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Introduction

Light, weakly 

interacting particles

Intensity frontier

 
Weak couplings           large 
luminosities required 

• Cosmology

• WIMP-less DM

• Neutrino masses, HNL

• …


• Anomalies

• 

• beryllium anomalies

• …
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• Null searches for WIMPs motivate exploring lower mass ranges while 
preserving basic mechanism of freeze-out


• Typical scenario: extend SM by Dark Sector + Mediator

• DM freezes out

• Mediator decays into SM particles

Dark Matter Within a Hidden Sector

Dan Hooper – The WIMP is Dead!  Long Live the WIMP! 

§ Lets hypothesize that the dark matter is one of several particle species 
within a hidden sector, which is entirely uncharged under the Standard 
Model

§ Even without any direct couplings between these two sectors, small 
“portal” interactions could very plausibly have kept them in kinetic 
equilibrium with each other in the early universe

Standard
Model

Hidden
Sector

Portal

• Restricting to dimension 4 operators, there are only 3 possibilities:


ℒscalar portal  = α1SH†H + αS2H†H

ℒvector portal  = −
ϵ
2

F′ μνFμν

ℒneutrino portal  = Fℓ (ϵabLℓ,aHb) N
4

SM-Hidden Sector portals



Intensity frontier
Experimental signatures


Look for:

• highly-displaced decay signatures of light long-lived particles 

(LLPs) in a distant detector that is well-shielded from SM 
background 

• missing energy in invisible decays

• …

 Physics Beyond Colliders, 1901.09966

More realistic models (e.g. LLP+DM, Dark Photon+Dark Higgs, mirror 
sector/Twin Higgs,…) typically predict multiple light particles which 
provide additional detection modes
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Secondary production

• Primary production limited to a certain lifetime regime of new particles that must 
reach the detector before decaying

𝒫decay = exp (−
Lmin

d̄ ) [1 − exp (−
Lmax − Lmin

d̄ )],

Assume nonminimal BSM particle content featuring LLP’s with mLLP2
> mLLP1

• Secondary production:

• Signal due to   or  
LLP2 → (LLP1+) visible LLP2 + e− → LLP2 + e−
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ForwArd Search ExpeRiment
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FIG. 2. Schematic drawings of a timing layer at CMS (top-left), MATHUSLA (top-right), CODEX-b (bottom-left), and FASER
(bottom-right), along with their locations with respect to the LHC ring. The red shaded region indicates the decay volume for
each experiment.

roughly corresponds to the threshold for soft muon iden-
tification [42]. In order to be able to reconstruct the
tracks with su�cient precision, they must hit the outer
layers of the tracking system. We therefore require a ra-
dial displacement of the �2 decay vertex of r�2 < 30 cm.
Finally, we demand that the muon tracks are su�ciently
displaced and require a transverse impact parameter of
dµ > 1 mm. In summary, this search strategy for dis-
placed muon-jets at ATLAS and CMS requires

DMJ : pT,j > 120 GeV

pT,µ > 5 GeV

r�2 < 30 cm

dµ > 1 mm . (15)

When estimating the reach, we assume the expected
integrated luminosity of the high-luminosity (HL) LHC,
L = 3 ab�1, and that backgrounds can be reduced to a
negligible level as argued by the authors of Ref. [8].

2. Time-Delayed Tracks

An alternative search strategy using precision timing
has been proposed in Ref. [43]. If �2 decays after travers-
ing a macroscopic distance, its decay products will ar-
rive at the calorimeter delayed in time compared to SM

particles that are promptly produced at the interaction
point (IP). This time delay is due both to the reduced
speed of the massive iDM state, v�2 , and the increased
path length of the displaced decay, l�2 + l` (` is a lepton
from the decay of �2), compared to a SM track with
path length lSM. We can estimate the time delay as
�t = l�2/v�2 + l`/c� lSM/c, where for simplicity we have
assumed that the decay products move along straight
lines at the speed of light.

The CMS collaboration recently proposed the instal-
lation of a precision timing detector with a resolution
of ⇠ 30 picoseconds. This timing layer would be lo-
cated in front of the electromagnetic calorimeter (ECAL)
with a radial size of R = 1.17 m and extending up to
z = 3.04 m along the beam axis. While this upgrade was
originally intended for pile-up reduction, its potential im-
plementation in searches for LLPs has been investigated
in Ref. [43]. A schematic drawing of this setup is shown
in the top-left panel of Fig. 2.

As in Sec. VIA 1, we require the excited iDM state to
decay leptonically. Following Ref. [43], we demand that
at least one of the �2 decay products has a time delay
of �t > 0.3 ns and require a recoil jet of pT,j > 30 GeV
to timestamp the primary vertex. Since no vertex recon-
struction is required for signal identification, this search
can make use of the entire decay volume inside the ECAL
and access radial and longitudinal displacements of the
decay vertex of r�2 < 1.17 m and z�2 < 3.04 m, re-

FASER  -  start with 

               LHC RUN3 (2021-2023)

FASER2 - start with

               HL-LHC (proposed)
Feng, Gallon, Kling, Trojanowski, 1708.09389

Letter of Intent for FASER: ForwArd Search ExpeRiment

at the LHC, 1811.10243

Technical Proposal for FASER: ForwArd Search

ExpeRiment at the LHC, 1812.09139

FASER /FASER2ν ν
 /  

detector  

put in front of the decay vessel

0.25 × 0.25 × 1m 0.5 × 0.5 × 2m
(184
74 W )

Technical Proposal: FASERnu 2001.03073

probing high energy neutrinos 
and short-lifetime regime

Detecting and Studying High-Energy Collider

Neutrinos with FASER at the LHC 1908.02310
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E. Torró        EPS - 12 July 2019
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• MATHUSLA: MAsive Timing Hodoscope for Ultra Stable neutraL pArticles 
• Going to Big Bang Nucleosynthesis (BBN) limit (107 - 108 m) lifetime, need to suppress SM backgrounds 

• Dedicated detector placed on the surface above CMS or ATLAS detectors LHC:  

O(90) meters of rock takes care of problem ☺

• Large volume filled with air as decay volume with several detector layers for tracking

MATHUSLA concept

Other CERN based intensity frontier experiments 
SHiP has received a large amount of attention from the particle physics community. The SHiP

physics paper [2] is a highly cited document (see Figure 1), and many groups continue to explore the sci-
entific potential of the experiment, making detailed predictions for models of feebly interacting particles.
In the wake of the SHiP experiment, several dedicated intensity frontier experiments have been pro-
posed in the recent years: CODEX-b [46], MATHUSLA [47–49], FASER [50–52]. Recognising the
importance of diversifying the search efforts, the CERN Management created in 2016 a dedicated study
group “Physics Beyond Colliders” (PBC) [5]. Searches for heavy neutral leptons, dark photons, dark
scalars, light dark matter, and other super-weakly interacting light particles has also been included in the
scientific goals of many presently running experiments [39, 40, 42–44, 44, 53–67].

1.3 Overview of the SHiP developments and advances since the TP
Despite an active program of searches for HS particles in many experiments, SHiP remains a unique
dedicated experiment capable of reconstructing the decay vertex of an HS particle, measuring its invariant
mass and providing particle identification of the decay products in an environment of extremely low
background. Moreover, SHiP is also optimised to search for LDM through scattering signatures and for
tau neutrino physics.

Since the Technical Proposal the SHiP design went through a significant re-optimisation phase.
Figure 2 shows the layout of the re-optimised SHiP detector. While the overall set-up of the detector
remains unchanged, the geometry and the detector composition has been significantly modified, and
technological studies and test beams have brought maturity to the design. SHiP consists of the proton

Figure 2: Overview of the SHiP experiment as implemented in FairShip.

target, followed by a hadron stopper and an active muon shield that sweeps muons produced in the beam
dump out of acceptance. Since the TP, the target has been extended from ten to twelve interaction lengths
in order to reduce the hadronic shower leakage. Studies were made to minimise the distance between
the target and the SHiP spectrometers to improve the acceptance of the spectrometers, and to reduce the
weight and cost of the muon shield. A significant improvement was achieved by starting the first section
of the muon shield within the hadron stopper by integrating a coil which magnetises the iron shielding
blocks.

The SHiP detector itself incorporates two complementary apparatuses, the Scattering and Neutrino
Detector (SND), and the Hidden Sector (HS) spectrometer. The SND will search for LDM scattering and
perform neutrino physics. It is made of an emulsion spectrometer located inside a single long magnet
with a field above 1.2 T in the entire volume, and a muon identification system. The emulsion spectro-
meter is a hybrid detector consisting of alternating layers of an absorber, nuclear emulsion films and fast
electronic trackers. The absorber mass totals ⇠ 10 tonnes.

The HS decay spectrometer aims at measuring the visible decays of HS particles by reconstructing
their decay vertices in a 50 m long decay volume. In order to eliminate the background from neutrinos
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SHiP - start about HL LHC (proposed)

SHiP Experiment PROGRESS REPORT, November 2018

MATHUSLA - start with HL LHC (proposed)

From E. Torró for the MATHUSLA Collaboration, July 2019

Long-Lived Particles at the Energy Frontier:  
The MATHUSLA Physics Case, 1806.07396

MATHUSLA: A Detector Proposal to Explore the Lifetime 
Frontier at the HL-LHC, 1901.04040

Update to the Letter of Intent for MATHUSLA: Search for 
Long-Lived Particles at the HL-LHC, 2009.01693 

Technical Proposal: A facility to Search for Hidden 
Particles at the CERN SPS: the SHiP physics case, 
1504.04855 

SHiP Experiment PROGRESS REPORT, CERN-
SPSC-2019-010 / SPSC-SR-248

Sensitivity of the SHiP experiment to light dark matter, 
2010.11057 



Experimental signatures of new physics  

• LLP signal inside the FASER decay vessel –  and  
• 


•  search: negligible background due to high energies of LLP’s

•  search: 


• neutrino-induced BG minimized by dedicated preshower  
detector 


• BG from muon-induced photons expected to be vetoed by detecting a time-coincident muon going 
through the detector  excess of single-photon events unaccompanied by any muon indicative of new 
physics


• Prompt decays of high-energy LLPs inside the ECC detector 
• looking for very high-energy photons  unaccompanied by any time-coincident muon


• Scattering off electrons 
• new-physics-induced neutrino scatterings off electrons producing detectable electron recoils inside the 

neutrino detector.

• Energy and angular cuts: 


• Electron energy and angular cuts following the DM scattering signature  
                         Batell, Feng, Trojanowski, 2011.xxxxx


• The cuts have been designed to minimize the neutrino-induced BG to the level of  such expected 
events in FASER 2.


• Collinear double-bang signature 

e+e− γ
Evis > 100 GeV
e+e−

γ

→

Eγ > 1 TeV or 3 TeV

O(10)
ν

γ
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Technical Proposal: A facility to Search for Hidden Particles at the CERN SPS: the SHiP 
physics case, 1504.04855 

Sensitivity of the SHiP experiment to light dark matter, 2010.11057 

See also talk by

 

S. Trojanowski Detecting Dark Matter with Far-Forward Emulsion and Liquid Argon Detectors 




Inelastic DM (iDM)
ℒint ⊃ g12 χ2γμ χ1Xμ + h . c .

• Two fermions with dominant non-diagonal couplings to dark photon

•  is stable - good DM candidate

• Relic density obtained thanks to  annihilations to SM 

• Masses in regime where dark photon predominantly decays into 

 while dark photon is produced mainly in mesons decays

χ1
χ1χ2

χ1 and χ2

Smith, Weiner: 0101138

Secluded WIMP
mχ1

: mχ2
: mA′ ∼ 1 : 3 : 4

cτχ2
γβ ∝ 1m × ( 0.1

αD ) ( 5 ⋅ 10−4

ε )
2

( 2
Δχ )

5

( 100MeV
Mχ1

)
5

( MV

400MeV )
4 Eχ2

100GeV

• Typical lifetime
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Results: iDM
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Dark Higgs life-time

• Extremely long-lived
• Two kinetic mixing insertion needed
• Loop-factor

• Shorter life-time above di-muon 
threshold

• Hadronic uncertainties after di-
pion threshold

• If kinematically available, it can decay instantaneously to DM or dark 
photon

Dark Higgs mechanism 
• Need mechanism to give mass to the dark photon

• Simplest solution: dark Higgs mechanism:


• The “dark”  symmetry is broken      the VEV of the dark 
Higgs gives a mass to the dark photon


• Dark Higgs production due to meson decays and Higgstrahlung


• If the dark Higgs is to be light, it is naturally collider-stable

U(1)D

ℒ ⊃ (DμS)* (DμS) + μ2
S |S |2

τS ∝ 0.1s × ( 0.1
αD ) × ( 10−3

ε )
4

( 20MeV
MS ) ( MA′ 

30MeV )
2

Batell, Pospelov, Ritz, 0906.5614 

Darmé, Rao, Roszkowski, 1806.06036

mS : mA′ = 1 : 4/3
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Dark Higgs

• Long-lived dark Higgs scatters in front of the detector, 
producing dark photon which decays in the detector to SM

15
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Neutrino non-standard interactions
• Neutrino magnetic moment

              ℒ ⊃ μN ν̄LσμνNRFμν + h.c.,

• Light  mediator from dark gauge 
group  - dark neutrino model


     

ZD
U(1)D

ℒD ⊃
m2

ZD

2
ZDμZμ

D + gDZμ
DN̄γμN + eϵZμ

DJem
μ ,

In SM , where μν < 10−19μB μB ≡
4πα

2me
≃ 300 GeV−1

Petcov, Fujikawa, Shrock (1979/1980)

Example of UV complete model

based on TeV-scale leptoquarks

DM DD experiments (Xenon anomaly), neutrino experiments, cosmology/astrophysics

• Gninenko (MiniBooNE), 0902.3802, 1009.5536, 1201.5194

• Coloma, Machado, Martinez-Soler, Shoemaker (IceCube), 1707.08573

• Magill, Plestid, Pospelov, Tsai  (SHiP), 1803.03262

• Shoemaker, Wyenberg (Xenon), 1811.12435

• Brdar, Greljo, Kopp, Opferkuch, 2007.15563 

MiniBooNE Anomaly, natural light  generation

• Bertuzzo, Jana, Machado, Zukanovich Funchal  

1807.09877, 1808.02500

• Argüelles, Hostert, Tsai, 1812.08768

• Ballett, Pascoli, Ross-Lonergan, 1808.02915

• Ballett, Hostert, Pascoli, 1903.07589

mν
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Upscattering  followed by LLP signal 
                              inside decay vessel 

νX → NX
N → νγ
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decays of high-energy LLPs inside ECC detector



Neutrino magnetic moment
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scattering off electrons
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Conclusions
• Going beyond minimal models of new physics, one typically predicts multiple light 

particles 

• Secondary production of LLPs can take place right in front of the 
detector which extends the sensitivity of intensity frontier experiments 
to shorter lifetimes 

• We illustrate this idea for nonminimal models featuring dark photon  
(inelastic DM, dark brehmstrahlung and dark photon together with  
dark Higgs mechanism) and sterile neutrinos (magnetic dipole portal,  
extra ) 

• In both cases, we find good discovery prospects of BSM physics, employing several 
distinct experimental signatures:


• standard search for two high-energy oppositely-charged tracks

• the single-electron scattering signature

• the search for high-energy photons appearing in the detector

U(1)D
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Vector Portal - Dark Photon

−
ϵ
2

BμνF′ μν

• Extend SM by “dark”  gauge group:U(1)D

ℒ ⊃ −
1
4

BμνBμν −
1
4

Fμν′ F′ μν −
ϵ
2

BμνF′ μν +
1
2

m2
AA′ μA′ μ

of particles running in the loop, and the scale separation in the logarithm. The kinetic
mixing with the photon is obtained by multiplying ✏ by cos ✓W , which does not change the
order of magnitude estimate for the mixing. Consequently, to obtain the small amount
of mixing required by experimental limits [18, 19], we need either a very small gauge
coupling for the new U(1)X or an alternative mechanism which generates kinetic mixing.

Bν Xµ

Figure 1: A Feynman diagram depicting the generation of kinetic mixing at the 1-loop
level.

In fig. 2, we show the strongest bounds on ✏ as a function of the dark photon mass.
These limits come from a variety of sources which include the magnetic field of Jupiter [27],
the Cosmic Microwave Background [28, 29], searches for deviations from Coulomb’s
law [30], the CERN Resonant WISP Search (CROWS) [31, 32], extra energy loss of
stars [33, 34, 35], effects of dark photon decay on cosmology [36], SN1987A [37], as well
as fixed target experiments and searches for dilepton resonances [21].

Figure 2: A summary of the experimental bounds on kinetic mixing, showing the
strongest available bound for each dark photon mass mX . Adopted from [38].
Not shown are the additional “islands” of CMB- and BBN-excluded regions
extending down to ✏ ⇠ 10�18 for mX in the MeV-range [39].

We see that the limits on the kinetic mixing parameter at the sub-GeV scale are below
the value found at one loop, which is thus too large for many phenomenological applica-
tions. Notable examples of constraints on ✏ include the above mentioned astrophysical
constraints on a eV-to-100 keV mass X boson, where the constraint on ✏ can be as tight
as 10�15 [33, 34]. In addition, DM masses in the range of 10 to 100MeV and X-mediated

3

• Even if  at tree level, non-zero value induced by loopsϵ = 0

ϵ ∼
gDgY

16π2
∼ 10−3

• QED + Dark  + Kinetic mixing + Mass termU(1)D

23



Production of Dark Photon
9

rally long-lived and travel a macroscopic distance before
decaying. A detector placed in the very forward region
along the beam collision axis may therefore be optimal
to detect these decays. FASER (the ForwArd Search
ExpeRiment) is an experiment designed to take advan-
tage of this opportunity and search for light LLPs in the
very forward region. Previous studies have established
FASER’s potential to discover light new particles [52–55]

As shown in the bottom-right panel of Fig. 2, FASER
would be placed along the beam collision axis, several
hundred meters downstream of the ATLAS or CMS IP
(and after the LHC tunnel begins to curve). A particu-
larly promising location has been identified a few meters
outside of the main LHC tunnel, 480 m downstream from
the ATLAS IP, in the side tunnel TI18. This space was
formerly used to connect the SPS and LEP tunnels but
is currently empty and unused. At this location, the
beam collision axis intersects with TI18 close to where
it merges with the main LHC tunnel at the construction
hall UJ18. For concreteness, we assume that the decay
volume of FASER has a cylindrical shape with a depth
of D = 10 m and a radius of R = 1 m.

Long-lived particles that are produced in the very for-
ward direction and decay in the detector typically have
very large energies on the order of ⇠ TeV. The energetic
decay products lead to a striking signature at FASER
consisting of charged tracks with very high energy, origi-
nating from a vertex inside the detector and with a com-
bined momentum pointing back to the IP. A detector
that aims to make use of kinematic features to distin-
guish signal from background therefore needs to be able
to measure the individual tracks with su�cient resolu-
tion and identify their charges. A tracking-based tech-
nology, supplemented with a magnet and calorimeter to
allow for energy measurements, would make up the key
components of the FASER detector.

The shielding provided by the rock that surrounds
the detector’s location as well as the forward LHC in-
frastructure consisting of magnets and absorbers would
eliminate most potential background processes. The only
known particles that can transport TeV energies through
⇠ 100 m of rock between the IP and FASER are muons
and neutrinos. A detailed analysis using FLUKA, taking
into account the exact layout of the LHC tunnels and
models of radiation-matter interactions, has shown that
the dominant source of background is radiative processes
associated with muons from the pp collision debris [56].
Such backgrounds can be identified by the presence of a
high-energy muon traversing the full detector and can be
suppressed by using a scintillating charged particle veto
layer at the front of the detector. Additional backgrounds
from neutrino interactions with the detector are small
and generally have di↵erent kinematics. The study has
also shown that no high-energy particles are expected to
enter FASER from infrastructure-induced backgrounds,
such as proton showers in the dispersion suppressor or
from beam-gas interactions. In the following, we assume
that backgrounds can be reduced to negligible levels.
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FIG. 3. Top panel: Inelastic dark matter production cross
section, �(pp ! �1�2), per ✏2 as a function of the dark pho-
ton mass, mA0 . We show the total cross section (solid) and
the very forward cross section within an angle ✓�2 ' pT /pz <
2 mrad of the beam collision axis (dashed). The correspond-
ing systematic uncertainties are shown as the shaded regions.
The corresponding relative uncertainties with respect to the
central prediction for the total and forward cross section are
shown in the central and bottom panels. Here, we fix the
model parameters to mA0/m1 = 3, � = 0.1, ↵D = 0.1, and
✏ = 10�3. Note that the cross section per ✏2 only depends
mildly on these choices.

In order to reduce the trigger rate at low energies,
FASER requires a large visible energy deposition from
LLP decay products, i.e., Evis & 100 GeV. For many
models, this choice is dictated by the kinematics of the
signal, while for iDM, lower energy thresholds are opti-
mal for small DM mass-splittings. In Appendix A, we
discuss the e↵ect of modifying this threshold on the pro-
jected sensitivity.
In estimating the projected sensitivity of FASER, we

assume a luminosity of L = 3 ab�1. We also require
that the excited iDM state, �2, decays within the detec-
tor volume and that its decay products are su�ciently
energetic,

FASER : r�2 < 1 m

470 m < z�2 < 480 m

Evis > 100 GeV . (21)

VII. PRODUCTION AT THE LHC

At the LHC, the iDM states, �1 and �2, are pair-
produced from the prompt decays of dark photons. In the

• Mesons decay

• Bremsstrahlung


• Drell-Yan

Production contributions for masses of interest only weakly dependent

on Dark Sector matter specification

Asher, Kling: 1810.01879
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