LEP collider has been used for detailed
studies of the electroweak theory and the precise determination of basic Standard
Model quantities like the masses of the W and the Z bosons.

The same tunnel is used currently for the Large Hadron Collider (LHC), figure 1.2.
The LHC is currently the world’s most powerful machine for high-energy physics
experiments. The LHC was designed in order to collide proton beams with a centre
of mass energy of 14 TeV and a luminosity of 1034 cm−2 s−1, [17]. In each one of the
four interaction points, one of the large experiments is installed, namely A Large
Ion Collider Experiment (ALICE) [18], A Toroidal LHC Apparatus (ATLAS) [19],
Compact Muon Solenoid (CMS) [20] and Large Hadron Collider Beauty (LHCb)
experiment [21].

Figure 1.2: The current layout of the LHC showing the location of the ALICE,
the ATLAS, the CMS and the LHCb experiments. The proton beams are
accelerated in several stages and reach 450 GeV at the Super Proton Syn-
chrotron (SPS). Finally the beams are transferred in the LHC where they are
accelerated in opposite directions to their maximum energy.

The proton beams are accelerated in opposite directions in two separate beam
pipes. The pipes are kept at high vacuum and for the steering of the beams strong
superconducting electromagnets are used. During operation, the electromagnets are
cooled down to a temperature of -271.3 ◦C which is even lower than the temperature
of the outer space (-270.5 ◦C).

Near CMS interaction point (IP)
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FIG. 1. Left panel: The arrow points to FASER’s location in service tunnel TI12, roughly 480
m east of the ATLAS IP. Credit: CERN Geographical Information System. Right panel: View
of FASER in tunnel TI12. The trench lowers the floor by 45 cm at the front of FASER to allow
FASER to be centered on the beam collision axis. Credit: CERN Site Management and Buildings
Department.

installed in LS3 from 2024-26 in time to take data during the HL-LHC era from 2026-
35. Despite their relatively small size, FASER and FASER 2 will complement the LHC’s
existing physics program, with remarkable sensitivity to dark photons, axion-like particles,
and other proposed particles. In the following sections, we discuss FASER’s location, layout,
and discovery potential. Additional details may be found in FASER’s Letter of Intent [9]
and Technical Proposal [10]. In the Appendix, an Addendum to this document contains
information about the interested community, anticipated construction and operating costs,
and computing requirements.

II. LOCATION

The side tunnels TI12 and TI18 are nearly ideal locations for FASER [11]. These side
tunnels were formerly used to connect the SPS to the LEP (now LHC) tunnel, but they are
currently unused. The LHC beam collision axis intersects TI12 and TI18 at a distance of 480
m to the west and east of the ATLAS IP, respectively. Estimates based on detailed simula-
tions using FLUKA [12, 13] by CERN’s Sources, Targets, and Interaction (STI) group [14],
combined with in situ measurements using emulsion detectors, have now confirmed a low
rate of high-energy SM particles in these locations. Additionally, the FLUKA results com-
bined with radiation monitor measurements have confirmed low radiation levels in these
tunnels. These locations, then, provide extremely low background environments for FASER
to search for LLPs that are produced at or close to the IP, propagate in the forward direction
close to the beam collision axis, and decay visibly within FASER’s decay volume.

FASER is currently planned for installation in TI12. This location is shown in Fig. 1,
and is roughly 480 m east of the ATLAS IP. The beam collision axis passes along the floor of
TI12, with its exact location depending on the beam crossing angle at ATLAS. TI12 slopes
upward when leaving the LHC tunnel to connect to the shallower SPS tunnel. To place
FASER along the beam collision axis, the ground of TI12 must be lowered roughly 45 cm
at the front of FASER, where particles from the ATLAS IP enter.

A schematic view of the far-forward region downstream of ATLAS is given in Fig. 2. From
the ATLAS IP, the LHC beam passes through a 270 m-long straight “insertion,” and then
enters an “arc” and bends. Far-forward charged particles are bent by the beam optics, and
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FASER (ForwArd Search ExpeRiment)

Detector Location: 480 m from ATLAS IP

Planned with two stages
FASER 1: Rd = 10 cm, Ld = 1.5 m, Luminosity = 150 fb-1 (during Run 3)
FASER 2: Rd = 1.0 m,  Ld = 5.0 m, Luminosity = 3000 fb-1 (during HL-LHC)

Rapidity: 𝜂 ≳ 9.2 for FASER1, 𝜂 ≳ 6.9 for FASER2 

Schematic layout
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FIG. 2. Schematic view of the far-forward region downstream of ATLAS and various particle
trajectories. Upper panel: FASER is located 480 m downstream of ATLAS along the beam
collision axis (dotted line) after the main LHC tunnel curves away. Lower left panel: High-
energy particles produced at the IP in the far-forward direction. Charged particles are deflected
by LHC magnets, and neutral hadrons are absorbed by either the TAS or TAN, but LLPs pass
through the LHC infrastructure without interacting. Note the extreme di↵erence in horizontal
and vertical scales. Lower right panel: LLPs may then travel ⇠ 480 m further downstream and
decay within FASER in TI12.

neutral hadrons are typically stopped in the TAS or TAN absorbers, which are designed to
protect the magnets. To travel from the IP to FASER, particles must pass through roughly
10 m of concrete and 90 m of rock. In the SM, only muons and neutrinos can reach FASER
from the IP. On the other hand, LLPs produced at or near the IP easily pass through all of
the natural and man-made material without interacting and then can decay in FASER.

III. DETECTOR LAYOUT AND COMPONENTS

At the LHC, light particles are typically produced with a characteristic transverse mo-
mentum comparable to their mass pT ⇠ m. Consequently, LLPs that are produced within
FASER’s angular acceptance, ✓ ⇠ pT/E  1 mrad, tend to have very high energies ⇠ TeV.
The characteristic signal events at FASER are, then,

pp ! LLP +X, LLP travels ⇠ 480 m, LLP ! e+e�, µ+µ�, ⇡+⇡�, ��, . . . , (3)

where the LLP decay products have ⇠ TeV energies. The target signals at FASER are
therefore striking: two oppositely charged tracks or two photons with ⇠ TeV energies that
emanate from a common vertex inside the detector and have a combined momentum that
points back through 100 m of concrete and rock to the IP.

The decay products of such light and highly boosted particles are extremely collimated,
with a typical opening angle ✓ ⇠ m/E. For example, for an LLP with mass m ⇠ 100 MeV
and energy E ⇠ 1 TeV, the typical opening angle is ✓ ⇠ m/E ⇠ 100 µrad, implying a

4

Figure from 1901.04468



Neutrino sources at the LHC

𝜋, 𝛫  (𝑐𝜏 ~ 𝑂(1) m):  do not decay before they reach to the detector 
at distance of 480 m when 𝐸 ≳ ~ 9 (65) GeV for 𝜋 (𝛫).

W/Z : neutrinos from weak boson decays are distributed in |𝜂| ≲ 6. 

D/B mesons (𝑐𝜏 ~ 𝑂(100) 𝜇m)  

�  (𝑐𝜏 ~ 𝑂(10) 𝜇m)  

𝜈𝜏 are only from . 

Λc

D±
s , B±, B0(B̄0)

the main source of �ντ

Contribute to the 
neutrino flux for 𝜂 ≳ 6.5➔

Figure from 1804.04413

Previous works for tau neutrinos at LHC
De Rujula et al. Nucl. Phys. B405(1993) 80-108 
H. K. Park, JHEP 10 (2011) 092

FASER𝜈 (1908.02310)



Motivation

Neutrinos in large rapidity region will provide a good opportunity for 
measurement of neutrino cross section at TeV energies. 

With sizeable number of tau neutrino (� ), it will be possible to test 
lepton universality in neutrino interaction.

Abundant �  will help investigate oscillation in/beyond the SM.
better understanding of �  CC interaction will be able to reduce the 
uncertainty due to the tau (𝜏) decay in the oscillation experiments.
possible to probe oscillation between �  and sterile neutrino (� ) using 
the event spectrum.

To better understand heavy quark production at more forward region 
than measured by LHCb ➙ useful to explore high energy neutrinos 
at IceCube and Km3net.

ντ

ντ
ντ

ντ νs



Heavy quark production 

• The HQ production cross section (at NLO): 

Perturbative QCD with collinear approximation

In collinear approximation, the partons in interaction are assumed to 
be collinear. 

For very forward kinematic region, small transverse momentum 
corrections can have important effect on particle’s path to the detector.

⤇ �  smearing needs to be incorporated.kT

d2σ
dp3

Q
= ∑

i, j=q,q̄,g
∫ dx1dx2 fi (x1, μ2

F) fj (x2, μ2
F)[

d3 ̂σij(x1pp, x2pp, pQ, m2
Q, μ2

F, μ2
R)

dp3
Q ]



Transverse momentum smearing

In Gaussian approximation of transverse momentum smearing

f(kT) =
1

π⟨k2
T⟩

exp(−
k2

T

⟨k2
T⟩ )

The heavy quark production cross section with �  included:⟨kT⟩

d2σ
dpz d2pT

= ∑
i, j=q,q̄,g

∫ d2kT ∫ d2p′�T f(kT)
d2 ̂σ

dpz d2pT
δ2(pT − p′ �T − kT)

Transverse momentum smearing: 
approximate effects of initial state showering
Includes intrinsic �  kT

dx1 fi(x1, μ2
F) → dx1 d2kT1 f(kT1) fi(x1, μ2

F)



The effect of �  by rapidity⟨kT⟩

�  has more impact at larger 
rapidity region.

  reduces the amount of the 
particle toward the detector direction. 

⟨kT⟩

⟨kT⟩



Comparison with LHCb ( �  distribution)pT

By comparing NLO pQCD 
evaluation with the LHCb data 
for the total and differential cross 
sections, the relevant scales is 
obtained as 
� . 

Non-zero �  makes fit better to 
the measurement. 

�  = 2.2 GeV fairly well 
describes the overall data, but 
still not optimal for low �  range. 

(μR, μF) = (1.0, 1.5) mT

⟨kT⟩

⟨kT⟩

pT



Determination of �⟨kT⟩

The default value:  �  = 0.7 GeV guided by POWHEG simulation.

The uncertainty range by the scales is too broad at the low   region. 
Instead, we take 0 < �  < 1.4 GeV. 

⟨kT⟩

pT
⟨kT⟩

Preliminary



Decay to tau neutrinos

+
sD

+τ

τν

τν

µν

+µ

The Ds meson is the main source of the tau neutrinos with 
� . 

The Ds decay produces two tau neutrinos: by direct decay (Ds → 𝜈𝜏) 
and by chain decay (Ds → 𝜏 → 𝜈𝜏).

About 90% of Ds energy is transferred to tau.

B0, B± also decays to tau neutrinos.

Br (Ds → τ + ντ) ∼ 5.5 %

Br (B+ → D̄0τ+ντ) = 0.7 %
Br (B+ → D̄*(2007)0τ+ντ) = 1.88 %

Br (B0 → D−τ+ντ) = 1.08 %
Br (B0 → D*(2010)−τ+ντ) = 1.57 %



Differential cross sections for �  productionντ

�  :  total flux of neutrinos incoming to the detector area.

3-dimensional decay are considered. 

dσ
dE

× ℒ

Preliminary



Collinear approx. vs. 3-dim in decay

3D decay consideration reduce the number of tau neutrinos reached to 
the detector by ~ 20%.

Preliminary



Event rate

Contribution from B is ~ 4 %.

Events with � = 2.2 GeV is 
5725, which is ~ 20% less than 
prediction with �  = 0.7 GeV.

⟨kT⟩

⟨kT⟩

�  = 0.7 TeV⟨kT⟩

Preliminary



Oscillation with sterile neutrinos



Sterile neutrinos at FASER

Sterile neutrinos are searched in a wide mass range depending on 
motivations. 

Oscillation experiments search for mostly eV scale sterile neutrinos 
and the mixing angles are constrained for � . 

With the abundant tau neutrinos and broad energy spectrum, the 
FASER can investigate oscillation between �  and � .

For the baseline and the neutrino energy range, FASER will not be 
sensitive to oscillation between the SM neutrinos. Therefore, deficit or 
excess in the observed event spectrum can be interpreted as oscillation 
with sterile neutrinos. 

The larger mass range of sterile neutrinos can be probed.

Δm2
41 ≃ O(10−2) − 10 eV2

ντ νs



Potential mass and mixing

Oscillation probability in two flavour approximation: 

        �

Condition for noticeable signal : 

�

For the baseline 480 m and neutrinos with 

E ~ 170 GeV ⇒ �  ( � )
E ~ 350 GeV ⇒ �  ( � )

P(να → νβ) ≃ sin2 2θαβ sin2( Δm2L
4E )

Δm2L
4E

∼
π
2

Δm2
s ∼ 440 eV2 ms ∼ 20 eV

Δm2
s ∼ 900 eV2 ms ∼ 30 eV



Potential mass and mixing

Among the existing constraints on 
� , the strongest constraint 
is from NOMAD as

� ,    
� ,    
�

The testable parameter sets for mixing 
angle:

�

�

Δm2 ≳ 100 eV2

sin2 2θμτ < 3.3 × 10−4

sin2 2θeτ < 1.5 × 10−2

sin2 2θμe < 1.4 × 10−3

|Ue4 |2 = 0.04, |Uμ4 |2 = 10−3, |Uτ4 |2 = 0.08

|Ue4 |2 = 0.02, |Uμ4 |2 = 5 ⋅ 10−4, |Uτ4 |2 = 0.15



Oscillation probability in the 3+1 model
The oscillation probability in two flavour approximation

�     (disappearance)

�                    (appearance)

P(να → να) ≃ 1 − 4(1 − |Uα4 |2 ) |Uα4 |2 sin2( Δm2L
4E )

P(να → νβ) ≃ 4 |Uα4 |2 |Uβ4 |2 sin2( Δm2L
4E )

Probability of appearance is much less than disappearance, but due to 
the large flux of muon/electron neutrinos it could affect the spectrum.

Preliminary



Event spectrum of �  (disappearance)ντ

Representative 
parameter sets

    (for only disappearance) 
dNντ

dE surv
=

dNντ

dE
P(ντ → ντ)

|Uτ4 |2 = 0.08 and 0.15Δm2 = 20 eV2 and 30 eV2 ,

Preliminary



dNντ

dE surv
=

dNντ

dE
P(ντ → ντ) +

dNνμ

dE
P(νμ → ντ) +

dNνe

dE
P(νe → ντ)

Event spectrum of �  ντ

|Ue4 |2 = 0.04, |Uμ4 |2 = 10−3, |Uτ4 |2 = 0.08

|Ue4 |2 = 0.02, |Uμ4 |2 = 5 ⋅ 10−4, |Uτ4 |2 = 0.15
Representative 
parameter sets

Δm2 = 20 eV2

& 30 eV2 ,

Preliminary

All neutrinos here are prompt neutrinos.



Summary

We have investigated tau neutrinos that could be measured at very forward 
detector, focusing on the 2nd stage of the FASER experiment with total 
luminosity � .

The expected tau neutrino events are about 7-8000 and their energy scale 
will be in O(100) GeV - O(1) TeV. 

The FASER will be an opportunity for the first detection of neutrino from a 
collider and the highest energy neutrinos from the laboratory accelerator  
experiments.

With abundant tau neutrinos, their detection will contribute to the precise 
study of tau neutrino interaction including TeV scale and the heavy flavour 
production in the forward region.  

The FASER will also make it possible to explore the larger mass sterile 
neutrino (� ) than usually probed by oscillation experiments.

ℒint = 3,000 fb−1

Δm2
s > 100 eV2


