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Abstract: FASERν is a newly proposed experiment which will take data in run III of the

LHC during 2021–2023. It will be located in front of the FASER detector, 480 m away from

the ATLAS interaction point in the forward direction. Its main goal is to detect neutrinos

of all flavors produced at the interaction point with superb precision in reconstructing

charged tracks. This capability makes FASERν an ideal setup for uncovering the pattern

and properties of a light dark sector. We demonstrate this capability for a well-motivated

class of models with a dark matter candidate of mass around a few GeV. Dark matter

annihilates to a pair of intermediate neutral particles that subsequently decay into the

standard model charged fermions. We show how FASERν can shed light on the structure

of the dark sector by unravelling the decay chain within such models.
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1 Introduction

In recent years, inspired by the richness of the standard model particle content and moti-

vated by certain observations on structure formation, there has been a paradigm shift in

the dark matter model building from minimality to having an extended dark sector with

new interactions among dark particles. Given the null results from the direct and indirect

dark matter search experiments, there is a growing interest in dark sectors at the GeV

scale which interact too weakly to have been discovered so far. Low energy experiments

with high luminosity are the best setups to search for such feebly interacting light particles.

The run III of the LHC experiment will enjoy very high luminosity (150 fb−1) of protons

colliding at a center of mass energy of
√
s = 14 TeV, followed by a further luminosity

increase of O(10). Protons, being composite particles, abundantly contain partons which

carry only a small fraction (x) of the proton momentum. If two partons with x1 ∼ 0.1 and

x2 ∼ GeV2/(sx1) collide, they can produce new light particles with a mass around GeV

highly collimated in the forward direction. As a result, detectors such as FASER [1, 2]

or FASERν [3, 4], which are going to be installed in the forward direction at a distance

of 480 m from the Interaction Point (IP) of ATLAS, can be considered low energy high

luminosity experiments ideal for this type of searches.

The potential of the FASER experiment has been widely discussed in the litera-

ture [5, 6]. Initial studies focussed on light scalar singlet mixed with the SM Higgs [7],

subsequently extended to a connection to the inflaton [8] and to an improved sensitivity to

the Higgs portal [9]. The possibility to search for heavy neutral leptons has been consid-

ered, both when they arise from heavy meson decays [10, 11] and in the presence of new

B−L gauge interactions [12]. FASER sensitivity to dark matter particles and axions/dark

photons, and their possible connections, has been explored within various scenarios [13–15].

– 1 –
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Complex dark sectors involving multiple light particles can also lead to unique signatures

in FASER [16]. Finally, the imprint of R-parity violating supersymmetric models in which

unstable neutralinos are produced in heavy meson decays has been looked at in ref. [17].

FASERν is a more recent proposal [3, 4] and its unique capabilities have not been fully

explored, yet (see, however, [18, 19]). The main purpose of FASERν is to detect neutri-

nos produced at the interaction point. To reconstruct the ντ charged current interactions

FASERν is designed to have superb spatial as well as position resolution of respectively

50 nm and 0.4µm which makes it capable of reconstructing the direction of the tracks of

the charged particles with a remarkable precision.

If the mass of dark matter is smaller than 10 GeV and its main coupling is of the elec-

troweak type, the cross-section of the annihilation of dark matter pair into SM particles

can be estimated as σ ∝ G2
Fm

2
DM � pb so as shown in 1977 by Lee and Weinberg [20],

the standard freeze-out scenario cannot yield the observed abundance for the dark mat-

ter. Thus, light dark matter needs another interaction mode. One possibility is proposed

within the SLIM scenario [21–24]. Another attractive scenario is the annihilation of dark

matter pair to a pair of intermediate particles which are singlets of SU(2)×U(1) and sub-

sequently decay into SM particles. For such Dark Matter (DM) scenarios, FASERν will

enjoy spectacular signals. The aim of the present paper is to demonstrate how the superb

capabilities of FASERν in the track and vertex reconstruction can help to learn about the

intricate structure of the decay chain of the dark sector. For concreteness, we develop a

class of dark matter models that go through decay chain. We then show how the scenario

fits in the freeze-out paradigm for the DM production in the early universe and provides a

viable dark matter model for both cases that the DM particle is a fermion or a scalar.

In models of our interest, intermediate particles X ′ are produced at the Interaction

Point (IP) and subsequently chain-decay leading to unique signatures at FASERν. After

presenting different scenarios for X ′, we focus on the specific case of a pseudoscalar X ′

with an axion type interaction with the gluons of form

X ′GiµνG
i
αβε

µναβ

Λ
, (1.1)

where Giαβ is the gluon field strength. This kind of interaction has been introduced in

axion models motivated by the solutions for the QCD CP-problem. Typically, the mass

of the axion is suppressed by the inverse of the coupling Λ. The stringent bounds on the

axion scale then imply the axion mass to be very light. In recent years, increasing interest

has arisen on models which allow for heavier masses, in particular above the MeV scale

so that astrophysical bounds become much weaker [25–32]. Recently, ref. [33] extends the

minimal axion picture to ameliorate the so-called “axion quality problem”, that is the

sensitivity of the axion mechanism to higher dimensional corrections from heavy states. In

this model, the mass of X ′ is not suppressed by 1/Λ and can be in the range 0.1 GeV to

10 TeV. In this paper, we focus on X ′ with a mass in the range of few GeV-few 10 GeV. At

the interaction point, such X ′ can be produced abundantly in the forward direction. We

turn on a coupling between X ′ and the dark sector such that X ′ immediately decays into

– 2 –
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new invisible particles with dominant branching ratio. We then study possible signatures

of the dark sector in FASERν.

Within our scenario, the X ′ particles immediately decay to the neutral XX̄ pair which

are singlets of the standard model and can penetrate the rock and concrete between the

IP and FASERν. The X particles have a relatively long lifetime enough for them to reach

the FASERν detector. They eventually decay into dark matter Y and a pair of neutral η

and η̄ particles.1 Y leaves the detector as missing energy but η and η̄ decay into pairs of

charged leptons which can be detected. The signal will therefore be two pairs of charged

leptons plus missing transverse momentum associated with the dark matter production.

We show that by reconstructing the invariant mass of the charged lepton pairs, we can veto

the neutrino beam induced background and extract information on the mass of η. We find

that for 10−10 sec < τX < 10−4 sec, yet-unexplored values of Λ can be tested by FASERν.

We discuss how other parameters of the model such as the η lifetime can be extracted,

thanks to the unique capabilities of FASERν.

In section 2, we describe three different possibilities for the X ′ particle. We then

discuss the lifetime of X ′. In section 3, we compute the production cross-section of X ′

through the coupling in eq. (1.1) and then derive the energy spectrum of the X particles

from the X ′ decay. In section 4, we show how FASERν and FASER can constrain the

coupling of X ′ to the gluons (Λ) when X ′ decays dominantly to the singlets X and X̄

rather than to the gluons. In section 5, we proceed with different scenarios for the X

decays with particular attention to the dark matter. We describe the signatures of each

scenario and demonstrate how the unique capabilities of FASERν can be sensitive to them.

We then discuss extracting the parameters of the model such as the mass of the intermediate

particles and their lifetimes. In section 6, we build a light dark matter model based on the

thermal freeze-out dark matter production mechanism that embed the introduced particles.

In section 7, we summarize our results and briefly discuss how other future detectors can

test the model.

2 Different scenarios for the intermediate particle, X ′

In this section, we briefly present three scenarios for the intermediate particles, X ′. In

order to have an observable signal at FASERν, we require X ′ to couple to the SM not too

weakly so that it can be copiously produced at the IP.

• X ′ is a gauge boson of mass of few 100 MeV–few 10 GeV associated with the anomaly

free symmetry B − aeLe − aµLµ − aτLτ (with ae + aµ + aτ = 3) or a dark photon

mixed with ordinary photons. Such possibilities are studied in [12, 14–16].

• X ′ is a scalar coupled to the quarks. Refs. [13–15] consider a singlet scalar mixed

with the SM Higgs. As a result, the effective coupling of this scalar to the heavier

generations will be stronger and their main production mode at the LHC would be

1As we shall see in section 6, for fermionic dark matter (Y ), η has to be a complex field in order to have

a successful freeze-out scenario for the dark matter production in the early universe but for scalar a Y , η

can be either complex or real. For real η, η̄ will of course be the same as η.

– 3 –
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the decay of heavy mesons containing the c or b quarks. Because of the smallness

of the coupling to the first generation, the scalar in the scenario cannot directly be

produced via parton fusion at the IP. However, by introducing a new Higgs doublet

whose Yukawa coupling to the first generation is large, one can obtain large coupling

between the new light singlet scalar and the u and d quarks. To avoid large flavor

changing effects, a symmetry should be invoked to guarantee that the coupling of the

new Higgs to the quarks is diagonal in the flavor space.

• X ′ is a scalar which couples to the gluons via the interaction shown in eq. (1.1). This

is the case that we are going to explore in this paper.

The rate of the decay of X ′ into a gluon pair is given by [33]

Γ(X ′ → gg) = 3× 1011 sec−1

(
2× 104 GeV

Λ

)2 ( mX′

3 GeV

)3
. (2.1)

X ′ should also couple to the singlet X particles. We have not specified whether

X is scalar or fermion. For scalar X, we may introduce trilinear coupling of type

λmX′X
′X̄X and for fermionic X, we may write a Yukawa coupling of form λX ′X̄X.

In order for X ′ to decay into a XX̄ pair faster than into gg, the λ coupling should

be larger than O(10−6). X ′, with an energy of 100 GeV–few TeV, will decay after

propagating less than 1 m so it will decay before reaching the detectors. At one loop

level, the λ coupling induces a contribution to m2
X′ less than O(λ2m2

X′/16π2) which

is negligible. However, the same coupling will also induce a tadpole contribution

for X ′ at one loop level proportional to λ which can be problematic for fixing the

vacuum expectation value of X ′ to zero and solving the QCD θ-term. Since the

tadpole contribution is linear in λ, we may introduce a replica of the X particle with

the same mass but opposite coupling to X ′ to cancel the radiative tadpole. Addition

of such replica will not alter the signatures at FASERν so we will not discuss it

any further. We just note in passing that if the replica of X also decays within the

detector with a decay mode similar to that of X (as the symmerty between X and its

replica suggests), the phenomenology that we are discussing will be exactly the same.

If the replica decays before reaching FASERν or if it is stable, the only difference in

the prediction for FASERν will be the reduction of the statistics by half. In other

words, we would recover the same results by replacing Λ →
√

2Λ.

3 Production of X ′

The X ′ particles coupled to the gluons via the interaction in eq. (1.1) can be produced in

the gluon fusion at the Interaction Point (IP): g(p1) + g(p2)→ X ′(p1 + p2). Neglecting the

transverse momentum of the gluons, we may write

p1 = p(x1, 0, 0, x1) and p2 = p(x2, 0, 0,−x2) (3.1)

where p ' 7 TeV is the momentum of the proton. Energy-momentum conservation then

implies

mX′ = p
√

4x1x2 where
m2
X′

4p2
< x1, x2 < 1.

– 4 –
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The square of the scattering amplitude after averaging over the spins and the colors of the

initial gluons is given by2

〈|M2|〉 =
2p4x2

1x
2
2

Λ2
.

The cross section of two gluons with energies E1 = px1 and E2 = px2 fusing into X ′ is the

following

σ(x1, x2) = 2π

∫
〈|M2|〉

2E12E2|v2 − v1|
δ4(p1 + p2 − p′X)

d3PX′

2EX′

=
π

4Λ2

x1x2

x1 + x2
δ

[
x1 + x2 −

√
(x2 − x1)2 +m2

X′/p
2

]
. (3.2)

Convoluting with the gluon parton distribution function, Fg, we find

dσtot(EX′)

dEX′
=

π

32Λ2

m2
X′

p2

1

PX′
Fg

(
EX′ + PX′

2p

)
Fg

(
EX′ − PX′

2p

)
, (3.3)

in which PX′ =
√
E2
X′ −m2

X′ . Neglecting the transverse momenta implies that all the X ′

particles will be emitted parallel to the beamline. The partons inside a proton should have

a transverse momentum comparable to the inverse of the proton size: pt = 200 MeV. Taking

mX′ >GeV, this momentum can be neglected in the computation of the cross-section but

it will lead to the emission of X ′ within a small solid angle of πθ2
t where θt = pt/EX′ .

The typical momentum of the protons within a bunch is smaller than MeV and can be

neglected.

Let us denote the angle subtending the detector from the point at which X ′ decays into

XX̄ with θd: tan θd = (0.25 m)/d where d is the distance between the point at which X ′

decays and the detector. If the X ′ lifetime is shorter than 10−11 sec, the distance traveled

by X ′ will be shorter than few meters so it can be neglected in comparison to the distance

between the IP and the detector. Thus, for a prompt decay of X ′, d = 480 m and therefore

θd = 5× 10−4.

Let us now compute the spectrum of the X particles which are produced via X ′ → XX̄.

In the rest frame of X ′, the momentum of the X particle will be

k = (m2
X′/4−m2

X)1/2.

The velocity of X ′ in the lab frame is vX′ = (1−m2
X′/E

2
X′)

1/2.

As long as mX′

√
1− v2

X′/2 < mX , we expect k < mX′vX′/2 so the angle that the

momentum of the daughter X makes with the direction of the momentum of the mother

X ′ will be smaller than

θs = arctan

 2k

EX′vX′
√

1− 4k2/(m2
X′v

2
X′)

 .

2Within the axion models, the coupling is parameterized as Λ = 8πfa/αQCD where αQCD is the QCD

structure constant. In general, αQCD runs with the energy scale. However, considering the fact that for

g + g → X ′, the energy scale is fixed by mX′ we do not need to worry about the running of the coupling

and we may simply describe it by a constant Λ.

– 5 –
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For pt � k ∼ mX′/2, this angle will however be larger than θt and the angular spread of

the emitted X can therefore be described by θs. For mX → mX′/2, k � mX/2 so there

will be no angular dispersion and all the X particles will be emitted in the direction of

the X ′ momentum. To be more precise for k ∼ pt ∼ 200 MeV � mX′/2, the produced X

particles will make an angle smaller than 2k/(γmX′vX′) � 1 with the X ′ momentum so

all the X particles will practically be redistributed within πθ2
t with

EX =
EX′

2

(
1 +

2k

mX′

)
. (3.4)

In the case of k � pt, relation (3.4) also holds valid for the fraction of the X particles

directed towards the detector, up to a correction of O[p2
t /(4kmX′)]. In the both cases, the

flux of the X particles will be therefore given by

dN(EX)

dEX
= Lf

dσtot

dEX′

∣∣∣∣
EX

2

1 +
√

1− 4m2
X/m

2
X′

(3.5)

where L is the integrated luminosity. f is the fraction of X that reach the detector. For

pt ∼ 200 MeV ∼ k � mX′/2 and for pt � k ∼ mX′/2, we can respectively write f = θ2
d/θ

2
t

and f = θ2
d/(2(1− cos θs)).

X ′ can also be produced in the 2→ 2 processes such as g+g → X ′+g or g+q → X ′+q.

In fact, for the high pT processes that emit X ′ in the direction of the ATLAS detector,

these processes will dominate the X ′ production [33]. The X ′ that are produced by the

interaction of partons with s = 2
√
x1x2p� mX′ via the 2→ n processes with n > 1 will be

emitted in a wide solid angle. Practically only partons for which 2
√
x1x2p ∼ mX′ produce

X ′ in the direction reaching FASERν. Taking the cross section of 2→ 2 process of order of

αQCD/Λ
2, we find that dN(EX)/dEX |2→2 cannot be larger than 20% of dN(EX)/dEX |2→1

in eq. (3.5). We therefore neglect the 2 → 2 processes in our analysis but in a more

elaborate analysis, these processes should be also taken into account. They will increase

the X ′ production. As a result, our simplified computation gives a more conservative bound

than the full production computation.

Figure 1 shows the spectrum of X directed towards the detector during the run III

of the LHC with an integrated luminosity of 150 fb−1 and a center of mass energy for

colliding protons of
√
s = 14 TeV. We have taken typical values mX′ = 3 GeV, mX =

1 GeV and therefore k = 1.12 GeV. For the coupling, we have taken Λ = 2 × 104 GeV

which is close to the minimal allowed values for mX′ ∼ 3 GeV [33]. We have taken the

parton distribution function from [34, 35] at Q2 = m2
X′ . The figure shows a peak around

1 TeV. To produce an X particle with energy of EX = 100 GeV–1000 GeV, two gluons with

momentum fractions of x1 = (EX′/7 TeV) ∼ [2EX/(1+2k/mX′)](1/7 TeV) ∼ 0.1–0.01 and

x2 = m2
X′/[x1(14 TeV)2] ∼ 10−7–10−6 should fuse together. At the momentum fractions

of x2 ∼ 10−7–10−6, the gluon distribution function suffers from large uncertainties. The

blue band in figure 1 reflects this uncertainty. For the values of the parameters taken for

figure 1, during the run III of the LHC 135000 X will be emitted in the direction of the

detector with energies of few 100 GeV to few TeV. Of course, for larger Λ, the flux will be

reduced by O

[(
2×104 GeV

Λ

)2
]
.
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Figure 1. The spectrum of X particle emitted towards the FASERν detector during the run

III of LHC with an integrated luminosity of 150 fb−1 and a center of mass energy for colliding

protons of
√
s = 14 TeV. We have taken mX′ = 3 GeV, mX = 1 GeV and Λ = 2 × 104 GeV. The

gluon distribution function is taken from [35]. The band reflects the uncertainties on the gluon

distribution function especially at low momentum fractions.

4 Bounds on the Λ coupling from FASER and FASERν

X ′ decays into XX̄ pair before traveling a sizable distance. If the X particles decay within

FASER or FASERν such that they produce a signal of dilepton, the model can be probed.

The dilepton can be produced either directly by the X decay or by the decay of the

intermediate particles that are produced via the X particles.3 If the average distance that

these intermediate particles travel before decay is between 1 mm and a few×10 cm, FASER

cannot resolve the displaced vertex but FASERν will be able to do so. The main topic of

the present paper is to focus on this particular capability of FASERν. Let us however first

see what information FASERν and FASER can give us on the X lifetime. The number of

events from the X decay within the energy interval EX and EX + dEX is given by

dN(EX)

dEX
exp
− d
τXγX

(
sz

τXγX

)
dEX (4.1)

in which d = 480 m, τX is the lifetime of X in its rest frame and γX is the boost factor

γX = mX/EX . The exponential gives the probability that X reaches the detector. sz is

the size of the detector along the beamline. For FASERν, sz = 1.3 m and for FASER2

(the upgrade of FASER for the high luminosity LHC), sz = 5 m. The ratio sz/(τXγX)

3Instead of charged leptons, the intermediate particles can decay into quark pairs leading to dijets at

the detector. Since the angular separation of the final charged fermion pair is going to be small, the dijets

may not be separable. Hence, throughout the paper, we focus on dileptons in the final states to avoid such

complications.

– 7 –
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gives the probability of X decaying inside the detector. Remembering that dN/dEX is

proportional to f ∝ θ2
d ∝area of the detector, eq. (4.1) shows that the number of events

will be proportional to the volume of the detector as expected.

Taking mX′ = 3 GeV and mX = 1 GeV, figure 2 shows the lower bound that can be set

on Λ versus the X lifetime in case no signal is observed. We have assumed zero background

to the signal. We shall justify the assumption in the next section. We have assumed 100%

efficiency for the detection of the final SM fermions which according to [36–38] is a good

assumption. The red band corresponds to the results from FASERν with L = 150 fb−1

taking into account the uncertainties in the gluon distribution function. The region below

the red curve will be probed by run III of the LHC for our scenario where X ′ decays to a

pair of X and X̄ which in turn lead to a background-free signal at FASERν. The shape

of the curve can be understood as follows. For τX . 10−10 sec, the X particles decay

before reaching the detector (e−d/τXγX � 1). For τX & 10−10 sec, the X particles survive

up to the detector (e−d/τXγX ' 1) and the number of events is determined by Λ−2τ−1
X so

the curve follows a τXΛ2 = cte behavior. We have also examined the bound that can be

derived by FASER during the LHC run III. Since the volume of FASER is smaller than

FASERν, the bound shall be weaker by a factor of 1.5. For comparison, we also show

the lower bound that can be obtained during the high luminosity run of the LHC with an

integrated luminosity of 3000 fm−1 by FASER2 setup with a length of 5 m and a radius of

1 m. If approved, FASER2 will collect data during 2026–2035. The region between the two

horizontal lines corresponds to the viable region for the “Axion Quality Problem” at axion

(X ′) mass of 3 GeV according to [33].

As seen from figure 2, for 10−10 sec < τX < few × 10−5 sec, a range of Λ which is still

allowed can be probed by FASERν during run III of the LHC. The strongest bound can

be obtained for τX ∼ 10−9 sec which is Λ > few × 105 GeV. FASER2 can improve this

lower bound to Λ > few × 107 GeV and can probe the yet-unconstrained range of Λ up to

τX ∼ 0.1 sec.

In section 3, we have found that the number of X particles emitted in the direction of

the detector will be ∼ 105× (2× 104 GeV/Λ)2. The number of the X particles decaying at

the detector is given by eq. (4.1) which in the favorable range of τXγX ∼ d = 480 m will be

suppressed by a factor of sz/d ∼ 3 × 10−3. Thus, we may estimate the number of events

at FASERν to be ∼ few × 100× (2× 104 GeV/Λ)2.

5 Resolving dark sector decay chain by FASERν

Let us now discuss to what extent FASERν can help to unveil a rich structure in the dark

sector by identifying the intermediate steps of X decay chains. When we open up the

possibility of chain decay, the possibilities become endless. As a representative case, we

focus on a scenario in which X → Y ηη̄ in the first step and then η → ll̄, where X, Y , and

η are all neutral particles and η lives long enough to travel a distance larger than ∼ 1 mm

before decay. As we shall see in section 6, Y can be a suitable dark matter candidate whose

abundance is set by the freeze-out scenario with annihilation Y + Ȳ → η+ η̄. To illustrate

the capacity of FASERν to resolve the decay chain of X, we study how well FASERν can
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Figure 2. Lower bound on Λ versus the X lifetime. The red band shows the bound by the FASERν

setup in the run III of LHC during 2021–2023 with a luminosity of 150 fb−1 at a center of mass

energy of colliding protons of
√
s = 14 TeV. The blue band shows the bound by the FASER2 setup

in the high luminosity run of LHC during 2026–2035 with a luminosity of 3000 fb−1. We have taken

mX′ = 3 GeV and mX = 1 GeV. The gluon distribution function is taken from [35]. The bands

reflect the uncertainties on the gluon distribution function especially at low momentum fractions.

The horizontal lines show the allowed range for Λ [33].

disentangle our scenario described above from the following scenarios for the X decay at

the detector: 1) X → ηη̄ and subsequently η → ll̄ with η traveling a distance larger 1 mm

and smaller than the detector size before decay; 2) X → ll̄ll̄ which may correspond to

X → ηη̄ with η promptly decaying into ll̄; 3) X → ll̄.

Let us first focus on the scenario X → Y ηη̄ and η → ll̄. The decay of η can proceed

through a coupling of form

ληηl̄l. (5.1)

The lifetime will then be τη = 4π/(mηλ
2
η). For mη < mµ, η can only decay into e−e+.

To guarantee that the η particles which are produced inside the FASERν detector decay

before leaving the detector, λη should be larger than 10−7. (That is for λη > 10−7,

τηEη/mη < 1 m.) If the decay length is so short, the electron beam dump experiments such

as E137 [39] cannot constrain because η decays before reaching the detector. Moreover,

the distance travelled by η before decay will be too short to affect the supernova evolution

or its cooling process. In section 6, we discuss how such coupling can be obtained in a

consistent way.

Figure 3 schematically shows the trajectory of an X particle which enters from one

side of the detector and those of its decay products. The trajectories of X and Y (which

both are odd under a Z2 symmetry stabilizing the dark matter candidate, Y ) are shown

by green lines. Y is stable and leaves the detector. The η and η̄, whose trajectories are
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Figure 3. Schematic demonstration of the X decay into Y , η and η̄ and the subsequent production

of charged lepton pairs from the η and η̄ decays. ẑ is along the beam direction (i.e. along the line

connecting FASERν to the IP).

shown by yellow lines, decay into the ll̄ pairs within the detector. The average angle

between the η particles with each other and the forward direction is of order of θη ∼
(mX/EX)

(
1− 4m2

η/(mX −mY )2
)1/2

. The X, Y , η and η̄ particles are all neutral and

cannot be seen. Only the trajectories of the final charged leptons can be observed. As we

discuss below, FASERν can resolve the vertices at which η and η̄ decay with a remarkable

precision. The momenta of η and η̄ can be also derived. If we know the direction of the

momenta of η and η̄ with a precision, ∆θη, the trajectories of η and η̄ can be reconstructed

within an uncertainty cone whose opening angle is characterized with ∆θη. The X vertex

lies within the small region where these two cones intersect. We denote the intersection

of the two narrow cones with δLV . The smaller the δLV , the smaller the uncertainty in

determination of the X decay vertex. This has been schematically demonstrated in figure 4.

The typical angular separation of the two leptons emitted from η decay (as well as the

angle that each lepton makes with the direction of the momentum of the parent η) is given

by θl ∼ [m2
η − 4m2

l ]
1/2/Eη. At FASERν, the vertex of each η decay can be constructed

with a remarkable precision of σpos = 0.4µm [3, 4]. Considering that the decay length is

a stochastic parameter, η and η̄ coming from the decay of a single X will travel different

distances before decay. In fact, the decay vertices of η and η̄ will be separated by a distance

of order of the decay length itself. Let us suppose this separation is larger than the size

of the electron positron shower in tungsten (which, including the emulsion layers, will be

smaller than 1.5 cm [3, 4]). It will then be feasible to determine which pair of leptons

originate from a single vertex, even if the two η particles are emitted very close to the

forward direction (i.e. even if θl ∼ θη or θl > θη). Moreover, the decay vertices of η

and η̄ can be discerned. This feature has been also demonstrated in figure 3. In case

lη, lη̄ < 1.5 cm, the separation of the vertices will be more challenging as one vertex may be

located inside the electromagnetic shower originated by the particles from the other vertex.

In any case if Eη � mη, the angle between the pair of leptons from η and η̄ decays,

θl, will be very small. This has an immediate (and ironically positive) consequence for the

– 10 –
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Figure 4. Schematic demonstration of η and η̄ trajectories from decay of X. The arrows show the

directions of the momenta of η and η̄ which can be reconstructed by measuring the momenta of the

final lepton pairs. The narrow cones show the reconstructions of the trajectories of η and η̄, taking

into account the uncertainties in determination of the momenta of η and η̄. The opening angles of

the narrow cones are characterized by ∆θη. The X decay vertex lies within the region where the

two narrow cones intersect. The region is denoted by δLV .

reconstruction of the direction of the momentum of η. FASERν has an excellent angular

resolution of reconstructing the direction of tracks. However, the energy resolution is poor

and only at the level of ∆E/E ∼ 30% [3, 4]. If the angle between ll̄ pair is small, it will

still be feasible to reconstruct the direction of η with an accuracy of

∆θη ∼
√

(∆E/E)2θ2
l /2 + 2σ2

ang,

where σang is the angular resolution of the track reconstruction σang =
√

2σpos/Ltr where

σpos = 0.4µm and Ltr is the track length of the charged leptons. Taking mη ∼ 100 MeV

and Eη ∼ few 100 GeV, ∆θη ∼ few×10−4. As mentioned before, the position of the vertex

in which the charged tracks meet can be reconstructed with a precision of ∼ 0.4µm. Then,

the “invisible track” of η and η̄ can be reconstructed. If these tracks meet within the

uncertainties, it will be an indication that they are coming from the decay of the same

particle and are not a pile-up from two separate events. As long as mη,mY � mX , the

angular separation of η and η̄ will be of order of θη = mX/EX for both X → ηη̄ and

X → Y ηη̄. The typical angle between the direction of η (and that of η̄) and the direction

of the parent X is also of order of θη. Let us denote the distance traveled by η and η̄ before

decay by lη and lη̄ and take them to be larger than 1 mm. The point at which η and η̄

tracks meet can be reconstructed with an uncertainty of

δLz ∼ [(l2η + l2η̄)(∆θη/θη)
2 + 2σ2

pos/θ
2
η]

1/2 (5.2)

in the forward direction and uncertainties of

δLx ∼ δLy ∼ [(l2η + l2η̄)(∆θη)
2 + 2σ2

pos]
1/2 (5.3)
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in the vertical directions. Notice that δLx, δLy � δLz so the uncertainty is elongated in the

forward direction as expected. Since ∆θη � θη ∼ mX/EX and σpos/θη � 1 mm < lη, lη̄,

we find δLx, δLy � δLz � lη, lη̄ so the X decay vertex can be resolved with reasonable

precision. Taking Eη ∼ EX/3 and me � mη � mX , we find δLz ∼ mη/mX lη.

As long as δLz � lη, lη̄, even a handful of events will be enough to discriminate

between this scenario and the ones in which X → ll̄ll̄ or X → ll̄. Let us suppose FASERν

registers two pairs of ll̄ from the decays of two separate X via X → ll̄. The track of X can

be reconstructed with a precision of [(∆E/E)2(mX/EX)2/2 + σ2
ang]1/2. Considering that

the typical separation of the X vertices will be ∼ few cm–few 10 cm, the reconstructed

tracks will meet only far outside the detector around IP where the two X particles are

produced from X ′ decay. Thus, it can be discriminated from our scenario that includes the

intermediate η and η̄ coming from a X decay vertex inside the detector.

Let us now discuss whether FASERν can distinguish between X → ηη̄ and X →
Y ηη̄. Considering the three-dimensional nature of the three-body decay X → ηη̄Y , by

reconstructing the momenta of η and η̄, it would be possible to determine if the decay of

X is a two-body or three-body decay. In other words, if we can reconstruct the direction

of the projection of the η and η̄ momenta onto the plane perpendicular to the direction of

the incoming X particles (the direction of the line connecting IP to the X decay vertex),

we can check whether a third neutral particle should have been emitted in the X decay to

balance the transverse momentum. An alternative, but not an independent way, to test

for the emission of the Y particles along with η and η̄ is to reconstruct the invariant mass

of the two pairs of l−l+. If X → ηη̄, this invariant mass should be equal to mX . Thus, the

distribution of the invariant mass of the two l−l+ pairs should be monochromatic but for

X → ηη̄Y , this distribution will be continuous. Regardless of the method invoked, we have

to be able to measure the transverse momenta of the η particles. This of course requires

relatively large transverse momentum. For a given mX , the highest traverse momenta can

be achieved for mη,mY � mX . If we take mX = 1 GeV, this condition implies mη < 2mµ

so the only possible decay mode for η will be the decay into the electron-positron pair. For

heavier mX and mη, there is a possibility of η decay into muon pair.

The typical traverse momenta of the ηη̄-pair (|~p tη +~p tη̄ |) in the X → ηη̄Y for mη,mY �
mX will be of order of ∼ mX/2 and can be reconstructed with a precision of order of

∆Pt =

(
2

(
∆E

E

)2

[(ptη)
2 + (ptη̄)

2] +
(∑

|~pl|2 +
∑
|~pl̄|2

)
σ2

ang + |~pη + ~pη̄|2(∆ẑ)2

)1/2

(5.4)

where (
∑
|~pl|2 +

∑
|~pl̄|2) ∼ |~pη|2 ∼ |~pη̄|2 is the sum of the squares of the momenta of

all final leptons. In eq. (5.4), the first term proportional to (∆E/E)2 ∼ 0.32 is due to

the uncertainty in the lepton momentum measurement, the second term is due to the

uncertainty in the measurement of the direction of the four final leptons and finally ∆ẑ ∼
10−3 is the uncertainty in the alignment of the detector relative to the beamline. It is

straightforward to confirm that the first term will dominate. To determine whether there

is missing traverse momentum, ∆Pt must be smaller than the sum of the traverse momenta

of η and η̄: ∆Pt < |~p tη +~p tη̄ |. For the events that the projections of the momenta of η and η̄
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onto the x− y plane make an angle smaller than 90◦, this condition is readily satisfied. As

we saw, for Λ close to the lower bound Λ ∼ 10 TeV, the number of events will be O(100)

so there will be enough statistics to determine whether a third invisible state along with η

and η̄ is emitted in the X decay or not.

The invariant mass of the pair of leptons that meet at a vertex gives the η mass:

m2
η = (pl + pl̄)

2. By studying the distribution of m2
η measured for the observed pairs, we

can test our assumption that η decays to a lepton pair rather than going through a three-

body decay. As we shall discuss below, reconstructing mη is also a powerful tool to veto the

background from the e−e+ pair production from the gamma produced by the neutrino beam

interaction at the detector. With a single pair, the precision in the measurement of mη

is ∆m2
sin/m

2
η ∼ [2(∆E/E)2 + 2(σang/θl)

2]1/2 which cannot be better than 40%. However,

if N pairs are detected, the precision will be improved by ∆m2
sin/
√
N . Remember that

N ∼ few× 100× (2× 104 GeV/Λ)2. As a result, the precision in the η mass will be at the

level of a few percent for Λ ∼ 104 GeV to a few ten percent for Λ ∼ 105 GeV. Notice that

in our scenario N should be an even number as for any lepton antilepton pair coming from

an η, there is another pair coming from η̄.

As discussed before, 1.5 cm < lη, lη̄ < few× 10 cm is the range within which the values

of lη and lη̄ can be extracted from the FASERν data. For smaller values of lη, lη̄, the

uncertainty in the determination of lη (i.e.
√

2σpos/θη) will be larger than lη, lη̄ or one

vertex may stand within the electromagnetic shower caused by the other vertex. On the

other hand, for lη, lη̄ >1 m, the η decay takes place outside the detector, leaving no signal.

For lη ∼ sz/3 − sz/2, the chances that the whole chain of X → ηη̄Y , η → e−e+ and

η̄ → e−e+ takes place inside the detector is slim. The X particles decaying at a distance of

∼ lη before reaching the detector can lead to two pairs of e−e+. The reconstructed tracks

of the associated η and η̄ shall meet outside the detector but it is still possible to extract lη
and lη̄ for such events. η and/or η̄ from particles decaying in the second half of the detector

may undergo decay after leaving the detector. In this case, we cannot derive lη and lη̄. If

the statistics is high (i.e. if Λ is small), it will still be possible to derive information despite

lη ∼ sz/3− sz/2.

For 1.5 cm < lη, lη̄ < few 10 cm, we can extract the lifetimes of η and η̄ from the

measured lη and lη̄. The mean value of τη can be written as

τ̄η =

∑N
i=1 l

i
ηmη/Eη

N
(5.5)

which maximizes the probability of decaying of the N pairs of η and η̄ after traversing the

measured liη:

P (τ) ∝
∏
i

(
exp
−
liηmη

τEη
1

τ

)
(5.6)

where Eη = El+El̄. As discussed above, the systematic error in the measurement of lη and

lη̄ can be neglected. A major error comes from the uncertainties in the extracted mη and

Eη which should be of order of 40%/
√
N . Let us now discuss the statistical uncertainty in

extracting the lifetime of η. Let us define (δτ)stat such that P (τ̄ ± (∆τ)stat)/P (τ̄) = 1/2.
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With this definition

δτ stat

τ̄
=

(
2 log 2

N

)1/2

which will dominate over the error from the uncertainties of mη and Eη. As we discussed

before, for Λ ∼10 TeV and τXγX ∼ d, we expect N ∼ 100 so the precision in the determi-

nation of the lifetime can be better than 10%.

Let us now discuss the limitations caused by uncertainties and the background in

determinibg the parameters of the model. Since we a priori do not know the momenta

of the initial X, we cannot determine the masses of X and Y on event by event basis.

However, at the statistical level, some information should be extractable by studying the

energy distribution of the events. The information will however suffer from the uncertainty

on the Parton Distribution Function (PDF). The same uncertainty also limits the accuracy

of determining the X ′ coupling to gluons and the X lifetime as shown in figure 2. However,

determining the η mass and lifetime is free from the PDF uncertainties. For η → e−e+, the

signature of our scenario is two pairs of e−e+ moving in a direction close to that of the beam

plus missing transverse momentum. At FASERν, this signature can be mimicked by the π0

produced in the scattering of the neutrino beam coming from the IP off the detector. That

is because π0 decays into a gamma pair which in turn leads to two e−e+ pair productions.

This background can be vetoed by reconstructing the invariant mass of both e−e+ pairs

as well as the invariant mass of the two pairs combined. While the invariant masses of the

e−e+ pairs in our scenario should be equal to mη (i.e. (pe− + pe+)2 = m2
η), the invariant

masses of the pairs from the background should vanish (i.e. (pe− + pe+)2 ' m2
γ = 0).

Moreover, while the invariant mass of the two pairs combined in our scenario is distributed

around ∼ (mX − mY ) ∼ GeV, that from the background is monochromatic and equal

to mπ0 = 135 MeV. By reconstructing these invariant masses, the background can be

significantly reduced. Moreover, the majority of neutrino beam induced events will be

charged current interactions which can be identified from our signal by the reconstruction

of the associated charged leptons. As a result, only π0 from neutral current neutrino

events can count as a background to our signal. The number of such events will be around

4000 in the run III. Moreover, in these events, multiple pions can be created which will be

another handle to further reduce the background. Unlike FASERν, the FASER experiment

is hollow so there will be no neutrino beam induced background altogether. We have

therefore neglected the background in our analysis.

6 Connection to dark matter

In previous sections, we have introduced singlet particles X, Y and η with masses of few

100 MeV to few GeV such that X → Y ηη̄. Here, we show that Y can provide a suitable

dark matter candidate within the freeze-out scenario for dark matter production in the

early universe with 〈σ(Y Ȳ → ηη̄)v〉 ∼ 1 pb [40]. η plays the role of the intermediate

particle which eventually decays into the standard model particles. Since η is heavier than

20 MeV and decays with a lifetime much shorter than 10−8 sec, it can avoid the bounds
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from BBN. A Z2 symmetry, under which only X and Y are odd, guarantees the stability

of the lighter one which is taken to be Y .

The production of the dark sector in the early universe can proceed via two channels.

For T > mX′ and Λ . 108 GeV, X ′ can be produced with a rate of O(T 3/Λ2) � H =

T 2/M∗Pl at T & mX′ . The decay of X ′ can create X and then the subsequent decay of X

creates Y and η. The λη coupling between η and the e−e+ pair with λη & 10−6 can keep η

in equilibrium with the plasma down to T ∼ mη. The couplings of η to X and Y can keep

η in equilibrium with these particles as long as the temperature is above their masses. We

require 〈σ(Y + Ȳ → η + η̄)v〉 ∼ 1 pb in order to have a successful freeze-out scenario [40].

In the following, we discuss two cases where X and Y are Dirac fermions or scalars one

by one.

• Fermionic X and Y : we introduce a new heavy fermion V which is singlet under

the SM and odd under the Z2 symmetry stabilizing Y . In addition to this exact

Z2 symmetry, let us also impose an approximate Z2 symmetry under which only η

and V are odd. This symmetry forbids terms such as ηȲ Y , ηX̄X, ηV̄ V and more

importantly ηX̄Y or ηȲ X which in turn forbids X → ηY and X → η̄Y . This

symmetry allows

gY ηȲ V + gXηX̄V + H.c. (6.1)

In case that η is a real scalar, the t and u channel contributions cancel each other.

If η is a complex scalar lighter than Y , the annihilation cross section of Y can be

written as

〈σ(Y + Ȳ → η + η̄)v〉 =
g4
Y

32πm2
V

.

Taking 〈σ(Y + Ȳ → η + η̄)v〉 ∼ pb, we find gY ∼ 0.07× (mV /10 GeV)1/2.

For mY � mX � mV , the decay rate of the X particle is given by the following

relation

Γ(X → Y ηη̄) ∼
g2
Xg

2
Y

100π3m2
V

m3
X .

To obtain Γ(X → Y ηη̄)(mX/EX) ∼ (480 m)−1, we should have

gX ∼ 10−4 (mV /10 GeV)1/2(EX/500 GeV)1/2(GeV/mX)2.

The long lifetime of X requires gX � gY . Notice that in the limit of a symmetry

under which X is even but ηV and Y are odd, gX should be zero. Thus, such

approximate symmetry justifies the hierarchy between gX and gY .

• Scalar X and Y : let us consider the following quartic couplings between these scalar

fields:

λ1Ȳ Xη̄η + λ2X̄Xη̄η + λ3Ȳ Y η̄η. (6.2)

λ1 is the coupling that leads to the X decay and must be nonzero:

Γ(X → Y η̄η) ∼ λ2
1mX

100π3
. (6.3)
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To obtain Γ(X → Y η̄η)(mX/EX) ∼ 1/(480 m), we should have λ1 = 8 × 10−7

· (GeV/mX)(EX/500 GeV)1/2. If we take 〈σ(Y Ȳ → ηη̄)v〉 ∼ λ2
3/(4πm

2
Y ) ∼ 1 pb,

which implies λ3 ∼ 10−4
√
mY /GeV, we shall have the standard freeze-out scenario.

Unlike the case for fermionic X and Y , η can be either real or complex.

We have taken the lifetime of X to be τX = (EX/mX)(480 m/c) = 8 × 10−4 sec

· (EX/500 GeV)(GeV/mX). This means the X particles will decay at a temperature

of ∼100 MeV which is well below the X mass. To avoid the consequences of out of

equilibrium decay of X, we may take λ2 large enough to lead to sufficient annihilation

of XX̄ pair to ηη̄: λ2 � 10−4
√
mX/GeV. Thus, we find that within the freeze-out

scenario λ2 � λ3 �� λ1. The hierarchy between λ1 and λ3 can be explained by

an approximate Z2 × Z2 symmetry which is broken by λ1 to a Z2. The residue Z2

symmetry is the same symmetry which keeps Y stable. Eq. (6.2) enjoys yet another

Z2 symmetry under which only η is odd. Without this extra Z2 symmetry, we could

have trilinear terms such as X̄Y η that leads to two-body decay of X → Y η which

we intend to avoid.

Notice that in both cases enumerated above, λη breaks the approximate Z2 symmetry

under which η is odd. This approximate symmetry explains the smallness of λη in eq. (5.1)

and therefore the longevity of η. Longevity of X is explained by the approximate Z2 × Z2

symmetry that is broken to the exact Z2 symmetry that protects Y (DM) against decay.

Let us now discuss how the λη coupling in eq. (5.1) can be induced after electroweak

symmetry breaking. If η is real, this coupling can be obtained by a mixing between η

and the SM Higgs. Such a mixing can in priniciple originate from a trilinear coupling

of form ηH†H but a few challenges should be addressed: 1) After electroweak symmetry

breaking, apart from a mixing between H and η, this term also induces a linear term for

η that leads to a large VEV for η. If η gets a VEV, the new fermions also mix and we

have to revisit all the above discussion. 2) As we showed in section 4, in order for η to

decay inside the detector and give rise to an observable signal, λη should be around or

larger than 10−7. A coupling of 10−7 to the electrons can be obtained through a mixing

of order of λη(〈H〉/me) ∼ 0.1 to the SM Higgs. To obtain a shorter lifetime, λη must be

larger. Both these challenges can be avoided by introducing an inert Higgs doublet, Φ,

with arbitrary coupling to ll̄ pair and by mixing its neutral coupling with η. The mixing

can be obtained from the trilinear coupling of η(H†Φ + Φ†H). Such scenarios have been

extensively studied in the literature so we shall not elaborate further. For complex η, the

SM Higgs can only mix with a linear combination of Im[η] and Re[η]. The other linear

combination perpendicular to it will not obtain effective coupling to the ll̄ pair. Like the

case of real η, by introducing an inert Higgs doublet, whose neutral component is complex,

this problem can be solved. The mixing can come from the trilinear term ηH†Φ + η†Φ†H.

7 Concluding remarks

We have studied the capabilities of the upcoming FASERν experiment in the quest for

light dark sector. In order to produce the dark particles at the LHC, there has to be
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an intermediate state, X ′, that couples to the partons. We have discussed three different

possibilities for such intermediate state: (1) a light gauge boson coupled to quarks; (2) a

light scalar with a Yukawa coupling to the quarks; (3) an axion-like particle coupled to a

gluon pair with a coupling (1/Λ) independent of its mass as in ref. [33]. We have focused

on the third option which is also theoretically motivated by the “axion quality problem”.

Generally, if the coupling of the intermediate particle is large, the production of X ′ will

be significantly abundant but it will immediately decay back to the partons before having

time to reach the FASERν detector which is located 480 m away. In our model, the main

decay mode of X ′ is into a pair of new neutral particles X and X̄. The lifetimes of X and

X̄ are relatively large such that they can survive up to the position of FASERν. We have

computed the spectrum of the X particles that are emitted towards FASERν. We have

shown that FASERν during LHC run III and then FASER2 during the high luminosity

run of the LHC can probe a wide range of Λ that is still unexplored.

It is well-known that if the dark matter mass is lower than ∼ 10 GeV, it should have

interactions other than the electroweak interactions in order for the freeze-out dark matter

production scenario to lead to the observed abundance in the universe. In a class of

models, the light dark matter pair, Y and Ȳ , annihilate to a pair of intermediate new

neutral particles, η and η̄, which eventually decay into the standard model particles. We

have found that FASERν with its superb track reconstruction capabilities is an ideal setup

to test such scenarios. We have elaborated on the model-building aspects of this wide class

of models where the X and Y particles can be either scalar or fermion. In our models, X

decays to dark matter Y and a pair of ηη̄ which in turn decay into two pairs of e−e+. The

signature of the event will be therefore two pairs of e−e+ meeting in two different vertices.

Such a signature is practically free from the background but there is yet another signature

for the events as described below. By measuring the momenta of the final charged leptons,

the four momenta of η and η̄ can be reconstructed. Moreover, FASERν can resolve the

vertices of η and η̄ decay with a remarkable precision. As a result, the tracks of η and

η̄ can be reconstructed. The tracks have to meet in the X decay vertex, providing yet

another signature. We have discussed the precision of determining the X decay vertex. If

the statistics allow, their lifetime can be extracted by measuring the decay length of η and

η̄. In the favorable range of Λ and τX , the precision of determining the lifetime can be at

the level of a few percent.

Measuring the four momenta of the final charged leptons, the invariant mass of e−e+

pairs can be reconstructed and the mass of η can be extracted. Again the precision can

be as good as percent level. Moreover, it will be possible to distinguish this model from

a model in which η goes through a three-body decay by studying the distribution of the

invariant mass of the final lepton pairs. By reconstructing the transverse momenta of η and

η̄ for each X → Y ηη̄, the emission of the invisible particle Y can be tested. The signature

of the dark matter Y particles is missing transverse momentum. We have quantified the

conditions that have to be met to discriminate between the two scenarios in which X → ηη̄

and X → Y ηη̄.

We have discussed that the majority of X ′ particles directed towards FASERν are

produced in the 2 → 1 processes: gg → X ′. The X ′ particles can also be produced via

– 17 –
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2→ 2 processes such as q+ g → q+X ′ or g+ g → X ′+ g [33]. The X ′ particles produced

via 2 → 2 processes will typically have large traverse momenta and can point towards

the ATLAS and CMS detectors. In our model, X ′ decays to XX̄ before reaching these

detectors. The subsequent decay of X and X̄ at CMS and ATLAS can produce two pairs of

collimated e−e+ pairs. The magnetic fields at these detectors will separate the two positrons

from the two electrons. Moreover, the tracks of the two electrons as well as those of the

two positrons will also become separated by the magnetic field because they have different

energies and therefore different Larmor radii. Future beam dump experiments such as SHiP

and MATHUSLA will also be sensitive to this scenario. These experiments are planned

to start data taking after FASERν. Using the feedback from FASERν, these experiments

can carry out customized searches for the new particles to extract their parameters more

accurately.
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