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Beyond Standard Model

No, most 
probably!

with the exception of 𝜈 oscillations
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Dark matter 

Possible indications of physics beyond SM ?
Dark (i.e. non-luminous & non EM radiation absorbing) matter
in the universe see e.g. PDG review on dark matter

Seen e.g. in galaxy mass distribution
velocity, v

radius,R

Luminous stars 
contain only 
small fraction of
total galaxy mass

v R ∝ ⁄M(R) R, 
𝑀 R  enclosed mass

Stars & gas predicts v(R) ∝ ⁄1 R but v(R) ≈ const. for 
most galaxies ⟹ dark halo with 𝑀 R ∝ R or 𝜌 R ∝ R!"
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Dark matter & structure formation

gravity
Big Bang

Present Structures

Dark matter must be stable on cosmological time scales, 
interact weakly with radiation (“electrically neutral”) &  
matter (no strong interaction) plus have right relic density
  

Baryonic candidates: primordial black holes e.g. Massive 
Compact Halo Objects (MACHOs) – not sufficient density, 
stranglets e.g. a uuddss-quark particle with mass < 2𝑚!!.
  

Non-baryonic candidates: sterile singlet neutrino (𝜈 mixing 
angle 𝜃 ≪ 1), dark photons (vector boson with mass < 2𝑚"  
& only decay to 3𝛾 possible), weakly interacting massive 
particles (WIMPs), axions – particle physics discoverables
  

An obvious WIMP would be a heavy neutrino but a SU(2) 
doublet neutrino (𝑚# > ⁄𝑚$ 2) gives too small relic density. 
Historical candidate: lightest supersymmetric particle (LSP)



Phenomenology 2026
Beyond Standard Model Kenneth Österberg IV/5

Matter & energy in the universe

Supernova measurements (SNe):
measure brightness ® distance: B = L/4pd2

measure host galaxy redshift ® recesion velocity
test nonlinearity of Hubbles law at large distances 
Cosmic microwave background (CMB):
measure size of CMB anisotropy (last baryon-g scattering
surface) ® estimate of energy/matter density of universe

Wx = rx /rcritical

CMB + lensing (Planck):
h = 0.674 ± 0.005           
Wtot = 1.011 ± 0.006 so
agrees with flat universe

Cosmological constant: 
WL = 0.685 ± 0.007      
Wm = 0.315 ± 0.007

pdg review on 
cosmological 
parameters

Galaxy clustering, 
baryonic acustic 
oscillations (BAO):
measure galaxy clustering 
as ”tracer” of dark matter 
distribution vs redshift ®
estimate of matter density 
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Matter & energy in the universe

baryons  neutrinos   cold dark matter

matter  dark energy 

Matter:

Cold Dark Matter :

stars, gas, brown & white dwarfs 

0.315 ± 0.007

0.0492 ± 0.0008

0.264 ± 0.005

0.004

NB! If Planck & BAO is combined, Ω#& ℎ Ω$%& & Ω&  in-
crease (decrease) slightly but overall picture looks similar.  



DM generation

• Freeze-out (𝐷𝑀 = dark matter, 𝑂𝑀 = ordinary matter):
First equilibrium 𝐷𝑀 + 𝐷𝑀 ↔ 𝑂𝑀 + 𝑂𝑀,
then 𝐷𝑀 + 𝐷𝑀 → 𝑂𝑀 + 𝑂𝑀
(when 𝑇 of universe > 𝑚!"),
finally expansion of space                                       
dilutes density of 𝐷𝑀’s so that                                   
𝐷𝑀 collisions happen too                                     
rarely and the total number                                         
of 𝐷𝑀’s stops changing.  
• Asymmetric DM:
Relic DM abundance arise from 
asymmetric probabilities of 𝐷𝑀
& 𝐷𝑀 processes (↔ baryon-anti-
baryon asymmetry in universe?).     
Relic density directly related       
to these CP violating processes.  
• Freeze-in:
Collision processes produce 𝐷𝑀’s that from start  
are diluted so that they can graduallly accumulate   
at cosmic times. E.g. the lightest observable-sector 
particle decays to 𝐷𝑀 with a relatively long lifetime.
• Non-thermal production:
𝐷𝑀 production process is out of thermal equilibrium 
(”non-thermal”). E.g. via decay of ”mother” particle, 
topological defects, moduli or gravitational effects. 
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”neutral”, very long lived
(life time ~cosmological scale), 
weakly interacting particle,  
limited self-interactions

WIMPs
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WIMP searches

Searches for WIMPs (or other dark matter candidates):
• accelerator-based: (a) missing (transverse) momen-

tum due to WIMP production; (b) excess or bump of   
jet or lepton pairs produced by a dark mediator  

• direct detection of WIMPs from galactic WIMP halo in 
terrastial detectors; (a) (in)elastic scattering off a     
target nucleus giving rise to measurable nuclear recoil 
(b) scattering off bound electrons (for WIMP masses < 
GeV giving WIMP-nucleus scattering energy transfers below 
detection threshold) or absorption via “axioelectric” effect 
(for axions or dark photons, analogous to photoelectric effect)

No WIMP 
signal 
observed 
⇒ WIMP 
direct 
detection 
limits 

pdg review on 
dark matter
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Axions

Axion 
A very light neutral scalar boson, originally proposed by 
Peccei & Quinn: pseudo-Goldstone boson from a broken 
U(1) symmetry introduced to cure CP problem of QCD.

Motivation: CP violation in QCD not observed, stringent
limits (< 10-10) from neutron electric dipole moment. Axion 
field term in the QCD Lagrangian would compensate the 
CP violating term Qi. Coupling µ fA

-1 very small to matter
due to the high scale of the U(1) symmetry breaking. 

( ) !"#$%CD()D*+,-. ≈−Θ= !!
""#A %%& µν

µνφπαL
Axion density contribution (pre-inflation U(1) symmetry breaking): 
WAh2~ 0.12× (6 µeV/ mA)1.165 Þ masses 10-5 to 10-3 eV most 
interesting as dark matter (assuming Qi ~1 in axion potential);  
Axions can constitute CDM due to their non-thermal production.
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Axions

axion would interact weakly with matter
(coupling µ fA

-1; very small if fA » n ® mA « mp).

for more details see e.g. PDG review on ”Axions”

( ) ππµν
µνφ !"!"##! AA

%%
AA&

& ≈ →≈−Θ∝
Θ !"

#"
$%CD()*$+,L

Predicted decay A ®  gg in external E/B field presence 
(coupling gAgg  very model dependent).

( ) !!!! "##" φφ γγ
µν

µνγγγγ !" ⋅−== !"#AL

Next-to-next-to-leading (NNLO) order correction in chiral

perturbation theory gives:   𝑚$ = 5.691 %&% '()
*&

meV

Also very small fermion (i.e. electron) coupling gAff possible 
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Energy scales & couplings
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Energy scales & couplings 
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𝜎 ∝ ⁄𝒜 + ℱ, 
where ℱ ∝ 𝑠
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Energy scales & couplings
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Ldi

both work at low E
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Energy scales & couplings
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⁄𝑔,-. Λ., 
where n 
depends 
on order 
of term 
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Energy scales & couplings

Phenomenology 2026
Beyond Standard Model

< 3.1 × 10-13

107

∕Λ! ≥ 10"#GeV24

tiny neutrino mass can be 
generated with extended 
Higgs sector if allowing 
lepton number violation
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Energy scales & couplings
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125 125 

~10-34
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Energy scales & couplings
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𝜇

𝜇


