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Beyond the SM
at Forward Physics Facilities



Motivation
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“High energy collisions at the High-Luminosity Large Hadron 
Collider (LHC) produce a large number of particles along the beam 

collision axis, outside of the acceptance of existing LHC 
experiments.”



Outlines

1. Idea of the FASER, FASER , and Forward Physics Facility (FPF) 

2. Beyond the standard model searches at  FPF

3.  Z’ and NSI

4. Heavy neutrino

5. Dark Photon

6. Leptoquarks

ν



FASER will be located in the unused LHC service tunnel TI12, which is 480m 
downstream of the proton-proton interaction point (IP) used by the ATLAS experiment. 
The fluxes of most high-energy standard model background particles at this position 
are suppressed to negligible levels, with the only exceptions being the most 
penetrating known particles, namely muons and neutrinos. The FASER detector will be 
sensitive to new particles that decay in a cylindrical volume with radius R=10 cm and 
length L=1.5 m.

https://faser.web.cern.ch/about-the-experiment/location
https://faser.web.cern.ch/about-the-experiment/background
https://faser.web.cern.ch/about-the-experiment/detector-design
https://faser.web.cern.ch/about-the-experiment/location
https://faser.web.cern.ch/about-the-experiment/background
https://faser.web.cern.ch/about-the-experiment/detector-design




Cont’d
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Muons are identified by their track length in the 
detector. Since the detector has a total nuclear 
interaction length of 10.1λint, all the hadrons from 
the neutrino interactions will interact, except for 
hadrons created in the far downstream part of the 
detector.  



Forward Physics Facility (FPF)

Source: arXiv:2109.10905, 2203.

FASER2: a magnetic spectrometer and 
tracker, will search for light and weakly-
interacting states, including long-lived 
particles, new force carriers, axion-like 

particles, light neutralinos, and dark sector 
particles.  

 

FASER : Upgraded version of FASER  ν2 ν

AdvSND: Upgraded version of SND@LHC 

FORMOSA: a detector composed 
of scintillating bars, will provide 

world-leading sensitivity to 
millicharged particles and other 
very weakly-interacting particles 
across a large range of masses.  

FLARE: a proposed 10-tonne-scale 
noble liquid detector, will detect 

neutrinos and also search for light 
dark matter.  

20

Forward Physics Facility, a proposed new cavern for the High-Luminosity era. 
The FPF will be 65 m-long and 8.5 m-wide 



Schematic diagram of the proposed FASER2 detector. The design shown has a cylindrical decay volume with 2 m 
diameter and 10 m length. The total length is approximately 22 m, 
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Figure 5.1: Schematic illustration of the most important experimental signatures to be used in the
FPF searches for BSM physics. On the left, we show the production of a dark sector state � in
the proton-proton scattering at the LHC Interaction Point, leading to a strongly collimated beam
of these particles pointed at the FPF. On the right, we show the FPF cavern with its experiments
and the BSM signatures that they can probe: i) scattering of DM in the neutrino detectors FLArE,
FASER⌫2 and AdvSND@LHC detectors; ii) non-standard energy deposition of mCPs characterized
in the FORMOSA and FLArE detectors; iii) and helical tracks in quirk models at FASER2; and
iv) decays of long-lived particles to be studied in FASER2.

considering a range of models from the standard dark photon scenario to more exotic interactions.
Then, the FPF sensitivity to mCPs is studied in Sec. 5.2. Sec. 5.3 evaluates the ability of long-lived
particle detectors at the FPF to search for quirks. We illustrate the relevant signatures along with
the example FPF detectors that could probe them in Fig. 5.1.

5.1 Dark Matter Scattering

On top of the rich experimental program to search for highly-displaced decays of unstable LLPs
that can, i.a., mediate the interactions between the DM and SM sectors, the FPF experiments will
also be well-suited to directly detect the scattering of DM species produced in the forward direction
at the LHC. The direct search for sub-GeV DM in the FPF will be highly complementary to more
traditional missing-energy searches at the LHC that target heavier DM particles, cf. Ref. [728] for
recent review. Importantly, such light DM particles can be e�ciently thermally produced in the
early Universe, in a way that is similar to weakly interacting massive particles (WIMPs) [729–731].
This has prompted extensive discussions about the discovery prospects of such light DM species,
cf. Ref. [128, 278, 732] for reviews; see also contribution to Snowmass 2021 Big Idea: dark matter

production [110] and RF6 - Overview of Facilities and Experiments [111]. The direct search for
DM particles at the FPF contributes significantly to these e↵orts, bringing to bear the unique
capabilities of far-forward searches at the LHC and complementing experimental proposals based
on the missing energy/momentum signatures.

In addition, DM searches at the FPF will o↵er distinct discovery prospects with respect to
standard DM direct detection experiments placed in deep underground facilities, cf. Ref. [733] for
recent review. This is first due to the large DM energies accessible at the LHC. Notably, in this case,

Scattering of DM in the neutrino detectors FLArE, FASERν2 and AdvSND@LHC detectors; ii) non-standard 
energy deposition of mCPs characterized in the FORMOSA and FLArE detectors; iii) and helical tracks in quirk 
models at FASER2; and iv) decays of long-lived particles to be studied in FASER2. 

Schematic illustration of the most important signatures in the FPF searches for BSM physics. 



BSM Search at FASERν



Non-standard neutrino and Z′ interactions at the 
FASERν and the LHC

11

 K. Cheung, C. J. Ouseph and T. Wang, JHEP12(2021), 209 doi:10.1007JHEP12(2021)209[arXiv:2111.08375 [hep-ph]] 



Non-standard neutrino Interactions @ FASERν
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 ℒNC = − 2 2GF ∑
f,P,α,β

ϵ f,P
αβ (ν̄αγμPLνβ) (f̄γμPf)

ℒZ′ � = − (gνl̄αγμPLlα + gqq̄γμq) Z′ �μ

K. Cheung, C. J. Ouseph and T. Wang, JHEP12(2021)

να νβ

q q
Z, Z′�
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χ2(gqgν, α) = min
α [

(Nνe
BSM − (1 + α)Nνe

SM)2

Nνe
BSM

+
(Nνμ

BSM − (1 + α)Nνμ
SM)2

Nνμ
BSM

+
(Nντ

BSM − (1 + α)Nντ
SM)2

Nντ
BSM

+ ( α
σnorm )

2

]

K. Cheung, C. J. Ouseph and T. Wang, JHEP12(2021)

The sensitivity of FASER  
detectors to Z’ 

 

 is the nuisance 
parameters,   is the 
systematic uncertainties 
from the flux and detector 

ν

NBSM = NZ′ � + Nint + NSM

α
σnorm



Effects of Z′ on the monojet production @ LHC
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pp → Z′� + j → νν + j
We follow closely the experimental cuts outlined in the ATLAS paper  in order to directly use their 

upper limits on the monojet production cross sections. ATLAS paper results was based on the 
monojet search at 13 TeV with an integrated luminosity of 139 fb−1 [Phys. Rev. D 103 (2021) 112006 [arXiv:2102.10874] 

K. Cheung, C. J. Ouseph and T. Wang, JHEP12(2021)



Complementarity of FASER  with LHC Monojet Resultsν
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               K. Cheung, C. J. Ouseph and T. Wang, JHEP12(2021)



Sensitivities on dark photon from the Forward 
Physics Experiments

16

K Cheung, C.J. Ouseph  Journal of High Energy Physics 2022 (10), 1-21 



Dark Photon Models
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The allowed interactions of the dark photon with the SM particles depend on the theoretical 
framework. There are two main approaches to the way to couple the dark photon sector with the SM.  

Dark photon mix with the 
photon through a kinetic 
mixing  

L ⊃
1
2

ϵFμνF′ �′�μν

  gauging like U(1) U(1)B−L

ℒB−L ⊃ gB−L[ − l̄γμA′�μl − ν̄αγμA′�μνα +
1
3

q̄γμA′�μq]
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Dark photon mix with the 
photon through a kinetic 
mixing  

L ⊃
1
2

ϵFμνF′�′�μν

  gauging like U(1) U(1)B−L

ℒB−L ⊃ gB−L[ − l̄γμA′�μl − ν̄αγμA′�μνα +
1
3

q̄γμA′�μq]

Induce Coupling 
with charged 
fermions only

B-L gauging 
induced coupling 
with Neutrinos



The ModelU(1)B−L
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ℒB−L ⊃ gB−L[ − l̄γμA′ �μl − ν̄αγμA′�μνα +
1
3

q̄γμA′ �μq]
ℒ = −

1
4

B′ �2
μν −

1
4

F′�′�2
μν +

1
2

ϵB′�μνF′�′ �μν +
1
2

M2
A′�A

′�′�2
μ − gY

Y
2

B′�μ f̄γμ f

B′�μ ≃ Bμ + ϵA′ �μ A′�′�μ ≃ A′�μ

ℒ = −
1
4

B2
μν −

1
4

F′�2
μν +

1
2

M2
A′�A

′�2
μ − gY

Y
2

(Bμ + ϵA′ �μ) f̄γμ f
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Neutrino Electron Scattering

Neutrino interactions are purely leptonic processes with robust SM predictions. Hence, searching 
physics beyond the SM in neutrino-electron scattering turns out to be a good alternative to collider 
searches.  

[ dσ
dT

(νe− → νe−)]SM
=

2G2
Fme

πE2
ν

(a2E2
ν + b2(Eν − T )2 − abmeT )
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[ dσ
dT

(νe− → νe−)]DP
=

g4
B−Lme

4πE2
ν(M2

A′ � + 2meT )2
(2E2

ν + T2 − 2TEν − meT )

dσINT(νee−)
dT

=
g2

B−LGFme

2 2πE2
ν(M2

A′ � + 2meT )
(2E2

ν − meT + β)

dσINT(ν̄ee−)
dT

=
g2

B−LGFme

2 2πE2
ν(M2

A′ � + 2meT )
(2E2

ν + 2T2 − T(4Eν + me) + β)

dσINT(ναe−)
dT

=
g2

B−LGFme

2 2πE2
ν(M2

A′ � + 2meT )
(−2E2

ν + meT + β)

dσINT(ν̄αe−)
dT

=
g2

B−LGFme

2 2πE2
ν(M2

A′ � + 2meT )
(−2E2

ν − 2T2 − T(4Eν + me) + β)

β = sin2 θw(8E2
ν − 8EνT − 4meT + 4T2)

Contributions of the new light vector boson to the neutrino-electron scattering processes.  
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Event Rate

FASERν FASERν2
ναe A′ � ναe
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FLArE(10 tons)SND@LHC

ναe A′ � ναe



The sensitivity of FPF detectors to DarkPhoton 
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Lepto Quark Search at the Forward Physics 
Facility(FPF)
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Kingman Cheung,  C.J. Ouseph , Thong T.Q. Nguyen [In prepration]



The Vector Leptoquark Model
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The Iso-singlet vector Leptoquark , with quantum number (3, 1, 2/3)U(1)

II. THEORETICAL SETUP

A. Leptoquark Model

Leptoquarks are predicted in many grand unified theories, which couple to both quarks

and leptons. It was shown in Ref. [6] that the singlet vector leptoquark U(1) with the SM

quantum numbers (3, 1, 2/3) can explain both RK,K⇤ and RD,D⇤ anomalies. The Yukawa

interactions for U1 can be written as Refs. [12–14]:

LU1 =
gUp
2
[Uµ

1 (�ij
L q̄

i
L�µl

j
L + �ij

R d̄
i
R�µl

j
R) + h.c.], (8)

where qL, lL, dR, lR denote the quark doublet, lepton doublet, down-type quark singlet, and

lepton singlet, respectively. Here i and j denote the generation indices and �ij
L/R allow for

generation mixing, and gU is the overall coupling strength.

We used Vector Leptoquark models from Refs. [12–14], which can be accessed from

the FeynRules model database (Ref. [15]). Unlike the model file setup, which makes some

couplings �ij go to zero and puts some relations between �ij and CKM matrix elements,

here we treated all the couplings as free parameters.

B. Neutrino-nucleon scattering via leptoquarks

⌫i

ū
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FIG. 1: Contributing Feynman diagrams between the neutrino and the first-generation

quark/antiquark through a vector-leptoquark exchange. The diagrams for antineutrinos

and d/d̄ particles can be similarly written down.

In neutrino experiments, the leptoquark U1 can participate in the neutral- and charged-
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Leptoquark Production at the FPF
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The expected number of Neutrino events at FASER , FASER 2, FLArE(10 tons), 
and  FLArE(100 tons) Neutrino Detectors.

ν ν

LQ can Enhance both the CC and NC event rates



The sensitivity of FPF detectors to the vector LQ
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ναN → lβN′� ναN → νβN′�

Included both Flavor conserving and Changing vertex

L ⊂
gU

2
[Uμ

1 (βij
L q̄i

Lγμlj
L + βijd̄i

Rγμlj
R) + h . c.]



Sensitivity reach on the coupling to each Neutrino Flavor
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L ⊂
gU

2
[Uμ

1 (βij
L q̄i

Lγμlj
L + βijd̄i

Rγμlj
R) + h . c.]

ναN → lαN′�



The sensitivity curves for overall coupling  
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We compute the number of events 
for both CC and NC in the SM w/o the 
leptoquark. The sensitivity curves 
for overall coupling are improved  

L ⊂
gU

2
[Uμ

1 (βij
L q̄i

Lγμlj
L + βijd̄i

Rγμlj
R) + h . c.]
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Constraining the Active-to-Heavy-Neutrino Z’  transitional 
magnetic dipole moment at FASERν 

arXiv:2205.11077 (K. Cheung, C. J. Ouseph)



Active-to-Heavy Neutrino Z’ Transitional Magnetic Moment Interactions
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ℒeff = ∑
α=e,μ,τ [ωνα

NσμνναZ′ �μν −
g

2
VαNNγμPLlαW+

μ −
g
cw

VαNNγμPLναZμ + H . c.] − ∑
q,ν,l

[gqq̄γμq + gνν̄γμPLν + gll̄γμl] Z′�μ

arXiv:2205.11077



Recasting transtional Magnetic moment  to transtional Magnetic type moment μνα
ωνα
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The bound of  comes from NOMAD and LEP, ,  

, for  where    is theBohr magneton.

μνα
μνe

, μντ
≤ 1.5 × 10−7μB

μνμ
≤ 5 × 10−9 − 1.4 × 10−7 μB MN = 1 − 10 GeV, μB

μνα
Nσμνν Fμνωνα

Nσμνν Z′ �μν
we assume the square of momentum transfer in the photon propagator is about (1GeV)2.  

arXiv:2205.11077

ωνα
≃

(1 GeV)2 + M2
Z′ �

(1 GeV)2
× μνα



Heavy Neutrino events at FASERν
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ναA → NA′�

arXiv:2205.11077



FASER   Sensitivity towards Transition Magnetic Moment Type Interactions ν
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Ndetc
α = NProd

α (ναA → NA′�) × 𝒫detc × BR(N → να l + l−)

𝒫detc = 1 − exp(
−d
βcτ

) d = L1 + L2

arXiv:2205.11077



Background Study
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Background for the decay of N into a pair of 
charged leptons.  Such a final state in the 
SM can be produced by the process 

, which is similar to the trident 
production in literature
νq → νμ+μ−q

 It is essentially background free. 
Besides this trident background, there 
are also other reducible background

1) Charged Leptone from ATLAS IP or From Hadron 
2) Single lepton Production 

 

 

νe− → νe−

νN → lN′�



Bench Mark Model 1 
Heavy Neutrino Only coupled to Lμ Doublet
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arXiv:2205.11077



Bench Mark Model 2 
Heavy Neutrino Only coupled to Le Doublet
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arXiv:2205.11077



Bench Mark Model 3 
Heavy Neutrino Only coupled to Lτ Doublet
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arXiv:2205.11077



Summary 

Source: arXiv:2109.10905v1 

FASER  and SND@LHC just started to take data in LHC’s forward direction  ν

The FPF is proposed to continue this program during the HL LHC era  

Physics abounds in the forward region of the LHC. Many 
detectors have been proposed in the forward region, such 
as FASER2, FASERν2, AdVSND@LHC, FLArE(10 tons, 100 
tons), and FORMOSA. Our goal is to study different NP 
interactions using these proposed detectors.  

21

We Explore the discovery potential of FASER  for the 
new physics Interactions

.

ν


