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FIG. 2. Neutrino Energy Distribution: The panels show the neutrino energy spectrum for electron (top), muon (center)
and tau (bottom) neutrinos passing through FASER⌫ (left) and SND@LHC (right). The vertical axis shows the number of
neutrinos per energy bin that go through the detector’s cross sectional area for an integrated luminosity of 150 fb�1. We
separate the di↵erent production modes: pion decays (red), kaon decays (orange), hyperon decays (magenta), charm decays
(blue) and secondary hadronic showers (green). The di↵erent linestyles correspond to predictions obtained from SIBYLL 2.3c
(solid), DPMJET III.2017.1 (short dashed), EPOSLHC (long dashed), QGSJET II-04 (dotted), and Pythia 8.2 using the SoftQCD
processes (dot-dashed) and Pythia 8.2 with the HardQCD process for charm production (double-dot-dashed).
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Generators FASER⌫ SND@LHC

light hadrons heavy hadrons ⌫e + ⌫̄e ⌫µ + ⌫̄µ ⌫⌧ + ⌫̄⌧ ⌫e + ⌫̄e ⌫µ + ⌫̄µ ⌫⌧ + ⌫̄⌧

SIBYLL SIBYLL 1343 6072 21.2 184 965 10.1

DPMJET DPMJET 4614 9198 131 547 1345 22.4

EPOSLHC Pythia8 (Hard) 2109 7763 48.9 367 1459 16.1

QGSJET Pythia8 (Soft) 1437 7162 24.5 259 1328 10.7

Combination (all) 2376+2238
�1032 7549+1649

�1476 56.4+74.5
�35.1 339+208

�155 1274+184
�308 14.8+7.5

�4.7

Combination (w/o DPMJET) 1630+479
�286 7000+763

�926 31.5+17.3
�10.3 270+96

�85 1251+208
�285 12.3+3.8

�2.1

TABLE I. Expected number of neutrino interaction events occurring in FASER⌫ and SND@LHC during LHC Run 3 with
150 fb�1 integrated luminosity. We provide predictions for SIBYLL 2.3c, DPMJET III.2017.1, EPOSLHC/Pythia 8.2 with
HardQCD, and QGSJET II-04/Pythia 8.2 with SoftQCD. The two bottom rows provide a combined average, both including and
excluding the DPMJET prediction, where the uncertainties correspond to the range of predictions obtained from di↵erent MC
generators.

FIG. 4. Interacting Neutrino Energy Distribution: The panels show the number of neutrinos interacting with the
FASER⌫ (left) and SND@LHC (right) detectors during LHC Run 3 with 150 fb�1 integrated luminosity as function of the
neutrino energy. The red solid, blue dashed and green dotted lines correspond to electron, muon and tau neutrinos, respectively.
The thick line denotes to the average prediction of di↵erent generators, while the shaded band corresponds to the range of
predictions obtained with di↵erent generators.

showers in green. The line-styles denote to the di↵erent
event generators. Similar to what we have seen for the
energy spectrum, we observe O(1) di↵erences between
the MC generator predictions for neutrinos from light
hadron decays, while the di↵erence for neutrinos from
charm decay are significantly larger.

IV. NEUTRINO EVENT RATES

A. Interactions

While we have so far concentrated on the number of
neutrinos passing though the detector, let us now discuss
the number of neutrinos interacting with each detector.
For this, we convolute the previously obtained neutrino

flux with the neutrino cross section presented in Ref [8].

The resulting number of expected neutrino interac-
tions in FASER⌫ and SND@LHC during LHC Run 3
with an integrated luminosity are presented in Table I.
Since not all generators are able to both simulate light
hadron and charm production, we group them together
in four setups: i) SIBYLL 2.3c, ii) DPMJET III.2017.1,
iii) EPOSLHC for light hadrons and Pythia 8.2 with
HardQCD for charmed hadrons, and iv) QGSJET II-04 for
light hadrons and Pythia 8.2 with SoftQCD for charmed
hadrons. As before, we observe sizable di↵erences be-
tween the di↵erent MC generator prediction, which are
mainly related to the neutrino flux from charmed hadron
decays. The lowest and highest event rates are predicted
by SIBYLL 2.3c and DPMJET III.2017.1, respectively.
Notably, the predictions for the tau neutrino event rate

Kling, “Forward Meutrino
fluxes at the LHC,”
2105.08270
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Our model

such division reduces significantly the accidental background from standard model NC and
CC events to our signal.

The great advantage of these detectors is their spatial resolution which makes them
capable of resolving even the short ⌧ -tracks. For example, FASER⌫ can resolve vertices
with a precision of �pos = 0.4 µm. The angular resolution of tracks will be

p
2�pos/Ltr

where Ltr is the track size. As discussed in [4], this makes FASER⌫ ideal setup for studying
the dark sector which go through chain decays. The energy resolution is however modest
and of order of 30 % [2].

Let us consider a new particle produced at FASER⌫ decaying to nf final charged
particles. The mass of this particle can be extracted by measuring the invariant mass of
these final particles with a relative error of 30%p

nf . If Nnew such events are observed, the
relative precision will be improved to 30%

p
nf/Nnew. The great precision in the angular

resolution can also help us to find out whether the decay products of the new particle also
include an invisible neutral particle or not. This can be done by reconstructing transverse
missing momentum relative to the direction of the momentum of the intermediate new
particle. Let us consider a new particle (charged or neutral) whose production and decay
vertices are both inside the FASER⌫ detector and are reconstructed. Let us denote the
distance between these two vertices by Lnew. The transverse momentum of a possible
invisible particle can be reconstructed by projecting the momenta of the final charged
particles onto the plane perpendicular to the track of the invisible particles. If the final
charged particles make an angle smaller than 90

� with each other, the transverse momentum
of the missing light particle will be of order of mN/2. If mN/(2Enew) >

p
2�pos/Lnew, the

precision will be enough to distinguish the emission of a neutral invisible particle in the
final state. By measuring Lnew, the lifetime of the new particles can also be extracted.
The uncertainty in the deviation of the lifetime will be mostly dominated by statistics:
�⌧new/⌧new = 2 log 2/

p
Nnew.

3 The minimal model and its prediction for forward experiments

In subsect. 3.1, we introduce the field content of the minimal model and its Lagrangian.
In subsect. 3.2, we compute the cross section of ⌫µ + nucleon ! N + X and predict the
number of events at the forward experiments. In subsect. 3.3, we study the decay modes of
N . We calculate the average energy of N produced by ⌫µ with a given energy and use it to
estimate the decay length of N at the forward experiments. In subsect. 3.4, we describe the
signals and estimate the potential backgrounds for it. We then forecast the bounds that
can be derived on the effective coupling by the forward experiments if no signal is observed.

3.1 The model content and Lagrangian

In this subsection, we introduce the Lagrangian of the minimalistic version of the model.
We add a scalar doublet

� =

"
�
+

�
0

#
(3.1)
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Figure 1. Cross section of ⌫µ + nucleon ! N + X versus the energy of the initial neutrino for
various N mass. We have taken Gu = Gd = 10

�5 GeV�2.

and a right-handed singlet fermion, N to the standard model. The right-handed N can be
either Majorana or Dirac. We turn on the following Yukawa interactions

Y↵N̄�
T cL↵ + Ydd̄�

†Q+ Yuū�
T cQ+H.c. (3.2)

where L↵ is the left-handed lepton doublet of flavor ↵ and Q is the first generation of
left-handed quarks. As long as the masses of �

0 and �
+ are heavier than ⇠ 300 GeV

and Yu, Yd
<⇠ 0.3, the present bounds from the direct production of these particles at CMS

and ATLAS can be avoided. Moreover, as long as the splitting between the components
is small, the bounds from precision data can be satisfied [21]. However, �0 and �

+ will
be within the reach of the high luminosity phase of the LHC or even that of the run III.
We shall discuss the possible signatures of direct � production in sect. 4. The Yukawa
coupling to the muon, Yµ can also lead to a contribution to (g � 2)µ. As we shall see in
sect. 4, explaining the famous (g � 2)µ anomaly motivates large values of Yµ, saturating
the perturbativity condition, Yµ ⇠ 3 � 4. Ref. [22] shows that the models explaining the
(g� 2)µ anomaly with new Yukawa coupling generally need large Yukawa couplings. Here,
our main aim is not to explain the (g � 2)µ anomaly but we take Yµ ⇠ O(1) to have a
high rate of the N production at FASER⌫ and SND@LHC detectors due to ⌫µ interaction.
Integrating out �

0 and �
+, we obtain the following effective Lagrangian

GuN̄R⌫µūLuR +GdN̄R⌫µd̄RdL +GLN̄RµLd̄RuL +GRN̄RµLd̄LuR +H.c. (3.3)

where
Gu =

YµY ⇤
u

m2
�0

, Gd = �YµYd
m2

�0

, GL =
YµYd
m2

�+

, and GR =
YµY ⇤

u

m2
�+

.

Taking Yu ⇠ Yd ⇠ 0.3, Yµ ⇠ 3 and m�0 ⇠ m�+ ⇠ 300 GeV, we find Gu ⇠ Gd ⇠ GL ⇠
GR ⇠ 10

�5 GeV�2.
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S. Ansarifard and Y. Farzan, 
``Neutral Exotica at FASER𝜈 and SND@LHC,'' 
[arXiv:2109.13962 [hep-ph]].

Throughout this paper, we assume that only the second generation leptons couple to
� and N . We can also impose the following global U(1) symmetry to set Ye = Y⌧ = 0:

� ! ei↵�, Lµ ! e�i↵Lµ, µR ! e�i↵µR, N ! N, u ! ei↵u, and d ! e�i↵d, (3.4)

with the rest of SM fields including Q, the SM Higgs and the first and third generation
leptons being invariant. Notice that the u-quark and d-quark masses as well as neutrino
mixing break this U(1) symmetry. As a result, this symmetry explains the smallness of the
masses of the first generation quarks relative to the rest of quark masses, as a bonus. We
shall discuss in sect. 4 that this symmetry also prevents a large 1-loop contribution to the
neutrino mass in case N is of Majorana type.

3.2 N production by neutrino scattering on nuclei

Let us consider a neutrino of energy Elab
⌫ colliding on a quark which carries a fraction x of

the proton momentum. The s Mandelstam variable of the quark neutrino system will be

s = x2m2
p + 2xmpE

lab

⌫ (3.5)

where the first term is negligible. The energy of the neutrino and quark in the center of
mass is

E⌫ =

✓
xmpElab

⌫

2
.

◆1/2

. (3.6)

The cross section of scattering off a u quark at the center of mass frame with a scattering
angle of ✓ can be written as

d�u
d cos ✓

=
G2

u

32⇡vrel

✓
1� m2

N

4E2
⌫

◆2✓ m2
�0

t�m2
�0

◆2✓
E2

⌫(1� cos ✓)2 +
m2

N

4
(1� cos

2 ✓)

◆
(3.7)

where mN is the mass of particle N . The Mandelstam variable t can be written as

t = 2E⌫(E⌫ �
m2

N

4E⌫

)(cos ✓ � 1)
<⇠ O[(10 GeV)

2
] ⌧ m2

�0

so the second parenthesis in Eq. (3.7) can be approximated by 1. The cross section of
scattering off d-quark is given by a similar formula replacing Gu with Gd. Since the mediator
is scalar, the cross sections of the scattering off quark and antiquark are equal. Moreover,
the cross section of neutrino and antineutrino will be equal. We can therefore write the
total cross section of scattering on a nucleon (i 2 {proton, neutron}) as

�i

tot =

Z 1

�1

Z 1

xmin


d�u

d cos ✓
(f i

u(x, t) + f i

ū(x, t)) +
d�d

d cos ✓
(f i

d
(x, t) + f i

d̄
(x, t))

�
dxd cos ✓, (3.8)

where xmin = m2
N
/(2mpElab

⌫ ). The nucleon parton distribution functions, f i
q(x, t), are

computed by LHAPDF6 [23] using NNPDF3.1 [24]. We have set Gu = Gd = 10
�5 GeV�2

throughout this paper. Notice that since we have taken Gu equal to Gd, the cross sections
on u-quark and d-quark and as a result on the proton and neutron will be equal. That is,
from Gu = Gd, we conclude d�u/d cos ✓ = d�d/d cos ✓ and therefore �n

tot = �p

tot
.
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Imposing global U(1)

■ Coupling only first generation quarks

■ Coupling to only second generation leptons

■ Smallness of masses of u and d quarks

■ No loop induced neutrino mass
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Figure 11: 2HDM fit results using the oblique S, T , U parameters. Shown are allowed 68% and 95% CL
regions in the MA versus MH plane for fixed benchmark values of MH± . The constraints are independent
of the 2HDM scenario.

scenarios (cf. Fig. 9) exclude the low-MH± benchmarks, as indicated by the hatched regions in the
two right-hand panels of Fig. 12 (where in addition di↵erent statistical assumptions are compared:
one-sided versus two-sided test statistic and one versus two degrees of freedom8). For these two
scenarios pairs of (H, A) masses below ⇠400 GeV are excluded for any set of values of the other
2HDM parameters. For the Type-I and lepton specific scenarios no absolute limits on the Higgs
boson masses can be derived.

4 Conclusion

We have presented results for an updated global fit of the electroweak sector of the Standard Model
using latest experimental and theoretical input. We include new precise kinematic top quark and
W boson mass measurements from the LHC, a sin2✓`

e↵
measurement from the Tevatron, and a new

evaluation of the hadronic contribution to ↵(M2

Z
). The fit confirms the consistency of the Standard

Model and slightly improves the precision of the indirect determination of key observables.

Using constraints from Higgs-boson coupling strength measurements, flavour observables, the muon
anomalous magnetic moment, and electroweak precision data, we studied allowed and excluded
parameter regions of four CP conserving two-Higgs-doublet models. Strong constraints on the
extended Higgs boson masses are found for the so-called Type-II and flipped scenarios.

8The limits obtained for a two-sided test statistic and two degrees of freedom have been verified with a pseudo
Monte Carlo study based on randomly drawn sets of the measurements used in the fit.

J. Haller et al., (Gfitter group),
"Update of the global electroweak fit and constraints on two-Higgs-doublet models,’’ 
Eur. Phys. J. C 78 (2018) no.8, 675
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T cQ+H.c. (3.2)

where L↵ is the left-handed lepton doublet of flavor ↵ and Q is the first generation of
left-handed quarks. As long as the masses of �

0 and �
+ are heavier than ⇠ 300 GeV

and Yu, Yd
<⇠ 0.3, the present bounds from the direct production of these particles at CMS

and ATLAS can be avoided. Moreover, as long as the splitting between the components
is small, the bounds from precision data can be satisfied [21]. However, �0 and �

+ will
be within the reach of the high luminosity phase of the LHC or even that of the run III.
We shall discuss the possible signatures of direct � production in sect. 4. The Yukawa
coupling to the muon, Yµ can also lead to a contribution to (g � 2)µ. As we shall see in
sect. 4, explaining the famous (g � 2)µ anomaly motivates large values of Yµ, saturating
the perturbativity condition, Yµ ⇠ 3 � 4. Ref. [22] shows that the models explaining the
(g� 2)µ anomaly with new Yukawa coupling generally need large Yukawa couplings. Here,
our main aim is not to explain the (g � 2)µ anomaly but we take Yµ ⇠ O(1) to have a
high rate of the N production at FASER⌫ and SND@LHC detectors due to ⌫µ interaction.
Integrating out �

0 and �
+, we obtain the following effective Lagrangian
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T cQ+H.c. (3.2)

where L↵ is the left-handed lepton doublet of flavor ↵ and Q is the first generation of
left-handed quarks. As long as the masses of �

0 and �
+ are heavier than ⇠ 300 GeV

and Yu, Yd
<⇠ 0.3, the present bounds from the direct production of these particles at CMS

and ATLAS can be avoided. Moreover, as long as the splitting between the components
is small, the bounds from precision data can be satisfied [21]. However, �0 and �

+ will
be within the reach of the high luminosity phase of the LHC or even that of the run III.
We shall discuss the possible signatures of direct � production in sect. 4. The Yukawa
coupling to the muon, Yµ can also lead to a contribution to (g � 2)µ. As we shall see in
sect. 4, explaining the famous (g � 2)µ anomaly motivates large values of Yµ, saturating
the perturbativity condition, Yµ ⇠ 3 � 4. Ref. [22] shows that the models explaining the
(g� 2)µ anomaly with new Yukawa coupling generally need large Yukawa couplings. Here,
our main aim is not to explain the (g � 2)µ anomaly but we take Yµ ⇠ O(1) to have a
high rate of the N production at FASER⌫ and SND@LHC detectors due to ⌫µ interaction.
Integrating out �

0 and �
+, we obtain the following effective Lagrangian
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Figure 2. The number of N and N̄ particles produced by muon neutrino and antineutrino fluxes
at each energy bin at FASER⌫ during run III of the LHC. We have taken Gu = Gd = 10

�5 GeV�2.
The fluxes of neutrinos and antineutrinos are taken from [19].

Table 1. The total predicted numbers of N+N̄ to be detected by FASER⌫ and SND@LHC during
run III of the LHC as well as by FASER⌫2 during HL-LHC era, taking Gu = Gd = 10

�5 GeV�2

and different values of mN as shown in the second row.

Number N+
�
N

mN GeV 0.1 1 3 8 10 15
SND@LHC 19 18 13 5 3 1
FASER⌫ 113 109 90 46 35 17
FASER⌫2 7685 7394 6045 3019 2229 1015

The total cross section shown in Eq. (3.8) versus Elab
⌫ is illustrated in Fig. 1, taking

mN = 0.1, 1, 3, 8, 10 GeV and 15 GeV. As seen from the figure, the curves converge for large
Elab

⌫ . This is expected because when the energy of the center of mass is much larger than the
masses of final particles, the dependence of the cross section on the masses becomes weaker.
Fig. 1 also shows that for mN < 1 GeV and Elab

⌫ > 100 GeV, the cross section is almost
independent of mN . This means that the major contribution to the cross section comes from
x > few ⇥ 10

�2. Even in the limit mN ! 0 and taking Gu = Gd ⇠ GF , the cross section
in Eq. (3.8) is about one order of magnitude smaller than the cross section of SM neutral
current. This is partly due to the spinorial difference of the amplitudes and partly due to the
difference in the numerical factors in the definitions of GF and Gu or Gd (cf., the definitions
of Gu and Gd in Eq. (3.3) with the Fermi interaction, (4GF /

p
2)(d̄L�µuL)(⌫̄µ�µµL)).

The total number of N and N̄ produced at the detector will be
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Table 1. The total predicted numbers of N+N̄ to be detected by FASER⌫ and SND@LHC during
run III of the LHC as well as by FASER⌫2 during HL-LHC era, taking Gu = Gd = 10

�5 GeV�2

and different values of mN as shown in the second row.

Number N+
�
N

mN GeV 0.1 1 3 8 10 15
SND@LHC 19 18 13 5 3 1
FASER⌫ 113 109 90 46 35 17
FASER⌫2 7685 7394 6045 3019 2229 1015

The total cross section shown in Eq. (3.8) versus Elab
⌫ is illustrated in Fig. 1, taking

mN = 0.1, 1, 3, 8, 10 GeV and 15 GeV. As seen from the figure, the curves converge for large
Elab

⌫ . This is expected because when the energy of the center of mass is much larger than the
masses of final particles, the dependence of the cross section on the masses becomes weaker.
Fig. 1 also shows that for mN < 1 GeV and Elab

⌫ > 100 GeV, the cross section is almost
independent of mN . This means that the major contribution to the cross section comes from
x > few ⇥ 10

�2. Even in the limit mN ! 0 and taking Gu = Gd ⇠ GF , the cross section
in Eq. (3.8) is about one order of magnitude smaller than the cross section of SM neutral
current. This is partly due to the spinorial difference of the amplitudes and partly due to the
difference in the numerical factors in the definitions of GF and Gu or Gd (cf., the definitions
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p
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Figure 3. Average energy of N particles produced by incoming neutrinos with energy of Elab
⌫ .

superb position resolution of 0.4 µm of FASER⌫. Taking mN > 2 GeV, the displacement
will be smaller than 10 cm and therefore within the size of the detector. Since N is also
relativistic, its decay products will be emitted within a cone with an opening angle of
mN/EN ⇠ 10

�3 � 10
�2. Again thanks to the excellent angular resolution of FASER⌫, it

can resolve the two jets associated with uū (or dd̄) as well as the two jets associated with
ud̄ and the charged lepton. The topology of the events are schematically shown in Fig. 4.

The model therefore predicts two signals:

• A neutral-current-like event associated with the N production plus another vertex
with two jets associated with N ! ⌫µuū or ⌫µdd̄. The second vertex lies within a
cone with an apex at the N production vertex and an opening angle of ��1 ⇠ 10

�2.
The angular separation of the two final jets from each other as well as from the N

track (i.e., from the line connecting the two vertices) will be also of order of 10�2.
The sum of the momentum of the two jets projected onto the plane perpendicular to
the direction of the N momentum (i.e., to the direction of the line connecting the N

production and the N decay vertices) will be of order of a fraction of mN which should
be compensated with the transverse momentum of the final neutrino which escapes
detection. In almost half of the events, the transverse components of the jet momenta
make an angle smaller than 90

� with each other. For such events, the transverse
missing momentum will be relatively large and close to mN/2. As discussed in sect. 2,
if the decay length of the intermediate N is larger than

p
2�pos(2EN/mN ) ⇠ 20 µm,

the missing transverse momentum can be reconstructed with enough precision to
verify the emission of an invisible particle along with the jets.

• Again a neutral-current-like event associated with the N production followed by a
vertex of two jets plus a muon track (associated with N ! µud̄). The second vertex
lies within a cone with an apex at the N production vertex and an opening angle
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Figure 4. Schematic topology of the signal event. The green arrows show the final particles from
the N decay. The solid green arrows show jets. The dashed green arrow denotes lepton.

of ��1 ⇠ 10
�2. In this case there should not be any missing transverse momentum.

By measurement of the four-momenta of the decay products of N and computing
their invariant mass, the mass of N can be reconstructed. By measuring their total
momenta the energy of N can be derived. Then, if the statistics is enough, the average
displacement of the vertices (average l) gives the lifetime of N . The relative error in
the extracting the mass and the lifetime of N from N

µud̄
number of such types of

events will respectively be 40%/
p
N

µud̄
and 2 log 2/

p
N

µud̄
as shown in Ref. [4].

Let us now estimate the background for the signals. If two separate neutral current
events accidentally happen along the beam direction from each other, they can mimic the
first signal described above. Similarly, if a muon charged current event lies ahead of a
neutral current event, it can mimic the second signal described above. The volume of a
cone with a height of l and an opening angle of ��1 is ⇡l3��2/3. Thus, the probability of
one event to lie accidentally within a cone with the apex at the other vertex as described
for the signals is p ⇥ (⇡l2��2/3)/(detector size). At each data accumulating period, we
expect NNC ⇠ 300 and Nµ ⇠ 1000 within the standard model. Thus, taking l = 10 cm
(corresponding to mN = 2 GeV), we predict that the number of fake signals from accidental
background are respectively N 2

NC
⇥ p/2 ⇠ 0.02 and NNC ⇥Nµ ⇥ p ⇠ 0.12. Of course, for

heavier N , l is smaller and the relevant probabilities decrease very fast with a factor of
l3 / (2 GeV/mN )

18.
By measuring the total charge of the N decay products, N can be discriminated against
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where Mdet is the detector mass and rn and rp are fractions of the neutron and proton in
the nuclei of the detector, respectively: rp = Z/A and rn = (A � Z)/A. F⌫µ and F⌫̄µ [19]
are time integrated fluxes per unit area at the detector. Fig. (2) illustrates the spectrum
of N + N̄ produced during the run III of the LHC at FASER⌫. The total number of events
at SND@LHC, FASER⌫ and FASER⌫2 for various values of mN are shown in table 1

3.3 N decay

The produced N travels a distance of l ⇠ �
�1
N

EN/mN where �N is the total decay rate of
N . Taking N heavier than ⇠ 3 GeV, the following decay modes are available for the N

decay

�(N ! ⌫µuū) =
|Gu|2

|Gd|2
�(N ! ⌫µdd̄) =

|Gu|2

|GL|2 + |GR|2
�(N ! µud̄) =

G2
um

5
N

1024⇡3
(3.10)

where we have neglected the masses of the final particles. Notice that the factor of three
that usually appears in denominator from phase space integration in the three body decay
modes has been canceled out from Eq. (3.10) by the factor of three in the numerator from
summation on the color of the final quarks. Moreover, we have assumed that N is heavy
enough so that the meson resonances are not relevant for the N decay. Of course, if N is of
Majorana type, it can also decay into the charged conjugates of the above final particles.

The average energy of N produced by a neutrino of Elab
⌫ can be estimated as

hElab

N i =

R 1
�1

R 1
xmin

Elab

N

h
d�u

d cos ✓ (fu(x, t) + fū(x, t)) +
d�d

d cos ✓ (fd(x, t) + f
d̄
(x, t))

i
dxd cos ✓

�tot
,

(3.11)
where Elab

N
in the integrand can be written as

Elab

N =
Elab

⌫

2
(1 + cos ✓) +

m2
N

4xmp

(1� cos ✓).

hElab

N
i versus Elab

⌫ is shown in Fig (3). As expected N carries a fraction of O(0.3) of the
energy of the initial neutrino. For heavier N , this fraction is larger because the energy
available for the jets produced along with N is lower.

The momentum of N produced by the scattering on a parton of associated momentum
fraction x will make an angle of ⇠ ��1

= (2xmp/Elab
⌫ )

1/2 ⇠ 10
�2 with the beamline. It will

decay after traveling a distance of

l = �
�1
N

�N = 3 µm

�
10

�5
GeV

�2

|Gu|2 + |Gd|2 + |GL|2 + |GR|2

✓
10 GeV

mN

◆6✓ Elab

N

200 GeV

◆
. (3.12)

3.4 Signal and background at forward experiments

The signature of the production of N vertex is jets similar to the SM neutral current neutrino
interaction. As seen from Eq.(3.12), the dependence of the N decay vertex displacement
on mN is very strong. For values of the effective coupling saturating the upper limit,
up to mN < 14 GeV, the displacement can be large enough to disentangle thanks to the

– 8 –

where Mdet is the detector mass and rn and rp are fractions of the neutron and proton in
the nuclei of the detector, respectively: rp = Z/A and rn = (A � Z)/A. F⌫µ and F⌫̄µ [19]
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3.4 Signal and background at forward experiments

The signature of the production of N vertex is jets similar to the SM neutral current neutrino
interaction. As seen from Eq.(3.12), the dependence of the N decay vertex displacement
on mN is very strong. For values of the effective coupling saturating the upper limit,
up to mN < 14 GeV, the displacement can be large enough to disentangle thanks to the
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Figure 4. Schematic topology of the signal event. The green arrows show the final particles from
the N decay. The solid green arrows show jets. The dashed green arrow denotes lepton.

of ��1 ⇠ 10
�2. In this case there should not be any missing transverse momentum.

By measurement of the four-momenta of the decay products of N and computing
their invariant mass, the mass of N can be reconstructed. By measuring their total
momenta the energy of N can be derived. Then, if the statistics is enough, the average
displacement of the vertices (average l) gives the lifetime of N . The relative error in
the extracting the mass and the lifetime of N from N

µud̄
number of such types of

events will respectively be 40%/
p
N

µud̄
and 2 log 2/

p
N

µud̄
as shown in Ref. [4].

Let us now estimate the background for the signals. If two separate neutral current
events accidentally happen along the beam direction from each other, they can mimic the
first signal described above. Similarly, if a muon charged current event lies ahead of a
neutral current event, it can mimic the second signal described above. The volume of a
cone with a height of l and an opening angle of ��1 is ⇡l3��2/3. Thus, the probability of
one event to lie accidentally within a cone with the apex at the other vertex as described
for the signals is p ⇥ (⇡l2��2/3)/(detector size). At each data accumulating period, we
expect NNC ⇠ 300 and Nµ ⇠ 1000 within the standard model. Thus, taking l = 10 cm
(corresponding to mN = 2 GeV), we predict that the number of fake signals from accidental
background are respectively N 2

NC
⇥ p/2 ⇠ 0.02 and NNC ⇥Nµ ⇥ p ⇠ 0.12. Of course, for

heavier N , l is smaller and the relevant probabilities decrease very fast with a factor of
l3 / (2 GeV/mN )

18.
By measuring the total charge of the N decay products, N can be discriminated against
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3.4 Signal and background at forward experiments

The signature of the production of N vertex is jets similar to the SM neutral current neutrino
interaction. As seen from Eq.(3.12), the dependence of the N decay vertex displacement
on mN is very strong. For values of the effective coupling saturating the upper limit,
up to mN < 14 GeV, the displacement can be large enough to disentangle thanks to the
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Figure 4. Schematic topology of the signal event. The green arrows show the final particles from
the N decay. The solid green arrows show jets. The dashed green arrow denotes lepton.

of ��1 ⇠ 10
�2. In this case there should not be any missing transverse momentum.

By measurement of the four-momenta of the decay products of N and computing
their invariant mass, the mass of N can be reconstructed. By measuring their total
momenta the energy of N can be derived. Then, if the statistics is enough, the average
displacement of the vertices (average l) gives the lifetime of N . The relative error in
the extracting the mass and the lifetime of N from N

µud̄
number of such types of

events will respectively be 40%/
p
N

µud̄
and 2 log 2/

p
N

µud̄
as shown in Ref. [4].

Let us now estimate the background for the signals. If two separate neutral current
events accidentally happen along the beam direction from each other, they can mimic the
first signal described above. Similarly, if a muon charged current event lies ahead of a
neutral current event, it can mimic the second signal described above. The volume of a
cone with a height of l and an opening angle of ��1 is ⇡l3��2/3. Thus, the probability of
one event to lie accidentally within a cone with the apex at the other vertex as described
for the signals is p ⇥ (⇡l2��2/3)/(detector size). At each data accumulating period, we
expect NNC ⇠ 300 and Nµ ⇠ 1000 within the standard model. Thus, taking l = 10 cm
(corresponding to mN = 2 GeV), we predict that the number of fake signals from accidental
background are respectively N 2

NC
⇥ p/2 ⇠ 0.02 and NNC ⇥Nµ ⇥ p ⇠ 0.12. Of course, for

heavier N , l is smaller and the relevant probabilities decrease very fast with a factor of
l3 / (2 GeV/mN )

18.
By measuring the total charge of the N decay products, N can be discriminated against
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Figure 4. Schematic topology of the signal event. The green arrows show the final particles from
the N decay. The solid green arrows show jets. The dashed green arrow denotes lepton.

of ��1 ⇠ 10
�2. In this case there should not be any missing transverse momentum.

By measurement of the four-momenta of the decay products of N and computing
their invariant mass, the mass of N can be reconstructed. By measuring their total
momenta the energy of N can be derived. Then, if the statistics is enough, the average
displacement of the vertices (average l) gives the lifetime of N . The relative error in
the extracting the mass and the lifetime of N from N
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first signal described above. Similarly, if a muon charged current event lies ahead of a
neutral current event, it can mimic the second signal described above. The volume of a
cone with a height of l and an opening angle of ��1 is ⇡l3��2/3. Thus, the probability of
one event to lie accidentally within a cone with the apex at the other vertex as described
for the signals is p ⇥ (⇡l2��2/3)/(detector size). At each data accumulating period, we
expect NNC ⇠ 300 and Nµ ⇠ 1000 within the standard model. Thus, taking l = 10 cm
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Figure 4. Schematic topology of the signal event. The green arrows show the final particles from
the N decay. The solid green arrows show jets. The dashed green arrow denotes lepton.
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Figure 4. Schematic topology of the signal event. The green arrows show the final particles from
the N decay. The solid green arrows show jets. The dashed green arrow denotes lepton.
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Figure 5. Forecasted upper bound on Gu = Gd from SND@LHC, FASER⌫ and its upgrade
FASER⌫2 in case of null signal. We have assumed integrated luminosity of 150 fb�1 and 3000 fb�1,
respectively, for run III of the LHC (SND@LHC and FASER⌫) and for HL-LHC (FASER⌫2).

the ⌧ lepton produced by the charged current interaction of ⌫⌧ . If the decay length of N is of
order of 100-500 µm, it may be mistaken with neutral D-meson decaying into µ. However,
D-mesons are mostly produced by charged current interaction of ⌫µ off the strange sea
quarks inside the proton and neutron. That is the signature of D-meson at FASER⌫ is a
charged current vertex followed by a displaced vertex. Since in our model the first vertex
is neutral current, D-meson production will not constitute a background to our signals.
In principle, D-meson can also be produced via neutral current interaction of neutrinos on
intrinsic c quark in the nucleons but the rate will be too low to cause a significant background
to our signal. We therefore conclude that our signals are practically background-free. As a
result, detection of even a single event will be considered a discovery.

Fig. 5 shows the bound that can be set on Gu = Gd versus mN by FASER⌫ and
SND@LHC during the run III of the LHC as well as by the upgrade of FASER⌫ during
the high luminosity run of the LHC. That is the curves correspond to number of produced
N equal to 1. As seen from the figure in case of null results, FASER⌫ can set a bound of
10

�6 GeV�2 on Gu = Gd improving the theoretical limit by a factor of 10. Its upgrade
can improve by another order of magnitude. As shown in the figure, for mN < 15 GeV,
the dependence of the bound from forward experiments on mN is mild. If N is lighter
than 3 GeV, it should have been already discovered by lower energy neutrino scattering
experiments such as NOMAD [1]. This is yet another reason why we focus on mN > 3 GeV.

4 Neutrino mass, (g�2)µ and production of the heavy states at the LHC

As mentioned before, the Yµ coupling gives a contribution to (g� 2)µ which can be written
as [25, 26]
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This contribution has the right sign to explain the anomaly but its magnitude is too small
to explain the deviation of the experimental result from the SM prediction [27]. If we want
to explain the (g � 2)µ anomaly, we have to add more � or N to the model. For example,
four � with couplings of O(3) to the muon and N can account for the deviation. In this
case, the effective couplings can increase by a factor of ' 4 leading to a O(16) fold increase
in the statistics at forward experiments such as FASER⌫. In case that model has more
than one N with masses smaller than O(10 GeV) and with couplings of O(3) to muon and
�, the signal of the model at forward experiments as well as at CMS and ATLAS will be
completely different. We shall discuss the phenomenology of such a variant of the model
with multiple N in sect. 5. Let us now focus on the consequences of the minimal version
with single N and �.

In our model, the new scalar does not develop a VEV so neutrinos do not obtain a
Dirac mass term at the tree level. The neutrino mass can receive a contribution at one
loop level provided that (i) N is a Majorana fermion and (ii) there is a splitting between
real (CP-even) and imaginary (CP-odd) components of �0 which originates from a quartic
coupling of form �H�(H† ·�)2 +H.c. [26, 28]. Thus, if we take N to be of Majorana type,
the smallness of neutrino mass constrains the splitting of the real and complex components
of �

0 or equivalently �H�. The smallness of �H� can be explained by the global U(1)

symmetry introduced in Eq. (3.4). Such a symmetry not only explains the smallness of
�H� and the splitting but also explains the smallness of the u and d masses in comparison
to those of higher generation quarks as mentioned before.

At the interaction points of the LHC, the components of � can be pair produced
via electroweak interaction with a cross section of ⇠ 10 fb [29]. The � components can
also be singly produced in association of a recoiling gluon via the Yu and Yd couplings.
Again the cross section is expected to be of order of 10 fb as ↵sY 2

u ,↵sY 2
d
⇠ e2↵/ sin4 ✓W .

Since Yµ � Yu, Yd, e/ sin ✓W , the dominant decay modes are �
0 ! N ⌫̄µ and �

+ ! Nµ+.
Subsequently, N will decay to µ�

+two jets or ⌫µ+two jets. If N is of Majorana type, it
can also decay into the charged conjugates of these final states.

Let us shortly discuss two possible signals:

• �
+ in association of a gluon showing up as µ+ with displaced vertex of µ�

+two jets.
If N is of Majorana type, it can even decay into µ+

+two jets, providing a distinctive
same sign signature.

• �
+ in association of a gluon showing up as µ+ with displaced vertex of two jets+missing

energy.
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�H� and the splitting but also explains the smallness of the u and d masses in comparison
to those of higher generation quarks as mentioned before.

At the interaction points of the LHC, the components of � can be pair produced
via electroweak interaction with a cross section of ⇠ 10 fb [29]. The � components can
also be singly produced in association of a recoiling gluon via the Yu and Yd couplings.
Again the cross section is expected to be of order of 10 fb as ↵sY 2

u ,↵sY 2
d
⇠ e2↵/ sin4 ✓W .

Since Yµ � Yu, Yd, e/ sin ✓W , the dominant decay modes are �
0 ! N ⌫̄µ and �

+ ! Nµ+.
Subsequently, N will decay to µ�

+two jets or ⌫µ+two jets. If N is of Majorana type, it
can also decay into the charged conjugates of these final states.

Let us shortly discuss two possible signals:

• �
+ in association of a gluon showing up as µ+ with displaced vertex of µ�

+two jets.
If N is of Majorana type, it can even decay into µ+

+two jets, providing a distinctive
same sign signature.

• �
+ in association of a gluon showing up as µ+ with displaced vertex of two jets+missing

energy.
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Similarly, �0 can be produced in association with the gluon. Moreover, the pair produc-
tions �

+
�
�,�+

�̄
0,��

�
0,�0

�̄
0 and subsequent decays can take place. Exploring all the

signals at CMS and ATLAS and assessing their background is beyond the scope of the
present paper. However, this rich phenomenology with its distinctive signatures sounds
very promising. If FASER⌫ finds signals for this model, it will be a great motivation for a
dedicated search in the CMS and ATLAS data for the distinctive predictions of the present
model.

Notice that FASER⌫ cannot distinguish the nature of N (i.e., Majorana vs Dirac).
The reason is that there is no way to know whether the detected µ� is initiated by ⌫µ
via lepton number conserving processes or by ⌫̄µ via lepton number violating processes
involving Majorana N . However, at CMS and ATLAS, same sign muon signals coming
from �

+ ! µ+N ! µ+µ+dū and their charge conjugates will testify for the lepton number
violation and a Majorana type N .

5 Model with multiple sterile neutrinos

In this section, we shall discuss the phenomenological consequences of a variant of the model
introduced in sect. 4 with more than one right-handed neutrinos with couplings of form

Y↵iN̄i�
T cL↵ +H.c. (5.1)

We shall take Y↵i ⇠ 3. As we discussed in sect. 4, adding multiple Ni is motivated by the
(g�2)µ anomaly. We shall take all Ni heavier than ⇠ 3 GeV to avoid the bounds from early
universe, core collapse supernova and meson decay as well as from lower energy neutrino
scattering experiments such a NOMAD. Integrating out the heavy � states, the coupling
in Eq. (5.1) yields

Gµ

ij
(N̄iµ)(µ̄Nj) +G⌫

ij(N̄i⌫µ)(⌫̄µNj) (5.2)

in which
Gµ

ij
=

YµiY ⇤
µj

m2
�+

and G⌫

ij =
YµiY ⇤

µj

m2
�0

+H.c. (5.3)

Taking Yµi ⇠ Yµj ⇠ 3 and m�+ ⇠ m�0 ⇠ 300 GeV, we find G⌫

ij
⇠ Gµ

ij
⇠ 10

�4
GeV

�2.
All Ni can be produced via the ⌫µ interaction in the forward experiments as described in
the previous section. They can also be produced via the decay of the � components at
the Interaction Point of the LHC. The lightest Ni decays into ⌫+two jets or µ+two jets
as described for the minimal model in the previous section. The heavier Ni will however
dominantly decay into lighter Nj because Yµi � Yu, Yd:

Ni ! Njµµ̄ and Ni ! Nj⌫µ⌫̄µ.

For m2
Nj

⌧ m2
Ni

, the decay length will be given by Eq. (3.12), replacing |Gu|2 + |Gd|2 +
|GL|2 + |GR|2 with

P
j
(|Gµ

ij
|2 + |G⌫

ij
|2)/3 where j includes all Nj states lighter than Ni.

The factor of 3 is due to the summation on color in hadronic decay case. The factorP
j
(|Gµ

ij
|2 + |G⌫

ij
|2)/3 can be ⇠ 30 times larger than |Gu|2 + |Gd|2 + |GL|2 + |GR|2, making

the decay length 30 times smaller. The whole decay chain of Ni will take place inside the
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where Mdet is the detector mass and rn and rp are fractions of the neutron and proton in
the nuclei of the detector, respectively: rp = Z/A and rn = (A � Z)/A. F⌫µ and F⌫̄µ [19]
are time integrated fluxes per unit area at the detector. Fig. (2) illustrates the spectrum
of N + N̄ produced during the run III of the LHC at FASER⌫. The total number of events
at SND@LHC, FASER⌫ and FASER⌫2 for various values of mN are shown in table 1

3.3 N decay

The produced N travels a distance of l ⇠ �
�1
N

EN/mN where �N is the total decay rate of
N . Taking N heavier than ⇠ 3 GeV, the following decay modes are available for the N

decay

�(N ! ⌫µuū) =
|Gu|2

|Gd|2
�(N ! ⌫µdd̄) =

|Gu|2

|GL|2 + |GR|2
�(N ! µud̄) =

G2
um

5
N

1024⇡3
(3.10)

where we have neglected the masses of the final particles. Notice that the factor of three
that usually appears in denominator from phase space integration in the three body decay
modes has been canceled out from Eq. (3.10) by the factor of three in the numerator from
summation on the color of the final quarks. Moreover, we have assumed that N is heavy
enough so that the meson resonances are not relevant for the N decay. Of course, if N is of
Majorana type, it can also decay into the charged conjugates of the above final particles.

The average energy of N produced by a neutrino of Elab
⌫ can be estimated as

hElab

N i =

R 1
�1

R 1
xmin

Elab

N

h
d�u

d cos ✓ (fu(x, t) + fū(x, t)) +
d�d

d cos ✓ (fd(x, t) + f
d̄
(x, t))

i
dxd cos ✓

�tot
,

(3.11)
where Elab

N
in the integrand can be written as

Elab

N =
Elab

⌫

2
(1 + cos ✓) +

m2
N

4xmp

(1� cos ✓).

hElab

N
i versus Elab

⌫ is shown in Fig (3). As expected N carries a fraction of O(0.3) of the
energy of the initial neutrino. For heavier N , this fraction is larger because the energy
available for the jets produced along with N is lower.

The momentum of N produced by the scattering on a parton of associated momentum
fraction x will make an angle of ⇠ ��1

= (2xmp/Elab
⌫ )

1/2 ⇠ 10
�2 with the beamline. It will

decay after traveling a distance of

l = �
�1
N

�N = 3 µm

�
10

�5
GeV

�2

|Gu|2 + |Gd|2 + |GL|2 + |GR|2

✓
10 GeV

mN

◆6✓ Elab

N

200 GeV

◆
. (3.12)

3.4 Signal and background at forward experiments

The signature of the production of N vertex is jets similar to the SM neutral current neutrino
interaction. As seen from Eq.(3.12), the dependence of the N decay vertex displacement
on mN is very strong. For values of the effective coupling saturating the upper limit,
up to mN < 14 GeV, the displacement can be large enough to disentangle thanks to the
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Figure 5. Forecasted upper bound on Gu = Gd from SND@LHC, FASER⌫ and its upgrade
FASER⌫2 in case of null signal. We have assumed integrated luminosity of 150 fb�1 and 3000 fb�1,
respectively, for run III of the LHC (SND@LHC and FASER⌫) and for HL-LHC (FASER⌫2).

the ⌧ lepton produced by the charged current interaction of ⌫⌧ . If the decay length of N is of
order of 100-500 µm, it may be mistaken with neutral D-meson decaying into µ. However,
D-mesons are mostly produced by charged current interaction of ⌫µ off the strange sea
quarks inside the proton and neutron. That is the signature of D-meson at FASER⌫ is a
charged current vertex followed by a displaced vertex. Since in our model the first vertex
is neutral current, D-meson production will not constitute a background to our signals.
In principle, D-meson can also be produced via neutral current interaction of neutrinos on
intrinsic c quark in the nucleons but the rate will be too low to cause a significant background
to our signal. We therefore conclude that our signals are practically background-free. As a
result, detection of even a single event will be considered a discovery.

Fig. 5 shows the bound that can be set on Gu = Gd versus mN by FASER⌫ and
SND@LHC during the run III of the LHC as well as by the upgrade of FASER⌫ during
the high luminosity run of the LHC. That is the curves correspond to number of produced
N equal to 1. As seen from the figure in case of null results, FASER⌫ can set a bound of
10

�6 GeV�2 on Gu = Gd improving the theoretical limit by a factor of 10. Its upgrade
can improve by another order of magnitude. As shown in the figure, for mN < 15 GeV,
the dependence of the bound from forward experiments on mN is mild. If N is lighter
than 3 GeV, it should have been already discovered by lower energy neutrino scattering
experiments such as NOMAD [1]. This is yet another reason why we focus on mN > 3 GeV.

4 Neutrino mass, (g�2)µ and production of the heavy states at the LHC

As mentioned before, the Yµ coupling gives a contribution to (g� 2)µ which can be written
as [25, 26]

�aµ = �

✓
g � 2

2

◆
=

Y 2
µ

16⇡2

m2
µ

m2
�+

K(m2
N/m2

�+),
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This contribution has the right sign to explain the anomaly but its magnitude is too small
to explain the deviation of the experimental result from the SM prediction [27]. If we want
to explain the (g � 2)µ anomaly, we have to add more � or N to the model. For example,
four � with couplings of O(3) to the muon and N can account for the deviation. In this
case, the effective couplings can increase by a factor of ' 4 leading to a O(16) fold increase
in the statistics at forward experiments such as FASER⌫. In case that model has more
than one N with masses smaller than O(10 GeV) and with couplings of O(3) to muon and
�, the signal of the model at forward experiments as well as at CMS and ATLAS will be
completely different. We shall discuss the phenomenology of such a variant of the model
with multiple N in sect. 5. Let us now focus on the consequences of the minimal version
with single N and �.

In our model, the new scalar does not develop a VEV so neutrinos do not obtain a
Dirac mass term at the tree level. The neutrino mass can receive a contribution at one
loop level provided that (i) N is a Majorana fermion and (ii) there is a splitting between
real (CP-even) and imaginary (CP-odd) components of �0 which originates from a quartic
coupling of form �H�(H† ·�)2 +H.c. [26, 28]. Thus, if we take N to be of Majorana type,
the smallness of neutrino mass constrains the splitting of the real and complex components
of �

0 or equivalently �H�. The smallness of �H� can be explained by the global U(1)

symmetry introduced in Eq. (3.4). Such a symmetry not only explains the smallness of
�H� and the splitting but also explains the smallness of the u and d masses in comparison
to those of higher generation quarks as mentioned before.

At the interaction points of the LHC, the components of � can be pair produced
via electroweak interaction with a cross section of ⇠ 10 fb [29]. The � components can
also be singly produced in association of a recoiling gluon via the Yu and Yd couplings.
Again the cross section is expected to be of order of 10 fb as ↵sY 2

u ,↵sY 2
d
⇠ e2↵/ sin4 ✓W .

Since Yµ � Yu, Yd, e/ sin ✓W , the dominant decay modes are �
0 ! N ⌫̄µ and �

+ ! Nµ+.
Subsequently, N will decay to µ�

+two jets or ⌫µ+two jets. If N is of Majorana type, it
can also decay into the charged conjugates of these final states.

Let us shortly discuss two possible signals:

• �
+ in association of a gluon showing up as µ+ with displaced vertex of µ�

+two jets.
If N is of Majorana type, it can even decay into µ+

+two jets, providing a distinctive
same sign signature.

• �
+ in association of a gluon showing up as µ+ with displaced vertex of two jets+missing

energy.
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�H� and the splitting but also explains the smallness of the u and d masses in comparison
to those of higher generation quarks as mentioned before.
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can also decay into the charged conjugates of these final states.

Let us shortly discuss two possible signals:

• �
+ in association of a gluon showing up as µ+ with displaced vertex of µ�

+two jets.
If N is of Majorana type, it can even decay into µ+

+two jets, providing a distinctive
same sign signature.

• �
+ in association of a gluon showing up as µ+ with displaced vertex of two jets+missing

energy.
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This contribution has the right sign to explain the anomaly but its magnitude is too small
to explain the deviation of the experimental result from the SM prediction [27]. If we want
to explain the (g � 2)µ anomaly, we have to add more � or N to the model. For example,
four � with couplings of O(3) to the muon and N can account for the deviation. In this
case, the effective couplings can increase by a factor of ' 4 leading to a O(16) fold increase
in the statistics at forward experiments such as FASER⌫. In case that model has more
than one N with masses smaller than O(10 GeV) and with couplings of O(3) to muon and
�, the signal of the model at forward experiments as well as at CMS and ATLAS will be
completely different. We shall discuss the phenomenology of such a variant of the model
with multiple N in sect. 5. Let us now focus on the consequences of the minimal version
with single N and �.

In our model, the new scalar does not develop a VEV so neutrinos do not obtain a
Dirac mass term at the tree level. The neutrino mass can receive a contribution at one
loop level provided that (i) N is a Majorana fermion and (ii) there is a splitting between
real (CP-even) and imaginary (CP-odd) components of �0 which originates from a quartic
coupling of form �H�(H† ·�)2 +H.c. [26, 28]. Thus, if we take N to be of Majorana type,
the smallness of neutrino mass constrains the splitting of the real and complex components
of �

0 or equivalently �H�. The smallness of �H� can be explained by the global U(1)

symmetry introduced in Eq. (3.4). Such a symmetry not only explains the smallness of
�H� and the splitting but also explains the smallness of the u and d masses in comparison
to those of higher generation quarks as mentioned before.

At the interaction points of the LHC, the components of � can be pair produced
via electroweak interaction with a cross section of ⇠ 10 fb [29]. The � components can
also be singly produced in association of a recoiling gluon via the Yu and Yd couplings.
Again the cross section is expected to be of order of 10 fb as ↵sY 2

u ,↵sY 2
d
⇠ e2↵/ sin4 ✓W .

Since Yµ � Yu, Yd, e/ sin ✓W , the dominant decay modes are �
0 ! N ⌫̄µ and �

+ ! Nµ+.
Subsequently, N will decay to µ�

+two jets or ⌫µ+two jets. If N is of Majorana type, it
can also decay into the charged conjugates of these final states.

Let us shortly discuss two possible signals:

• �
+ in association of a gluon showing up as µ+ with displaced vertex of µ�

+two jets.
If N is of Majorana type, it can even decay into µ+

+two jets, providing a distinctive
same sign signature.

• �
+ in association of a gluon showing up as µ+ with displaced vertex of two jets+missing

energy.
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Contribution from minimal model:

B. Abi et al., [Muon g-2], ``Measurement of the Positive 
Muon Anomalous Magnetic Moment to 0.46 ppm,’’ PRL 126 
(2021) no.14, 141801

Four or Five times smaller

aµ(Exp)� aµ(SM) = (25.1± 5.9)⇥ 10�10
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5 Model with multiple sterile neutrinos

In this section, we shall discuss the phenomenological consequences of a variant of the model
introduced in sect. 4 with more than one right-handed neutrinos with couplings of form

Y↵iN̄i�
T cL↵ +H.c. (5.1)

We shall take Y↵i ⇠ 3. As we discussed in sect. 4, adding multiple Ni is motivated by the
(g�2)µ anomaly. We shall take all Ni heavier than ⇠ 3 GeV to avoid the bounds from early
universe, core collapse supernova and meson decay as well as from lower energy neutrino
scattering experiments such a NOMAD. Integrating out the heavy � states, the coupling
in Eq. (5.1) yields

Gµ

ij
(N̄iµ)(µ̄Nj) +G⌫

ij(N̄i⌫µ)(⌫̄µNj) (5.2)

in which
Gµ

ij
=

YµiY ⇤
µj

m2
�+

and G⌫

ij =
YµiY ⇤

µj

m2
�0

+H.c. (5.3)

Taking Yµi ⇠ Yµj ⇠ 3 and m�+ ⇠ m�0 ⇠ 300 GeV, we find G⌫

ij
⇠ Gµ

ij
⇠ 10

�4
GeV

�2.
All Ni can be produced via the ⌫µ interaction in the forward experiments as described in
the previous section. They can also be produced via the decay of the � components at
the Interaction Point of the LHC. The lightest Ni decays into ⌫+two jets or µ+two jets
as described for the minimal model in the previous section. The heavier Ni will however
dominantly decay into lighter Nj because Yµi � Yu, Yd:

Ni ! Njµµ̄ and Ni ! Nj⌫µ⌫̄µ.

For m2
Nj

⌧ m2
Ni

, the decay length will be given by Eq. (3.12), replacing |Gu|2 + |Gd|2 +
|GL|2 + |GR|2 with

P
j
(|Gµ

ij
|2 + |G⌫

ij
|2)/3 where j includes all Nj states lighter than Ni.

The factor of 3 is due to the summation on color in hadronic decay case. The factorP
j
(|Gµ

ij
|2 + |G⌫

ij
|2)/3 can be ⇠ 30 times larger than |Gu|2 + |Gd|2 + |GL|2 + |GR|2, making

the decay length 30 times smaller. The whole decay chain of Ni will take place inside the
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+ ! µ+N ! µ+µ+dū and their charge conjugates will testify for the lepton number
violation and a Majorana type N .

5 Model with multiple sterile neutrinos

In this section, we shall discuss the phenomenological consequences of a variant of the model
introduced in sect. 4 with more than one right-handed neutrinos with couplings of form

Y↵iN̄i�
T cL↵ +H.c. (5.1)

We shall take Y↵i ⇠ 3. As we discussed in sect. 4, adding multiple Ni is motivated by the
(g�2)µ anomaly. We shall take all Ni heavier than ⇠ 3 GeV to avoid the bounds from early
universe, core collapse supernova and meson decay as well as from lower energy neutrino
scattering experiments such a NOMAD. Integrating out the heavy � states, the coupling
in Eq. (5.1) yields

Gµ

ij
(N̄iµ)(µ̄Nj) +G⌫

ij(N̄i⌫µ)(⌫̄µNj) (5.2)

in which
Gµ

ij
=

YµiY ⇤
µj

m2
�+

and G⌫

ij =
YµiY ⇤

µj

m2
�0

+H.c. (5.3)

Taking Yµi ⇠ Yµj ⇠ 3 and m�+ ⇠ m�0 ⇠ 300 GeV, we find G⌫

ij
⇠ Gµ

ij
⇠ 10

�4
GeV

�2.
All Ni can be produced via the ⌫µ interaction in the forward experiments as described in
the previous section. They can also be produced via the decay of the � components at
the Interaction Point of the LHC. The lightest Ni decays into ⌫+two jets or µ+two jets
as described for the minimal model in the previous section. The heavier Ni will however
dominantly decay into lighter Nj because Yµi � Yu, Yd:

Ni ! Njµµ̄ and Ni ! Nj⌫µ⌫̄µ.

For m2
Nj

⌧ m2
Ni

, the decay length will be given by Eq. (3.12), replacing |Gu|2 + |Gd|2 +
|GL|2 + |GR|2 with

P
j
(|Gµ

ij
|2 + |G⌫

ij
|2)/3 where j includes all Nj states lighter than Ni.

The factor of 3 is due to the summation on color in hadronic decay case. The factorP
j
(|Gµ

ij
|2 + |G⌫

ij
|2)/3 can be ⇠ 30 times larger than |Gu|2 + |Gd|2 + |GL|2 + |GR|2, making

the decay length 30 times smaller. The whole decay chain of Ni will take place inside the

– 13 –



Signals at forward experiments

Like NC

𝜈!

𝜇"
𝜇#

𝑁$

𝑁%

u

�̅�

𝜇#

Like NC

𝜈!
𝑁&

𝑁$
𝑁'

𝜇#

𝜇"

𝜈!

𝜈!

d

�̅�

𝜈!



Figure 4. Schematic topology of the signal event. The green arrows show the final particles from
the N decay. The solid green arrows show jets. The dashed green arrow denotes lepton.

of ��1 ⇠ 10
�2. In this case there should not be any missing transverse momentum.

By measurement of the four-momenta of the decay products of N and computing
their invariant mass, the mass of N can be reconstructed. By measuring their total
momenta the energy of N can be derived. Then, if the statistics is enough, the average
displacement of the vertices (average l) gives the lifetime of N . The relative error in
the extracting the mass and the lifetime of N from N

µud̄
number of such types of

events will respectively be 40%/
p

N
µud̄

and 2 log 2/
p

N
µud̄

as shown in Ref. [4].

Let us now estimate the background for the signals. If two separate neutral current
events accidentally happen along the beam direction from each other, they can mimic the
first signal described above. Similarly, if a muon charged current event lies ahead of a
neutral current event, it can mimic the second signal described above. The volume of a
cone with a height of l and an opening angle of ��1 is ⇡l3��2/3. Thus, the probability of
one event to lie accidentally within a cone with the apex at the other vertex as described
for the signals is p ⇥ (⇡l2��2/3)/(detector size). At each data accumulating period, we
expect NNC ⇠ 300 and Nµ ⇠ 1000 within the standard model. Thus, taking l = 10 cm
(corresponding to mN = 2 GeV), we predict that the number of fake signals from accidental
background are respectively N 2

NC
⇥ p/2 ⇠ 0.02 and NNC ⇥Nµ ⇥ p ⇠ 0.12. Of course, for

heavier N , l is smaller and the relevant probabilities decrease very fast with a factor of
l3 / (2 GeV/mN )

18.
By measuring the total charge of the N decay products, N can be discriminated against
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Summary

■ Forward experiments can test 

■ Signature of minimal model:

Alert for CMS and ATLAS

■ CMS and ATLASà nature of           (Majorana vs Dirac)

Figure 4. Schematic topology of the signal event. The green arrows show the final particles from
the N decay. The solid green arrows show jets. The dashed green arrow denotes lepton.
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their invariant mass, the mass of N can be reconstructed. By measuring their total
momenta the energy of N can be derived. Then, if the statistics is enough, the average
displacement of the vertices (average l) gives the lifetime of N . The relative error in
the extracting the mass and the lifetime of N from N
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and 2 log 2/
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events accidentally happen along the beam direction from each other, they can mimic the
first signal described above. Similarly, if a muon charged current event lies ahead of a
neutral current event, it can mimic the second signal described above. The volume of a
cone with a height of l and an opening angle of ��1 is ⇡l3��2/3. Thus, the probability of
one event to lie accidentally within a cone with the apex at the other vertex as described
for the signals is p ⇥ (⇡l2��2/3)/(detector size). At each data accumulating period, we
expect NNC ⇠ 300 and Nµ ⇠ 1000 within the standard model. Thus, taking l = 10 cm
(corresponding to mN = 2 GeV), we predict that the number of fake signals from accidental
background are respectively N 2

NC
⇥ p/2 ⇠ 0.02 and NNC ⇥Nµ ⇥ p ⇠ 0.12. Of course, for

heavier N , l is smaller and the relevant probabilities decrease very fast with a factor of
l3 / (2 GeV/mN )

18.
By measuring the total charge of the N decay products, N can be discriminated against
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Figure 1. Cross section of ⌫µ + nucleon ! N + X versus the energy of the initial neutrino for
various N mass. We have taken Gu = Gd = 10

�5 GeV�2.

and a right-handed singlet fermion, N to the standard model. The right-handed N can be
either Majorana or Dirac. We turn on the following Yukawa interactions

Y↵N̄�
T cL↵ + Ydd̄�

†Q+ Yuū�
T cQ+H.c. (3.2)

where L↵ is the left-handed lepton doublet of flavor ↵ and Q is the first generation of
left-handed quarks. As long as the masses of �

0 and �
+ are heavier than ⇠ 300 GeV

and Yu, Yd
<⇠ 0.3, the present bounds from the direct production of these particles at CMS

and ATLAS can be avoided. Moreover, as long as the splitting between the components
is small, the bounds from precision data can be satisfied [21]. However, �0 and �

+ will
be within the reach of the high luminosity phase of the LHC or even that of the run III.
We shall discuss the possible signatures of direct � production in sect. 4. The Yukawa
coupling to the muon, Yµ can also lead to a contribution to (g � 2)µ. As we shall see in
sect. 4, explaining the famous (g � 2)µ anomaly motivates large values of Yµ, saturating
the perturbativity condition, Yµ ⇠ 3 � 4. Ref. [22] shows that the models explaining the
(g� 2)µ anomaly with new Yukawa coupling generally need large Yukawa couplings. Here,
our main aim is not to explain the (g � 2)µ anomaly but we take Yµ ⇠ O(1) to have a
high rate of the N production at FASER⌫ and SND@LHC detectors due to ⌫µ interaction.
Integrating out �

0 and �
+, we obtain the following effective Lagrangian

GuN̄R⌫µūLuR +GdN̄R⌫µd̄RdL +GLN̄RµLd̄RuL +GRN̄RµLd̄LuR +H.c. (3.3)

where
Gu =

YµY ⇤
u

m2
�0

, Gd = �YµYd
m2

�0

, GL =
YµYd
m2

�+

, and GR =
YµY ⇤

u

m2
�+

.

Taking Yu ⇠ Yd ⇠ 0.3, Yµ ⇠ 3 and m�0 ⇠ m�+ ⇠ 300 GeV, we find Gu ⇠ Gd ⇠ GL ⇠
GR ⇠ 10

�5 GeV�2.
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mN < 15 GeV
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Summary 

■ Contribution to muon magnetic moment,  ¼ of deviation

■ Extending model to include more N

■ Chain decays of N at forward experiments with multiple muon emission
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