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Two possibilities for Beyond Standard Model with light particles

1. Wider theory exist at new high energy scale (SUSY, extra dim., etc) with 

degrees of freedom that stay relevant at low energies. Particles may be 

intrinsically light or be light by dynamic effects

2. SM + Hidden Sector with light messengers is all there is up to Planck scale – no 

new visible scale

3. or  both…
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 7% of LHC+HL-LHC data recorded - no unambiguous sign of NP

➔ New physics (particles) should either be very 

➔ heavy if interactions have 𝒪(SM strength) (e.g. SUSY, Technicolour)

➔ or light (or heavy…), and be very feebly coupled

 Hidden Sector : Any Particles engaging in Feebly (or no) Interactions (FIPs) with the SM particles

• Fair (but not necessary) starting point: Dark Matter

 Many reasons MeV – GeV region is particularly interesting….

1. We know this mass scale exists !...

2. Absence of hints for new particles at higher energies

3. Possibility of thermal DM

4. Cosmologically interesting and powerful constraints

5. Largely unexplored territory

6. And because we can! 

(…test many reasonable theoretical models!)

2

Direct searches for cosmic DM
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 At CMB Τ𝛿𝜌 𝜌~10−5

➔ Τ𝛿𝜌 𝜌 grow with ~scale 𝑎 during matter domination

➔ Τ𝑎𝑡𝑜𝑑𝑎𝑦 𝑎𝑑𝑒𝑐 = 1 + 𝑧𝑑𝑒𝑐~10
3

➔ Not enough!

 DM can contribute in two ways: 

• Increasing mass density (increasing Jeans’ scale for gravitational collapse ∝ Τ𝑇 𝑚𝜌 )

• Damping clustering of (too) small structures due to free-streaming 𝑑𝐹𝑆 ∝ 𝑣/ 𝜌

 DM could produce a drop-off in the power spectrum of structures as a function of the scale

• Wash out of structures with sizes in the range 106 – 108 solar masses

• How to measure?

• Structures of <108 solar masses are very unlikely to have formed stars!
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Bullet galaxy clusters (2003)

Collision between two galaxy clusters

• In red, X-ray emitting plasma = dominant baryonic mass (5-15%)
• In blue, reconstruction of total mass distribution from lensing

→Trace out Dark Matter distribution

Dark Matter remains around galaxy clusters seemingly undisturbed

➔Almost(?) collisionless

➔Dark Matter is, or is just about, non-self-interacting Τ𝜎 𝑚 ≲ 1𝑐𝑚2𝑔−1

➔Currently we observe >70 colliding galaxy clusters (arXiv:1610.05327)
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 Standard Model has taught us successful formalism to implement particles, interaction and mediators  

• SM not only successful, we discovered what it predicted

• Gives us plausible tools to implement Dark Sector with well-defined phenomenology:

Options for “portals”

➔ fermionic/scalar DM 

➔ Dark Photons

➔ Dark Scalars

➔ Heavy Neutral Leptons 

➔ Axion-Like Particles

…. 

A model should be used to teach us something!

• Dynamics of Hidden Sector may drive dynamics and ‘anomalies’ of Visible Sector!

➔ Neutrino oscillations and mass, baryon asymmetry, Higgs mass, Dark Matter (abundance, distribution and 

“behavior”), structure formation, inflation, …

 Also some SUper-SYmmetric DM candidates and “portals” etc

• Sgoldstino, Neutralino in R-Parity Violating SUSY, Hidden Photinos, axinos and saxions….

9

?

Matter
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1973: Discovery of neutral currents at CERN 

1979: Nobel price Glashow, Salam, Weinberg

10

Weinberg (1967)

…
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➔ Hidden Sector: Room for progress in theory and expect guidance from the cosmic frontier

11

Nucl. Phys. B106 (1976)
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 Kinetic mixing with massive dark/secluded/paraphoton A’ : 
1

2
𝜀𝐹𝜇𝜈

𝑆𝑀𝐹𝐻𝑆
𝜇𝜈

➔Motivated in part by idea of “mirror world” restoring L/R symmetry, dark matter (AMS e+ excess), g-

2 anomaly, …

Dark photons: need loads of photons!

➔ Proton and electron beam dumps, pp and 𝑒+𝑒−colliders

➔ Signature: decay or missing energy
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 Mass mixing with dark singlet scalar S ∶ 𝑔𝑆 + 𝜆𝑆2 𝐻†𝐻

➔ Mass to Higgs boson and mass generation in dark sector, inflaton, dark phase transitions BAU, dark 

matter,…

➔ Production of Dark Scalars: Loads of Higgses (real or virtual)!

13
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 Mixing with right-handed neutrino N (Heavy Neutral Lepton): YIℓH
†ഥNILℓ

➔ Neutrino oscillation, baryon asymmetry, dark matter

➔ Production of Heavy Neutral Leptons: loads of neutrinos!
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 Mixing with Axion-Like Particles (ALPs) a with coupling to photons, fermions, gluons :
𝑎

𝐹
𝐺𝜇𝜈 ෨𝐺

𝜇𝜈,
𝜕𝜇𝑎

𝐹
ത𝜓𝛾𝜇𝛾5𝜓 , etc

• Extended Higgs, SUSY breaking, dark matter, possibility of inflaton,…

 Production of ALPs: Couplings to photons, gluons and fermions, loads of interactions!

15
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Examples with mass~𝒪 𝐺𝑒𝑉 and production branching ratio ~ 𝒪(10−10)
➔ Light super-goldstinos [Gorbunov, 2001] “Axion- and dilaton-like”

➔𝐷 → 𝜋𝑋, 𝑋 → 𝜋+𝜋−, 𝜋0𝜋0, 𝑙+𝑙−

➔ R-parity violating neutralinos in SUSY [Dedes et al., 2001] “Heavy-neutrino like”

➔ 𝐷 → 𝑙 ǁ𝜒, ǁ𝜒 → 𝑙+𝑙−𝜈

 Overlap in decay signatures!

• Missing energy or decays:

16

Also DP, DS, HNL, ALP,…  to jets
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 DM search

• Interpretation of invisible energy accompanied by SM signature (scattering, decay…) and 

assumption on DM-dark boson coupling

• Scattering against atomic electrons and nuclei

17

SM

SM𝜒

𝜒

𝛾𝐴′

SM

SM𝜒

𝜒

𝐻𝑆

Detection by scattering relic DM Detection by scattering accelerator-produced DM

Relativistic production (high-q2) at accelerators 

almost insensitive  to spin and mass
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Production Detection

In
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c
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Production Detection
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Production Detection
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Production Detection
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+

Reconstruction of decay: mass, PID

→ Distinguish models

→ Measurement of properties

Hidden portal (long-lived, t=tg)

𝜖2
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CMS
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Production Detection
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𝑒, 𝑝

SM
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Decay signature (“displaced vertex)

Probability ∝ 𝜖4

Model independent

+

Reconstruction of decay: mass, PID

→ Distinguish models

→ Measurement of properties

Hidden portal (long-lived, t=tg)
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Dark matter scattering

Recoil against electron or nuclei

Probability ∝ 𝜖4

Model-dependent interpretation
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Production Detection

SM
𝑒, 𝑝

SM

𝜖2
Decay signature (“displaced vertex)

Probability ∝ 𝜖4

Model independent

+

Reconstruction of decay: mass, PID

→ Distinguish models

→ Measurement of properties

Hidden portal (long-lived, t=tg)

𝜖2

Dark matter scattering

Recoil against electron or nuclei

Probability ∝ 𝜖4

Model-dependent interpretation

SM

𝜖2 Hidden portal (long-lived or not)

𝜒
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𝑁, 𝑒

𝑒, 𝑝

𝜒

𝜒

Hidden portal

MATHUSLA

ANUBIS

CODEX-b
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LHCb
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SHiP
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Production Detection

SM
𝑒, 𝑝

SM

𝜖2
Decay signature (“displaced vertex)

Probability ∝ 𝜖4

Model independent

+

Reconstruction of decay: mass, PID

→ Distinguish models

→ Measurement of properties

Hidden portal (long-lived, t=tg)

𝜖2

Dark matter scattering

Recoil against electron or nuclei

Probability ∝ 𝜖4

Model-dependent interpretation

SM

𝜖2 Hidden portal (long-lived or not)

𝜒

SM
𝑁, 𝑒

𝑒, 𝑝

𝜒

𝜒

Hidden portal

MATHUSLA

ANUBIS

CODEX-b

ATLAS

CMS

LHCb

NA62 (++)

NA64 (++)

FASER

SHiP

SHiP

SND@LHC

Note : 𝝐 ≪ 𝟏
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Production Detection

SM
𝑒, 𝑝

SM

𝜖2
Decay signature (“displaced vertex)

Probability ∝ 𝜖4

Model independent

+

Reconstruction of decay: mass, PID

→ Distinguish models

→ Measurement of properties

Hidden portal (long-lived, t=tg)

𝜖2
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Dark matter scattering

Recoil against electron or nuclei

Probability ∝ 𝜖4

Model-dependent interpretation

SM

𝜖2 Hidden portal (long-lived or not)

SM
𝑁, 𝑒

𝑒, 𝑝

Hidden portal

MATHUSLA

ANUBIS

CODEX-b

ATLAS

CMS

LHCb

NA62 (++)

NA64 (++)

FASER

SHiP

SHiP

SND@LHC

➔ Background situation very different in the different techniques!
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SM

𝜖2 Escape detector

Missing energy/momentum/mass

Probability ∝ 𝜖2

Hidden portal (very long-lived, or very light)𝑒(, 𝑝)

Cannot be directly distinguished 

→ Model-dependent interpretation

SM

𝜖2
If 𝑚𝐻𝑃 > 2𝑚𝐷𝑀

Escape detector

Missing energy/momentum/mass

Probability ∝ 𝜖2

Use of electrons limits search to Dark Photon 

mediator & ALPs

Hidden portal (not long-lived)𝑒(, 𝑝)

ATLAS

CMS

LHCb

NA64

LDMX

Note : 𝝐 ≪ 𝟏

𝜖4 dependence requires higher luminosity
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 Direct search: visible decay to SM particles

 Direct search: Scattering off atomic electrons and nuclei

 Indirect search: Missing energy/momentum (slow extraction/electron association)

29

“Fixed target mode setups”:

NA62++@CERN (p@400, 1018)

HPS, APEX, DarkLight@JLAB (e@1-10) 

SHiP@CERN (p@400, 2x1020),

SeaQuest@FNAL (p@120, 1018–1020)

(LBNF@FNAL)

“Collider mode setups”:

ATLAS, CMS, LHCb @LHC (no absorbers)

BELLE2@sKEKB (no absorber)

FASER@LHC

MATHUSLA@LHC (no spectrometer)

“Fixed target mode setups”:

BDX@JLAB (e@11, 1022),

MiniBooNE@FNAL (p@8.9, 1020), 

SHiP@CERN (p@400, 2x1020)

(interest for BDX-like 

experiments at

LNF, Mainz (MESA), 

SLAC, Cornell…)

Protons or

electrons
Decay volume

SM

SM

Spectrometer(Absorber/sweeper)

HP

NA64/NA64++ @CERN (e@100, 1012) 

LDMX@SLAC/CERN (e@4-8/16, 1014 - 1016)

Electrons or

protons

Heavy target + detectorAbsorber/sweeper

Long 

high-Z/A target

Electrons

Spectrometer

vWIMP

Tracking/Calorimetry

A’
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 We need massive production of 𝛾, 𝑔/𝑞, 𝑏,𝑊, 𝑍, 𝐻 !

➔General purpose machines: ee, pp colliders and proton injectors for beam dumps

➔Higher energy is not the driver (cross-sections at lepton colliders, background at hadron 

colliders)

30
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 Other machines…

• Electron beam dumps

➔Limited to dark photon/ALP(g-coupling) coupling

➔𝜀2- sensitivity suffers from measuring accurately each incoming electron

➔𝜀4- sensitivity suffers from electron yield

• Muon colliders – higgs and Drell-Yann production

• Neutrino facilities with off axis detector – lower energy (below mK), light targets i.e. huge 

neutrino backgrounds…

• Gamma factory – low mass
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 Acceptance and background are the biggest challenges!

• Dilemma: background/pile-up versus absorbers/sweepers

• New states are typically long-lived, e.g. HNL 𝜏𝑁~
96𝜋2ℎ

𝒰 2𝐺𝐹
2𝑀𝑁

5

➔ Lifetime ⊗ 𝜖 × 4𝜋 challenge

32

SM HS SM

FCC-ee
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Complementarity between accelerator-based search methods and experimental configurations

• Classical collider detectors: 

➔higher particle mass, complete geometric acceptance and short lifetimes 

➔Displaced vertex 100μ𝑚 ≲ 𝑐𝜏 ≲ 10𝑚 or missing energy

• Distant voluminous collider detectors 

➔ higher particle mass, longer lifetimes, limited geometric acceptance/4p and/or limited detection 

techniques

• Beam dump experiments

➔ High luminosity and geometric acceptance (boost), lower particle mass, long lifetimes

• E.g. SPS luminosity for a long target (e.g. 1m++ Mo/W) with 4x1019 pot/year

• Maximum atomic number and charge (=short 𝑋0/𝜆𝑖𝑛𝑡) to increase cross-section for charm, beauty 

hadron and radiative processes AND reduce neutrino flux by stopping 𝜋±, 𝐾±

➔ Tuned to mK – mb mass range

• SPS ℒ𝑖𝑛𝑡 𝑦𝑟
−1 = 106𝑠 × 0

"∞"
Φ0 × 𝜌𝑁 × 𝑒 Τ−𝑙 𝜆𝑑𝑙 = Φ0 × 𝜌𝑁 × 𝜆 = 3.6 x 1045 cm-2 (cascade not 

incl. ~2.6x for charm)            

• HL-LHC ℒ𝑖𝑛𝑡 𝑦𝑟
−1 = 107𝑠 ×1035 s-1cm-2                                                         = 1042 cm-2

➔ LHC (√s = 14 TeV): with 1 ab−1, i.e. 3-4 years: ∼ 2x1016 D’s in 4p

➔ SPS@400 (√s = 27 GeV) with 2x1020 pot, i.e. ~5 years: ∼ 2x1017 D’s

33
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 Beam-dump style detectors at colliders (asymmetric?)

34

pp-collider

e+e--collider
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 Bermuda triangle? 

• Production in 𝐵 and 𝑊,𝑍 decays with 𝑐𝜏𝛾~𝑘𝑚S…

• t-channel production from W exchange and forward large detectors 

a la 𝑝𝑟𝑜𝑡𝑜𝑛-dump at distance from a collider IP? 

FCC-ee
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Example of model characterisation by SHiP in case of discovery
→ Sensitivity to oscillations between lepton number conserving and violating rates

𝑚𝑁 = 1 Τ𝐺𝑒𝑉 𝑐2 , 𝒰 𝜇
2 = 2 × 10−8, mass splitting 4 × 10−7arXiv:1912.05520 (2020)

Do I want to go home with an exclusion, having a doubt that I control 

the background… ?

or worse…

discovering something with no clue what it is and with no capability 

to characterise the signal…? 

and perhaps still be worrying about my control of the 

background…?
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“exclusion plots under the assumption of zero background”, what does it mean?

 To exclude or discover (compute the significance of the observation) a hypothetical signal, the 

experimental data should be tested against the new physics model AND against a background only 

hypothesis, to see which of the two can be excluded

➔ with appropriate well-understood uncertainties on the background

 Optimizing an analysis for discovery or exclusion may lead to a different setup and selection criteria 

• Optimising for discovery aim for very high signal-to-background ratio, even at the cost of acceptance and 

efficiency. Separating events into high signal-to-background ratios and low signal-to-background ratios 

classes and combining the results gives optimal sensitivity. 

• Optimising for exclusion aim at improving signal acceptance at the cost of letting in more background. 

➔ Difference in signal/background of hadron and lepton machines 

 Control of background essential

• Binning of observables from event reconstruction: kinematics, mass, particle identification 

• Importance of control regions to constrain uncertainties on background 

• Machine Learning for optimisation relying on multiple quantities

➔ Detailed simulations (several models for event generators and detector simulations), subsidiary 

measurements, full simulations… define maturity
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 Large number of options and huge parameter spaces

• All parameter spaces have their “unreachable” regions, even physically attractive regions!

➔ Theoretical model building and cosmofrontier are essential guides!
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