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We have also Dark Matter to thank for our existence!
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¾ Observation of cluster of ñnebulaeò: F. Zwicky (1933)

¾ Galaxy rotation curves: V. Rubin (1970)

¾ Dark Matter is non-interacting!
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In order to obtain, as observed, a medium-sized Doppler effect of 

1000 km/s or more, the average density in the Coma system would 

have to be at least 400 times greater than that derived on the basis of 

observations of luminous matter [A. Einstein and W. De Sitter, Proc. 

of the Nat. Acad. Sci. Vol. 18, S.213, 1932]. If this should be verified, 

it would lead to the surprising result that dark matter exists in much 

greater density than luminous matter.

The Redshift of extragalactic Nebulae

5. Comments on the velocity dispersion in the Coma cluster of Nebulae

ApJ 159, 379, 1970

Helvetica Physica Acta, 6, 110, 1933

Stellar Hydrogen 21cm line 

Stellar disk, expect ὺὶᶿ
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¾ Tracing DM: Gravitational lensing confirms previous observations (2003)

Č Very different density profile and dynamics from ordinary matter!

Why does it form a halo?  

Č Independent limits on Dark Matter self-interaction, and interaction with ordinary matter
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Galaxy cluster Cl 0024+17 (ZwCl 0024+1652)
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Collision between two galaxy clusters

ÅIn red, X-ray emitting plasma = dominant baryonic mass (5-15%)

ÅIn blue, reconstruction of total mass distribution from lensing

Dark Matter remains around galaxy clusters (1-2% of mass) undisturbed

Č Almost collisionless

Bullet galaxy clusters (2003)
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DM evidence from Cosmic Microwave Background (CMB) (2003)

¾ Thermal photons decouple from matter at ~T=3000 K at an age of 380 000 years

Č Universe gets transparent to light

Č The CMB carries a snapshot of the seeds to structure formation 

(ñacoustic peaksò)

Č Gravity turns primordial density fluctuations into structures

¾ Distance scale over which mass collapse and form structures (ñJeansô instabilityò)

Å Gravity and electromagnetism collaborate to form gas clouds, stars and galaxies

Å With no self-coupling there is no energy transfer or ñstickingò between DM particles

Č DM distribution becomes ñhalo-likeò
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ὈὭίὸὥὲὧὩίὧὥὰὩᶿ άὥὸὸὩὶὨὩὲίὭὸώ(for ordinary matter)
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SM:DM:DE=100%:0:0

SM:DM:DE=30%:70%:0

SM:DM:DE=4%:22%:74%
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¾ DM can contribute in two ways: 

Å Increasing mass density (increasing Jeansô scale for gravitational collapse)

Å Damping clustering of (too) small structures due to free-streaming Ὠ ᶿ ὺὩὰέὧὭὸώȾ άὥίίὨὩὲίὭὸώ

Č Depends on ñvelocityò (relativistic=radiation/non-relativistic) 

¾ DM could produce a drop-off in the power spectrum of structures as a function of the scale

Å Wash out of structures with sizes in the range 106ï108 solar masses

Å How to measure?

ÅStructures of <108 solar masses are very unlikely to have formed stars!
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Hot Dark Matter Cold Dark Matter

Space

Gravitational

potential
Ὠ

Ordinary Matter

Cold Dark Matter

Hot or Warm Dark Matter

Gravitational wells

Free-streaming

pressure
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1. Gravitational lensing sensitive sub-structures  ַײρπ solar masses

2. ñLyman-aforestò measured by spectroscopic telescopes ïintergalactic hydrogen clumping
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emitting Lyman-ahydrogen 

line at 122nm
Hydrogen rich 

structures

Large scales ă Ą Small scales

Gravitational 

lensing

Intergalactic

hydrogen clumping
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Not everything is singing and dancing:

¾ Jury is still out on this

Å An option is self-interacting Dark Matter (SIDM), non-gravitational ñDark Interactionò?

ÅHow was Dark Matter created, how was the abundance regulated?

Å Is there some dynamics, DM stable/decay? Č particle physics questions!
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ñMissing satelliteò or ñtoo-big-to-fail problemò

¾ Simulated halos retain many DM substructures

from initial collapse (ñsub-halosò)

¾ Only ~10 satellites strongly visible around Milky Way
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ñCore-cusp problemò

¾ Central density profile: ”ὶᶿὶ

Å Simulation with CDM: ‌ ρ ρȢυ(ñCuspyò)

Å Observed profile closer to : ‌ͯ π(ñCoreò)

¾ Supernovae outflows drive flattening of DM profile?
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CDM model

expectation
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Standard Model

New Physics

Hidden Sector
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GUT scale

Planck scale

Dark Matter

Dark Energy + Dark Matter
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GUT - SUT

~95% of energy content in Universe today is Unknown!

Standard Model is not enough!

ñVisible sector responsible for everything beyond structure formation?ò
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Two types of evidence for New Physics:

Experimental evidence for New Physics

1. Neutrino masses and oscillations

2. Matter/antimatter asymmetry of the Universe, BBN and CMB – ͯφ ρπ

3. Dark Matter

4. Dark Energy

Č No prejudice on mass/energy scale of the ñnew physicsò required to solve these!

Theoretical ñevidenceò for New Physics ïñprejudiceò

1. Hierarchy problem and stability of Higgs mass ïNaturalness/Fine-tuning

2. Flavour structure of Standard Model

3. Strong CP problem (why CP violation is suppressed in strong interactions?)

4. Unification of interactions

5. Gravity

6. Inflation

7. é.

Č Preference for high mass/energy scalesé.

10



LHC Operations Workshop, Evian, 31 January 2019 R. Jacobsson

Standard Model

New Physics

Hidden Sector
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So far, most experimental efforts have been focusing on searching for 

particles with masses just above the electroweak scale and with 

sizeable couplings to SM particles

~35%
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Why still SUSY searches 
in 2040++ ?

Indeed, even if fine -tuned,
it makes our universe more likely

òSUSY anywhere is better
than SUSY nowhereó
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¾ What are the alternatives?   ñNew particlesò can hide in two ways:

¾ DM tells us there could be a ñvery weakly interactingò scale  
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Very massive OR very weakly coupled
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W. Pauli (1930) about the neutrino: òI have done something very bad today by proposing 
a particle that cannot be detected; it is something no 
theorist should ever do.ó
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What should/can we  concentrate on in particle physics ?
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¾ Room for searches below 10 GeV/c2

¾ Many reasons MeV ïGeV region is particularly interestingé.

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

2. Absence of hints for new particles at higher energies

3. Cosmologically interesting

4. Largely unexplored territory

5. And because we can! 

(étest many very reasonable and far-reaching theoretical models!)
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ÌÏÇάὋὩὠ
-21 -18 -15 -9 -6-12 -3 0 3 6 9 12 15 18

Right Handed Neutrinos

Thermal DM (WIMP)

Particles required for baryogenesis

Particles required for Higgs mass stability

STANDARD MODEL

QCD axion

Suppressed by mass scaleSuppressed by coupling

Too hot DM DM over-produced

Space for heavy WIMPs closing 
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¾ Another ñprejudiceò: SM not only successful, we discovered everything it predicted

¾ Extending SM with a ñHidden Sectorò using the same successful formalism

Å Lagrangian equation of motion + wave function + relativity + quantization + symmetries ᴾconservation

+ renormalizability, é 

Å Lagrangianflḳ ὑὭὲὩὸὭὧὸὩὶάίὖέὸὩὲὸὭὥὰὩὲὩὶὫώὊὶὩὩάέὺὭὲὫὴὥὶὸὭὧὰὩίὍὲὸὩὶὥὧὸὭέὲί

¾ Toy example
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fl Ὥ‪‎‬‪ ά‪‪ Ὂ Ὂ ὭὩ‪‎ὃ‪

Free fermion

Fermion mass

Free photon
Interaction 

fermion-photon

ӶὪ

Ὢ
‎

¾ Another ñprejudiceò: SM not only successful, we discovered everything it predicted, soé

¾ Extending SM with a ñHidden Sectorò using the same successful formalism

Å Lagrangian equation of motion + wave function + relativity + quantization + symmetries ᴾconservation

+ renormalizability, é 

Å Lagrangianflḳ ὑὭὲὩὸὭὧὸὩὶάίὖέὸὩὲὸὭὥὰὩὲὩὶὫώὊὶὩὩάέὺὭὲὫὴὥὶὸὭὧὰὩίὍὲὸὩὶὥὧὸὭέὲί

¾ Toy example
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¾ Another ñprejudiceò: SM not only successful, we discovered everything it predicted, soé

¾ Extending SM with a ñHidden Sectorò using the same successful formalism

Å Lagrangian equation of motion + wave function + relativity + quantization + symmetries ᴾconservation

+ renormalizability, é 

Å Lagrangianflḳ ὑὭὲὩὸὭὧὸὩὶάίὖέὸὩὲὸὭὥὰὩὲὩὶὫώὊὶὩὩάέὺὭὲὫὴὥὶὸὭὧὰὩίὍὲὸὩὶὥὧὸὭέὲί

¾ Toy example (Higgs in the ñéò)
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fl Ὥ‪‎‬‪ ά‪‪ Ὂ Ὂ ὭὩ‪‎ὃ‪ +ὭӶ…‎‬ʔ ά Ӷ…… ὠ ὠ Ὥ‭Ӷ…‎ὃ …ȣ

Free fermion

Fermion mass

Free photon
Interaction 

fermion-photon

Free DM

DM mass

Free dark photon

Interaction

dark fermion ïdark photon

DM self-interactioné

Dark electric charge

Coupling extremely weak

ӶὪ

Ὢ
‎
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fl Ὥ‪‎‬‪ ά‪‪ Ὂ Ὂ ὭὩ‪‎ὃ‪ ‐Ὂ ὠ +ὭӶ…‎‬ʔ ά Ӷ…… ὠ ὠ Ὥ‭Ӷ…‎ὃ …ȣ

One more fully valid term possible! 

Kinetic mixing between 

ordinary photon and dark photon (can be massive) !

ñVector portalò

Ą Coupling extremely week

e

Aô g

¾ Another ñprejudiceò: SM not only successful, we discovered everything it predicted, soé

¾ Extending SM with a ñHidden Sectorò using the same successful formalism

Å Lagrangian equation of motion + wave function + relativity + quantization + symmetries ᴾconservation

+ renormalizability, é 

Å Lagrangianflḳ ὑὭὲὩὸὭὧὸὩὶάίὖέὸὩὲὸὭὥὰὩὲὩὶὫώὊὶὩὩάέὺὭὲὫὴὥὶὸὭὧὰὩίὍὲὸὩὶὥὧὸὭέὲί

¾ Toy example

A weak ñinteractionò between the visible sector and the dark sector, and a dark matter self-interaction!
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fl Ὥ‪‎‬‪ ά‪‪ Ὂ Ὂ ὭὩ‪‎ὃ‪ ‐Ὂ ὠ +ὭӶ…‎‬ʔ ά Ӷ…… ὠ ὠ Ὥ‭Ӷ…‎ὃ …ȣ

One more fully valid term possible! 

Kinetic mixing between 

ordinary photon and dark photon (can be massive) !

ñVector portalò

Ą Coupling extremely week

Dark versions can be considered for all (neutral) SM features! 

e

Aô g

fl

ȟȟ

ײַ ײַ

Ώ

¾ Another ñprejudiceò: SM not only successful, we discovered everything it predicted, soé

¾ Extending SM with a ñHidden Sectorò using the same successful formalism

Å Lagrangian equation of motion + wave function + relativity + quantization + symmetries ᴾconservation

+ renormalizability, é 

Å Lagrangianflḳ ὑὭὲὩὸὭὧὸὩὶάίὖέὸὩὲὸὭὥὰὩὲὩὶὫώὊὶὩὩάέὺὭὲὫὴὥὶὸὭὧὰὩίὍὲὸὩὶὥὧὸὭέὲί

¾ Toy example
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Č Dynamics of Hidden Sector may drive dynamics of Visible Sector!

ÅDark Matter (trivial!) ïfermionic or scalar

ÅNeutrino oscillations

ÅBaryon asymmetry

ÅHiggs mass

ÅDark Energy

ÅInflaton

Åéé
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Simple extension and no new energy scale!

Hidden Sector

ñDark standard 

modelò

Visible Sector

Standard Model

ñPortal interactionò
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Indirect detection

Accelerator production
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¾ Composite operators as ñportalsò:

¾ Vector portal (♬Ⱦ╩) (aka ñDark photonsò)

Č Motivated in part by idea of ñmirror worldò restoring L/R symmetry, dark matter, g-2 anomaly, é

¾ Scalar portal (╗) (aka ñDark Higgsesò)

Å Mass mixing with dark singlet scalar ʔḊὫ… ‗… ὌὌ

Č Mass to Higgs boson and mass generation in dark sector, inflaton, dark phase transitions BAU, dark matter,é

22
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¾ ñNeutrino portalò (aka ñsterile neutrinosò)

Å Mixing with right-handed neutrino .(Heavy Neutral Lepton): 9Љ(.,Љ

Č Neutrino oscillation and mass, baryon asymmetry, dark matter

¾ ñAxion portalò (not strong CP axion) (aka axion-like particles ALPs)

Å Mixing with Axion Like Particles, pseudo-scalars pNGB :  Ὃ Ὃ , ‪‎‎‪, etc

Č Arise in spontaneous breaking of approximate symmetries at a high mass scale F

Č Extended Higgs, SUSY breaking, dark matter, possibility of inflaton,é

Č Or combinations thereof!!
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ὔ : O(keV/c2) mass HNL as decaying dark matter

ὔȟ: Mass in range 100 MeVc2ï100 GeV/c2,        

origin of neutrino oscillations/mass and 

baryon asymmetry

E.g. nMSM (Shaposhnikov et al.)
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¾ ñNeutrino portalò

Å Mixing with right-handed neutrino .(Heavy Neutral Lepton): 9Љ(.,Љ

Č Neutrino oscillation and mass, baryon asymmetry, dark matter

¾ ñAxion portalò (not strong CP axion)

Å Mixing with Axion Like Particles, pseudo-scalars pNGB :  Ὃ Ὃ , ‪‎‎‪, etc

Č Arise in spontaneous breaking of approximate symmetries at a high mass scale F

Č Extended Higgs, SUSY breaking, dark matter, possibility of inflaton,é

Č Or combinations thereof!!
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ὔ : O(keV/c2) mass HNL as decaying dark matter

ὔȟ: Mass in range 100 MeVc2ï100 GeV/c2,        

origin of neutrino oscillations/mass and 

baryon asymmetry

E.g. nMSM (Shaposhnikov et al.)

Rich variety and phenomenology requires generic and complementary search!
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¾ Dark vectors (ñDark Photonsò)

Å Loads of photons! ïBremsstrahlung, light neutral meson decays, quark annihilation

Å Sources: electron fixed target beams, electron colliders, proton fixed heavy target

¾ Dark scalars (ñDark Higgsesò)

Å Loads of Higgses (real) or in Penguin decays of K, D, B mesons 

Å Proton colliders, proton fixed heavy target, electron colliders(H factory)

¾ Heavy neutral leptons (ñsterile neutrinosò)

Å Loads of weak decays of hadrons, W, Z

Å Sources: proton fixed heavy target, proton colliders, electron colliders (W, Z)

¾ Axion-like particles (ñALPsò)

Å Possible couplings to photons, gluons and fermions, loads of interactions!

Å Proton colliders, proton heavy fixed target, space

¾ (Light) Dark Matter direct detection (ñvWIMPsò)

Å Through one of the portals or Space!

¾ Fixed target luminosities not to be ignored

Å ñPrimaryò SPS FT luminosity for a long target (e.g. 1m++ Mo, ” nucleon density)

Č SPSfl ώὩὥὶ ρπί ᷿
ͼ ͼ
ɮ ” Ὡ ϳὨὰ ɮ ” ‗= 3.6 x 1045 cm-2 (cascades not incl.)            

Č HL-LHC luminosity:    fl ώὩὥὶ= ρπί 1035 s-1cm-2             = 1042 cm-2

25

ɜὑᴼ“Ὓθ ά ὠᶻὠ

ɜὈᴼ“Ὓθ ά ὠᶻὠ

ɜὄᴼ“Ὓθ ά ὠᶻὠ

E.g. Dark scalar

E.g. Heavy Neutral Lepton
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¾ Weak couplings and light masses make HS particles ñlong-livedò

Å Four generic cases for detection (‭Ḻρ :

26

Production Detection

SM

‭ Escape detector

Missing energy/momentum/mass

Probability ᶿ‭

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

SM

‭
If ά ςά
Escape detector

Missing energy/momentum/mass

Probability ᶿ‭

Hidden portal (not long-lived)

…

…

Indirect

Ὡȟὴ

Ὡȟὴ

SM
Ὡȟὴ

SM

‭ Decay signature (ñdisplaced vertex)

Allow identification of model

Probability ᶿ‭

Hidden portal (long-lived)

‭

Direct

SM

‭

Dark matter scattering

Recoil against electron or nuclei

Probability ᶿ‭

Hidden portal (not long-lived)

…

SM
ὔȟὩ

Ὡȟὴ
…

…

Hidden portal

Cannot be distinguished
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¾ Weak couplings and light masses make HS particles ñlong-livedò

Å Four generic cases for detection (‭Ḻρ :
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Production Detection

SM

‭ Escape detector

Missing energy/momentum/mass

Probability ᶿ‭

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

SM

‭
If ά ςά
Escape detector

Missing energy/momentum/mass

Probability ᶿ‭

Hidden portal (not long-lived)

…

…

Indirect

Ὡȟὴ

Ὡȟὴ

SM
Ὡȟὴ

SM

‭ Decay signature (ñdisplaced vertex)

Allow identification of model

Probability ᶿ‭

Hidden portal (long-lived)

‭

Direct

SM

‭

Dark matter scattering

Recoil against electron or nuclei

Probability ᶿ‭

Hidden portal (not long-lived)

…

SM
ὔȟὩ

Ὡȟὴ
…

…

Hidden portal

Cannot be distinguished

Experimental challengeČ Intensity Frontier
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¾ Direct search: visible decay to SM particles (ίὭὫὲὥὰᶿ‭)

28

ñFixed target mode setupsò:

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

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

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

SeaQuest@FNAL (p@120, 1018ï1020)

(LBNF@FNAL)

ñCollider mode setupsò:

ATLAS, CMS, LHCb @LHC (no absorbers)

BELLE2@sKEKB (no absorber)

FASER@LHC

MATHUSLA@LHC (no spectrometer)

Assumes ά ςάȟά ςά where …is DM particle

Protons or

electrons

Decay volume
SM

SM

Spectrometer(Absorber/sweeper)

Long  high-Z/A target

OR

Collider

HP
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¾ Direct search: visible decay to SM particles (ίὭὫὲὥὰᶿ‭)

¾ Direct search: Scattering off atomic electrons and nuclei (ίὭὫὲὥὰᶿ‭)

ñFixed target mode setupsò:

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

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

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

SeaQuest@FNAL (p@120, 1018ï1020)

(LBNF@FNAL)

ñCollider mode setupsò:

ATLAS, CMS, LHCb @LHC (no absorbers)

BELLE2@sKEKB (no absorber)

FASER@LHC

MATHUSLA@LHC (no spectrometer)

Assumes ά ςάȟά ςά where …is DM particle

ñFixed target mode setupsò:

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, Cornellé)

Electrons or

protons

Heavy target + detectorAbsorber/sweeper

Long 

high-Z/A target

HP or vWIMP

Protons or

electrons

Decay volume
SM

SM

Spectrometer(Absorber/sweeper)

Long  high-Z/A target

OR

Collider

HP
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¾ Direct search: visible decay to SM particles (ίὭὫὲὥὰᶿ‭)

¾ Direct search: Scattering off atomic electrons and nuclei (ίὭὫὲὥὰᶿ‭)

¾ Indirect search: Missing energy/momentum/mass (ίὭὫὲὥὰᶿ‭)
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ñFixed target mode setupsò:

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

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

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

SeaQuest@FNAL (p@120, 1018ï1020)

(LBNF@FNAL)

ñCollider mode setupsò:

ATLAS, CMS, LHCb @LHC (no absorbers)

BELLE2@sKEKB (no absorber)

FASER@LHC

MATHUSLA@LHC (no spectrometer)

Assumes ά ςάȟά ςά where …is DM particle

ñFixed target mode setupsò:

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, Cornellé)

Electrons or

protons

Heavy target + detectorAbsorber/sweeper

Long 

high-Z/A target

HP or vWIMP

Protons or

electrons

Decay volume
SM

SM

Spectrometer(Absorber/sweeper)

Long  high-Z/A target

OR

Collider

HP

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

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

Electrons

Spectrometer

vWIMP

Tracking/Calorimetry

Aô

ČOperating with electrons 

(production/detection) 

assumes vector portal
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3m

FASER LDMX

SHiP
NA64++

MATHUSLA IAXO (solar)
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¾ Summary of the Physics Beyond Collider working group:

32
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¾ Access to higher masses

Č Includes also Dark Matter candidates from SUSY and Extra Dimensions models: Neutralino, 

sgoldstino, axino, saxion,é) 

¾ Signatures: 

Å Mono-jet + missing transverse energy

Å Disappearing tracks

Å Long-lived particle search with displaced vertices (leptons/jets)

Å Invisible Higgs decays ὴὴO ὤᴼὰὰὌᴼὭὲὺὭίὦὰὩ

Č Very challenging with the increased pileup in the future

33
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¾ Weak gravitational lensing to identify and characterize DM structures ïWide area sky surveys

Å Ongoing: Dark Energy Survey (DES), Kilo-Degree Survey, Hyper Suprime-Cam, Pan-STARRS, 

Å Future:   Large Synoptic Survey Telescope (LSST), start 2022

¾ Small scale clustering at large redshift (ñLyman-aforestò)

Å Dark Energy Spectroscopic Instrument (DESI), start 2019
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Survey of 30 billion objects expected in 10 years

- 8.4 m diameter primary mirror

- 3.2 gigapixel camera

- Full-sky scan in 3 nights

- 15 terabyte data/night

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiiosCTrJDgAhVIC-wKHZXhC64QjRx6BAgBEAU&url=https://www.llnl.gov/news/large-synoptic-survey-telescope-deemed-top-priority-ground-based-astronomical-facility&psig=AOvVaw0SqIw2g5hutR09nmIy60ix&ust=1548760342489084
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¾ Observation of decay/annihilation or decay products of cosmological WIMPs

36

HESS, 

MAGIC, 

VERITAS,

HAWC

Cherenkov Telescopes (IACTs)


