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Outline

 Generic motivation, why new feebly interacting particles (FIPs)? 

 FIPs & the log crisis/opportunity, where & how to look for them? 

 Why accelerators & colliders are important for FIP-searches? 

 Practical compromise - FIPs benchmarks (results shown in following talk). 

  Conclusions
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Generic motivation, the feeble-front
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WHY LONG-LIVED PARTICLES?

1 Recently, a comprehensive collec-
tion of the vast array of theoretical
frameworks within which LLPs nat-
urally arise has been assembled as
part of the physics case document
for the proposed MATHUSLA exper-
iment [2]. Because the focus of the
current document is on the experimen-
tal signatures of LLPs and explicitly
not the theories that predict them,
the combination of the MATHUSLA
physics case document (and the large
number of references therein) and the
present document can be considered,
together, a comprehensive view of the
present status of theoretical motivation
and experimental possibilities for the
potential discovery of LLPs produced
at the interaction points of the Large
Hadron Collider.

1
Introduction

Document editors: James Beacham, Brian Shuve

Particles in the Standard Model (SM) have lifetimes spanning an
enormous range of magnitudes, from the Z boson (t ⇠ 2 ⇥ 10�25 s)
through to the proton (t & 1034 years) and electron (stable).
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Figure 1.1: Particle lifetime ct, expressed in meters, as a function
of particle mass, expressed in GeV, for a variety of particles in the
Standard Model [1].

Similarly, models beyond the SM (BSM) typically predict new
particles with a variety of lifetimes. In particular, new weak-scale
particles can easily have long lifetimes for several reasons, includ-
ing approximate symmetries that stabilize the long-lived particle
(LLP), small couplings between the LLP and lighter states, and sup-
pressed phase space available for decays. For particles moving close
to the speed of light, this can lead to macroscopic, detectable dis-
placements between the production and decay points of an unstable
particle for ct & 10 µm. 1

The experimental signatures of LLPs at the LHC are varied and,
by nature, are often very different from signals of SM processes. For
example, LLP signatures can include tracks with unusual ionization
and propagation properties; small, localized deposits of energy in-
side of the calorimeters without associated tracks; stopped particles
that decay out of time with collisions; displaced vertices in the inner
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• LLP = “long lived particle”

• Travels a macroscopic distance before decaying (& 0.01 mm)
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Shuve, Aspen (19)
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WHEN DOES LHC WIN?

!5

“Heavy” LLPs:
M & 100 GeV
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• Includes strong/electroweak 
production of LLPs (SUSY, etc)

• Generally lots of energy in 
detector

• Challenging to do, but 
relatively robust program exists

Hidden Valley:

• Low-mass LLPs coupled by 
mediator only accessible at LHC

M ⌧ 100 GeV
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Search for Dark Sector at Collider

Mediator 
+ Dark 
sector 
dynamics

Dark sector 
particles decay 
back to SM

The new dark sector particles can decay 
slowly back to SM particles 
Æ Striking collider signature with
delayed/displaced particles
Æ Exciting new paradigm, but 
experimentally very challenging

If…instead of one type of dark matter 
particle, there is a “dark sector” with 
hidden particles & forces like the SM 
The dark sector may be accessed at a high 
energy collider through narrow “portal”, 
creating new dark sector particles

Energy

Inaccessibility
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• Major challenge!
Strassler, Zurek 2006; Han et al., 2008; …

See Laura and Yangyang’s talks!
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SM “hidden valley”: LHCb (17) [B(Bs
0 → τ+τ−) < 6.8×10−3 ] 
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 The standard model (SM) consists of weakly interacting & long-lived particles. 

 Many SM extensions => ultra weakly (feebly) interacting particles (FIPs).
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Figure 1.1: Particle lifetime ct, expressed in meters, as a function
of particle mass, expressed in GeV, for a variety of particles in the
Standard Model [1].
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• Major challenge!
Strassler, Zurek 2006; Han et al., 2008; …

See Laura and Yangyang’s talks!

Strassler, Zurek (06)  

 The standard model (SM) consists of weakly interacting & long-lived particles. 

 Many SM extensions => ultra weakly (feebly) interacting particles (FIPs).

Mw’

New strong sector spectrum

For reviews see e.g.: 1311.0029; 1205.2671; 1608.08632 
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http://arxiv.org/abs/arXiv:1608.08632


Generic motivation, the feeble-front
 Heavy FIPs are hard to observe, possibly in energy frontier. 

 Light FIPs can be copiously produced & probed across frontiers, relevant to 

this study: energy, luminosity, precision => our mandate - focus on this case.  

 Are such light particles motivated by basic principles? Absolutely:                               
pseudo-scalars (Goldstones, axion-like=ALP),                                                       

scalars (SUSY, dilatons, Goldstones+CP violation),                                             

fermions (axial sym’),                                                                                          

vectors (gauge sym’) … 
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Axion’s log crisis
 It is hard to predict FIPs properties => log crisis;                                                      

log crisis: requires cross-frontier search over decades of energy <=> opportunity.  

 Well known for axion like particle (ALP) or dark photon models.
Light Pseudoscalars, Particle Physics and Cosmology  
Jihn E. Kim (Seoul Natl. U.).  
Published in Phys.Rept. 150 (1987) 1-177  
SNUHE-86-09  
DOI: 10.1016/0370-1573(87)90017-2 

•  References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote 
•  KEK scanned document; ADS Abstract Service 
•   

Detailed record - Cited by 1085 records 

See eg: A European Strategy Towards Finding Axions and Other WISPs 

Desch, Döbrich, Irastorza, Jaeckel, Lindner, Majorovits & Ringwald

the discs [46].
The Magnetized Disc and Mirror Axion Experiment (MADMAX) collaboration is following this

approach. Its goal is to detect dark matter axions in the mass range between 40 and 400 µeV as predicted
by most models describing the post inflationary PQ symmetry breaking scenario. The experiment will
consist of three main parts: The magnet, the booster (mirror and 80 adjustable discs) and the receiver.
It has been shown in earlier measurements that the receiver technology to detect 10�23W power within
one week is available for the mass range up to ⇡100µeV. For higher axion masses further R&D will
be necessary. R&D regarding the booster is presently focusing on designing a system able to adjust the
discs with the required precision and in obtaining discs with the needed size and low enough dielectric
loss. Presently a magnet design study is ongoing. It revealed that it is feasible to build the required dipole
magnet with ⇡1.3m aperture and ⇡9 T B-field using NbTi as superconductor. DESY has offered to host
the MADMAX experiment.

5.3 Other haloscope approaches
Not exhaustively, other recently proposed detection methods include the use of LC circuits inside mag-
netic fields to generate the resonance (ABRACADABRA [40], DM-radio [41], or the search for DM-
induced spin precession in magnetized samples (CASPER [42], QUAX [43]), both with promise to
achieve good sensitivity at much lower masses that the conventional haloscopes, and the latter invoking
the interaction of the axions with electrons or nuclei, instead of ga� . In addition, the effect of the DM
axion field in atomic transitions (AXIOMA) [44] could lead to observable effects at much larger ma than
previous techniques. All these concepts still require substantial demonstrative R&D in small test setups.
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Fig. 1: Overview of the relevant ALP parameter space as well the experiments exploring it in the near future
(the two panels show a 5 and 15 year timescale, respectively). For an explanation of the shaded regions see for
example [2, 15].)

6 Readiness and technological developments
6.1 ALP-photon couplings
The technological requirements and developments to probe the ALP-photon coupling has recently also
been investigated in a working group in the ‘physics beyond collider context’ [47]. The goal of this work-
ing group was primarily to facilitate exchange of technology between CERN and experiments possibly
located outside CERN with respect to technology, the report can be found in [48]. Key requirements are

1. photon detection: This can e.g. concern single photon detection for eV-scale photons in LSW,
detection of keV photons in Helioscopes as well sensitive E-field measurements in microwave
resonators.
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(see talks by: Agrawal, Dine, Lindner, Irastorza …) 

http://inspirehep.net/record/21019
http://inspirehep.net/author/profile/Kim%2C%20Jihn%20E.?recid=21019&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Seoul%20Natl.%20U.%22&ln=en
https://doi.org/10.1016/0370-1573(87)90017-2
http://inspirehep.net/record/21019/references
http://inspirehep.net/record/21019/export/hx
http://inspirehep.net/record/21019/export/hlxu
http://inspirehep.net/record/21019/export/hlxe
http://inspirehep.net/record/21019/export/hlxh
http://inspirehep.net/record/21019/export/xe
https://lib-extopc.kek.jp/preprints/PDF/1986/8612/8612373.pdf
http://adsabs.harvard.edu/abs/1987PhR...150....1K
http://inspirehep.net/record/21019?ln=en
http://inspirehep.net/search?ln=en&p=refersto%3Arecid%3A21019&sf=earliestdate


Naturalness @ 21st century => FIPS & new crisis

Not common for naturalness-based models; the anchor for energy frontier which 

conventionally satisfies the equation:

Naturalness <=> TeV new physics (NP)

 New ideas cast doubt on this “equation”. 
eg: “Cosmic attractors”, “dynamical relaxation”, “N-naturalness”, “relating the weak-scale to the CC” & “inflating the Weak scale”. 

 New scalar-FIPs common to all of above: consider for ex. the relaxion. 

 Relaxion models can be described via a scalar that mixes with the Higgs:
Flacke, Frugiuele, Fuchs, Gupta & GP; Choi & Im (16)

Graham, Kaplan & Rajendran (15)
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The relaxion (Higgs portal) Log crisis
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What makes accelerator FIP-searches special? 

(i) Case for (thermal) dark matter (DM) & its portal 

(ii) Case for ALP & its quality problem

(iii) Case for relaxion/scalar-portal & its natural parameter space
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Case (i): The thermal dark-matter-sector target  

See talk by Frugiuele

Furthermore, light DM typically => light mediator, see for instance dark-photon:

Among the attractive solutions to DM problem is to make it boundary condition 
indep’ <=> thermal relic, acquires abundance via thermal int’ if mDM > keV:

m� < mA0

⟨σv⟩ ∝ m−2
χ ( mχ

m′�A )
4

See talks by Frugiuele, Mccullough, Murayama, Rossi, Stapnes … 
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Case (ii): ALP/axion quality problem

Planck suppressed operators typically destroy the axion potential. 
Barr & Seckel; Kamionkowski & March-Russell (92); see also talk by Dine …

Can be addressed if the axion has additional contribution to its mass (lowering f): 

where  with Δ<12 operators, strong CP problem is not solve!  

Rybakov (97); Berezhiani, Gianfagna & Giannotti (01); Hook (14); 

Fukuda, Harigaya, Ibe & Yanagida (15); Alves & Weiner (17) … 
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FIG. 1: Constraints on the axion parameters. The green (light) shaded region labeled by “SN” denotes the constraint from the
supernova neutrino burst duration. The blue (light) shaded region labeled by “HB” denotes the constraint from the lifetime of
the horizontal branch stars. The purple (dark) shaded region labeled by “K± ! ⇡

±+a” denotes the constraint from the Kaon
decay. The red shaded region shows the constraint from the proton beam dump experiment CHARM. Two horizontal lines
show the constraint from the extra quark search assuming the Yukawa coupling constant in Eq. (2) to be g = 1 and g = 0.3,
respectively.

model) is that the axion couples to the Standard Model sector and the mirrored sector only through Eq. (3), and does
not couple to Standard Model fermions at the tree-level. Due to the lack of direct interactions to Standard Model
fermions, the main decay mode of the axion is the one into two photons through the e↵ective interaction term,

Le↵ ' 1

32⇡2

✓
6Q2

Y
� 2(4 + z)

3(1 + z)

◆
a

fa
(FF̃ + F 0F̃ 0) , (5)

for ma . 3m⇡. The decay rate of this mode is given by,

�a!2� =
1

16⇡

✓
6Q2

Y
� 2(4 + z)

3(1 + z)

◆2 ⇣ ↵

4⇡

⌘2 m3
a

f2
a

. (6)

For ma & 3m⇡, a mode into three pions becomes dominant, and eventually, modes into two gluon jets become
dominant for a much heavier axion, ma � 3m⇡. The decay rates should be compared with axion models with direct
fermion couplings, where decay modes are dominated by the modes into electrons and muons for ma > 2me and
ma > 2mµ, respectively.

Accordingly, the laboratory constraints on the axion of this type is quite di↵erent from those on models with fermion
couplings (see e.g. [18] for a compilation of the constraints on the axion-like particle with fermion couplings). For
ma . 0.1GeV, the most stringent constraint comes from the Br[K± ! ⇡± + nothing] . 7.3⇥ 10�11 at 90% CL [19].
By remembering that the decay of the Kaon into the axion is caused by the ⇡0 � a mixing,

Br[K± ! ⇡± + a (! invisible)] ' "2
⇡0-aBr[K

± ! ⇡± + ⇡0] , "⇡0-a ' f⇡(z � 1)

fa(z + 1)
, (7)

we obtain a constraint, fa & a few TeV for ma . 0.1GeV (see Fig. 1).4 This should be contrasted to axion models with
fermion couplings where the dominant contribution to the Kaon decay comes from the one-loop Penguin diagrams

4 In the figure, we approximate that the size of the E949 detector is about 5m, and we require the axion to travel longer than 5m before
it decays to contribute to Br[K± ! ⇡

± + invisible], although the lower limit on fa does not depend on the precise size of the detector
significantly.

Fukuda et al.  (15)
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Case (iii): Penetrating the relaxion physical region

As effective relaxion models can be described via a Higgs portal they suffer from 
their own naturalness problem which can be summarised as follows:

LS ∈ m2
S SS + μSH†H + λS2H†H , with S = light scalar & H = SM Higgs . 

Naturalness implies: sin θ ≃ μ/⟨H⟩ ≲
mS

⟨H⟩
& λ ≲

m2
S

⟨H⟩2
.

As you see in following plot it is very hard to probe the natural region:

 12



Accelerators: 1 among only 3 probes of physical models
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                  Naturalness in the Z2  limit 
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Naturalness, Z2  limit: sizeable BR only for large masses 
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Natural  region for λ ≲
m2

S

⟨H⟩2
∼ 10−5 × ( ms

GeV )
2

⟹ BR(H → SS)inv ≲ 10−6 × ( ms

GeV )
4

Future colliders probe this Z2 in a strong manner via H->invisible
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Numbers from: 

Higgs Boson studies at future particle colliders 
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Zoo of microscopic models giving FIPs+ long lived particles (LLPs)

BSM=/➝LLP 

Hidden Valley 

      ALP 

      SM+S 

      SM+V (+S) 

HNL

RPV SUSY 
GMSB 
mini-split SUSY 
Stealth SUSY 
Axinos 
Sgoldstinos  

Neutral Naturalness 
Composite Higgs 
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SIMP/ELDER 
Co-Decay 
Co-Annihilation 
Dynamical DM 
 
WIMP Baryogenesis 
Exotic Baryon Oscillations 
Leptogenesis  
 
Minimal RH Neutrino 
   with U(1)B-L Z’ 
   with SU(2)R WR 
   long-lived scalars 
   with Higgs portal 
   from ERS 
Discrete Symmetries

exotic Z  
decays 

exotic Higgs 
decays 

exotic Hadron 
decays

confining  
sectors

Top-down Theory IR LLP Scenario

Baryogenesis

Neutrino
Masses

Dark Matter

Naturalness

Motivation

(direct production of BSM state at  
LHC that is or decays to LLP)

UV theory

depends on production mode

EFT

Fig. 72: Qualitative overview of the top-down theory motivations for neutral LLPs discussed in this document,
with colored lines (from left to right) indicating which IR LLP scenario they motivate at the LHC. Some of the IR
LLP scenarios or simplified models in turn motivate specific signatures like exotic Higgs decays. We stress that
these top-down theories are not the only motivations for the IR scenarios or simplified models shown here: hidden
valleys, exotic Higgs decays, etc., are also motivated in their own right on generic, bottom-up grounds.

signatures at MATHUSLA, and comparing sensitivity to the LHC main detectors, becomes quite simple,
and leads to the conclusion that MATHUSLA has highly general and robust advantages when searching
for LLPs.

The basic MATHUSLA detector concept is described in Section 2. The benchmark design is an
empty box on the surface with trackers in the roof and active vetoes surrounding the 200m⇥200m⇥20m
air-filled detector volume. Neutral LLP decays into two or more charged particles are reconstructed as
displaced vertices with stringent geometric and timing requirements. MATHUSLA’s position on the sur-
face provides shielding from the deluge of SM particles produced at the collision point. The high-energy
displaced signature of LLP decays is therefore even more distinctive in MATHUSLA than inside the LHC
main detectors. The most important remaining backgrounds on the surface are cosmic rays, high-energy
muons from the LHC, and neutrino scatterings. All of these can be rejected with extremely high fidelity,
using simple requirements on the charged particle direction of travel as well as more elaborate geomet-
rical and timing cuts. As a result, MATHUSLA can search for LLPs in effectively the background-free
regime.

motivation for LLP searches at the LHC main detectors, and slight modifications of the model can yield longer lifetimes.

173

1806.07396 
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Observational & theoretical motivation for BSM & its scale

Dark Matter: 
candidates \w mass from 10-22 eV (light feeble scalars)  
                                                   to 1020 GeV (black holes). 
Neutrino masses and oscillations 
explanation: (feeble) RH neutrinos from 10-2 eV to 1015 GeV. 
Matter-antimatter asymmetry:  
 hard to associate scale, solutions of many orders of mag’. 

Fine tuning:  
Sym’ based solutions => TeV partners;  
                       relaxion => light feeble goldstone (ALPs). 
Strong CP problem: 
axion = goldstone mass ~ 10-5 eV;  
spont’ CP, Nelson-Barr = heavy states.
Fermion masses hierarchy 
light feeble familons=ALPS or vector bosons; 
or heavy states (extra dim’ geography) 
Etc …

Ex
pe

rim
en

ta
l f

ac
ts

Th
eo

re
tic

al
 

Unknown mass-scale; 
Feeble light particles are common 
and motivated. 
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- BSM at colliders (B5):  
160 -  HE-LHC 
152 -  HL-LHC 
145 -  CLIC 
135 -  FCC-int 
101 -  FCC-ee 
 94 -  FASER 
 75 -  MATHUSLA 
 29 -  CEPC 

- Dark Matter and Dark Sector (B8) 
1 - Sterile Neutrinos at CERN (NA62/SHiP)  - Albert Shrock 
9  - NA64 
11 - Belle II 
12 – SHiP 
34 - Diversification (Israeli input) 
36 - Dark Sector Physics with primary electron beam (eSPS) 
42 - Physics Beyond Colliders 
50 - Particle Physics with AWAKE 

- Flavor (B2): 
11 –  Belle-II experiment at super KEK-B 
28 – REDTOP 
153 - KLEVER

Feebly-interacting long-lived particles: very popular topic across the ESPP inputs
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How to search for such broad class of models?  

Following PBC: Simplified models (some tweaks). 

How to compare frontiers? Experiments?  

Use benchmarks. 

Dark Sectors and New, Light, Weakly-Coupled Particles Conveners: Rouven Essig,1, ∗ John A. Jaros,2, † William Wester,  22



Simplified models: relevant/marginal portals 
PBC: Beacham, et al., CERN-PBC-REPORT-2018-007, 1901.09966 

Allowing CP violation => axion acquires scalar couplings (not included). 

the so called hidden sector. Given the exceptionally low-couplings, a high intensity source
is necessary to produce them at a detectable rate: this can be astrophysical sources, or
powerful lasers, or high-intensity accelerator beams. The search for NP in the low-mass
and very low coupling regime at accelerator beams is what is currently called the intensity
frontier.

Hidden Sector particles and mediators to the SM can be light and long-lived. They
interact very weakly with SM fields that do not carry electromagnetic charge, like the Higgs
and the Z0 bosons, the photon and the neutrinos. They are singlet states under the SM
gauge interactions and the couplings between the SM and hidden-sector particles arise via
mixing of the hidden-sector field with a SM “portal” operator. In the following Section
we will present the generic framework for hidden sector portals along with a set of specific
benchmark cases that will be used in this document to compare the physics reach of a large
fraction of proposals presented within this study.

2.1 Hidden Sector portals

The main framework for the BSM models, the so-called portal framework, is given by the
following generic setup (see e.g. Refs. [21–23]). Let OSM be an operator composed from the
SM fields, and ODS is a corresponding counterpart composed from the dark sector fields.
Then the portal framework combines them into an interaction Lagrangian,

Lportal =
ÿ

OSM ◊ ODS. (2.1)

The sum goes over a variety of possible operators and of di�erent composition and dimension.
The lowest dimensional renormalisable portals in the SM can be classified into the following
types:

Portal Coupling
Dark Photon, Aµ ≠

‘

2 cos ◊W
F Õ

µ‹Bµ‹

Dark Higgs, S (µS + ⁄S2)H†H

Axion, a a

fa
Fµ‹F̃ µ‹ , a

fa
Gi,µ‹G̃µ‹

i
, ˆµa

fa
Â“µ“5Â

Sterile Neutrino, N yN LHN

Here, F Õ
µ‹ is the field strength for the dark photon, which couples to the hypercharge

field, Bµ‹ ; S is a new scalar singlet that couples to the Higgs doublet, H, with dimensionless
and dimensional couplings, ⁄ and µ; a is a pseudoscalar axion that couples to a dimension-4
diphoton, di-fermion or digluon operator; and N is a new neutral fermion that couples to
one of the left-handed doublets of the SM and the Higgs field with a Yukawa coupling yN .

According to the general logic of quantum field theory, the lowest canonical dimension
operators are the most important. All of the portal operators respect all of the SM gauge
symmetries. Even the global symmetries are kept in tact with the only exception being the
(accidental) lepton number conservation if the HNL is Majorana. The kinetic mixing and

– 8 –
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Conclusions

 Feebly interacting particles (FIPs) are generically motivated. 

 FIPs bring with them log crisis/opportunity calls for experimental diversity. 

 Accelerator provided a unique opportunity to look for well motivated FIPs. 

 Practical compromise - FIPs benchmarks. 

 Results & sensitivity plots shown in following talk by Gaia Lanfranchi .
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Interplay
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Scalar Portal: dark scalar

 (GeV)Sm
1−10 1 10 210

θ2
si

n

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

 > 1 sec)τBBN (

SN1987a

CHARM 

LHCb & Belle
µµ K →B 

LHCb
 + invisibleπ →K 

(based on E949 data)

KLEVER

NA62 
SEAQUEST 

SHiP

LEP 
LEP2 

Existing limits and projections for future beam dump and fixed target experiments. 

max mixing (relaxion model)
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a large mass region below 5 GeV
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See Vallee and
Graverini’s talks
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