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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. 
Hotest candidate: lightest supersymmetric particle (LSP)
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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 (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 ± 0.0006

0.264 ± 0.004

0.004

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

pdg review on 
dark matterNo WIMP 

signal 
observed 
⇒ WIMP 
direct 
detection 
limits 
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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. 

( ) 0~)8(QCD,CPviol »-Q= aa
AAis GGf µn

µnfpaL
Axion density contribution (post-inflation symmetry breaking): 
WAh2~ 0.12× (30µeV/ mA)1.165 Þ masses 10-5 to 10-3 eV most 
interesting as dark matter (assume 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”

( ) ppµn
µnf fmfmGGf AA

aa
AAi

i »¾¾ ®¾»-Qµ
Q 1~

0~
CPviolQCD,L

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

( ) AAAA gFFg ff gg
µn

µngggg BE ×-== ~4/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
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< 4.2 × 10-13

107

∕Λ! ≥ 10"#GeV24
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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
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• top quark (t) discovered by the CDF & DÆ experiments 
at the Tevatron in 1995 (SU(2)L partner of the b quark)
• a most intriguing fermion : mtop » 172.7 GeV (heaviest 
known fundamental particle, ´ 40 heavier than b quark) ® 
clues about origin of particle masses (htop= mtop/vEW ~ 1) 
• top decays instantaneously and almost exclusively to        
W boson + b quark, G (t ® Wb) ~ 1.4 GeV » LQCD 
- no hadronization (no toponium or T mesons) 
- top decay purely an electroweak process 

Top quark

polarisation of 
the top quark 
transmitted to 
the W-boson

Phenomenology 2024
Beyond Standard Model
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Electroweak symmetry breaking

In Standard Model we have the Higgs mechanism to 
explain the masses of W & Z

Direct observation of Higgs-like particle by ATLAS & 
CMS experiments @LHC; mH = 125.25 ± 0.17 GeV

Current wisdom: Electroweak symmetry breaking 
generates longitudinal degrees of freedom for W & Z

Assume there is nothing beyond SM; will that work?

Apparently not due to unstable electroweak vacuum!!

mH = 125.25 ± 0.17 GeVUnstable 
electro-
weak 
vacuum  
due to 
corrections

Phenomenology 2024
Beyond Standard Model
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Electroweak symmetry breaking

Phenomenology 2024
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A. Andreassen 
et al., PRD 97 
(2018) 056006

Λ"#= new physics scale making vacuum stable

current 
trend

arXiv:2401.08811



Kenneth Österberg IV/21

Grand unified theories

Phenomenology 2024
Beyond Standard Model



Kenneth Österberg IV/22

Grand unified theories

24
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𝑀$ ≥ 10"#GeV
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Grand unified theories
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For more details see PDG review on Grand unified theories 
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-guts.pdf

https://pdg.lbl.gov/2023/reviews/rpp2023-rev-guts.pdf
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Grand unified theories
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Grand unified theories
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Motivation for supersymmetry
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Motivation for supersymmetry
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Motivation for supersymmetry
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For more details see PDG review on Supersymmetry: theory 
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-1-theory.pdf

https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-1-theory.pdf
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Supersymmetric models
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Supersymmetric models

º
Phenomenology 2024
Beyond Standard Model

𝛿Φ = 𝐴-
.𝑥-𝜕.Φ
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Particles in supersymmetric models

(only in supergravity) 

(Minimal Supersymmetric Standard Model)

Phenomenology 2024
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neutralino
(c0

1 lightest, 
c0

2 next
lightest …)

chargino
(c±1 lightest, 
c±2 next
lightest …)

sneutrino
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Particles in supersymmetric models

(only in supergravity) 

(Minimal Supersymmetric Standard Model)
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neutralino
(c0

1 lightest, 
c0

2 next
lightest …)

chargino
(c±1 lightest, 
c±2 next
lightest …)

sneutrino

2
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Supersymmetric gauge interactions

Both vertex couplings & supersymmetric diagrams (to first
order) identical to Standard Model ones, only ”dressed” by
supersymmetric partners NB! Higgs vertex couplings modified.
Phenomenology 2024
Beyond Standard Model
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Supersymmetric model parameters

Phenomenology 2024
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(= M of SU(3), SU(2), U(1) gauginos i.e. gluinos, wino/zino, bino)~
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Supersymmetric model parameters

RGE = renormalization group equations

Phenomenology 2024
Beyond Standard Model
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Supersymmetric model parameters

allowed mass range for top quark as function of tanb 
assuming that SUSY valid up to L = 1016 GeV

Phenomenology 2024
Beyond Standard Model
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Supersymmetric model parameters

scalar 
masses

gaugino 
masses

couplings

Higgs-
sfermion
couplings

”constrained” MSSM (CMSSM):

Phenomenology 2024
Beyond Standard Model
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Supersymmetric model parameters

Phenomenology 2024
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All couplings 
unite at a specific  
mGUT in Minimal 
Supersymmetric 
Standard Model 
(MSSM) but not 
in the Standard 
Model (SM)

Predicted mGUT 
in MSSM larger 
than in SM and 
therefore more 
consistent with 
the lower limits 
on the proton 
lifetime from 
experiments. 



LSP = lightest supersymmetric particle
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(through radiative corrections)

superpartner mass splitting: Δ𝑚)~ 𝜆/Λ0)
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Supersymmetry breaking

• The gravitino is the LSP. 

SUSY breaking scale

Phenomenology 2024
Beyond Standard Model

Gaugino masses: 

black (green) lines MSSM (messenger) fields 
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Supersymmetry breaking

(supersymmetry breaking 
transmitted through fields that live in the ”bulk”)

Phenomenology 2024
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Supersymmetry breaking
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R-parity
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Supersymmetric particle searches

Phenomenology 2024
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weakly coupling
sparticles (c, l, n
etc ...): difficult to 
search for at       
LHC Þ most
general limits
from e+e-
collisions (LEP)         
Þ lower mass
limits typically
> ~ 100 GeV.

LHC provides
much higher
limits for specific
decay modes
that are only
valid in more
limited regions
of the SUSY 
parameter space.

~ ~ ~
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Supersymmetric particle searches
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strongly coupling
sparticles (q, g,     
etc ...): easy to 
search for at LHC 
Þ lower mass
limits > ~ 1-2 TeV.

~ ~

For more details 
see PDG review   
on Supersymmetry: 
experiment
https://pdg.lbl.gov/2
023/reviews/rpp202
3-rev-susy-2-
experiment.pdf

https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-2-experiment.pdf
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-2-experiment.pdf
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-2-experiment.pdf
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-2-experiment.pdf
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Lower bounds on the LSP mass

Lower bounds on the LSP mass can be extracted e.g. in 
constrained MSSM, where gaugino and sfermion masses 
separately unify at the GUT scale. Free parameters: tanβ, 
M'/) (gaugino masses at GUT scale), m* (sfermion & Higgs 
mass at GUT scale), µ (Higgs mass mixing term), A+ (trilinear 
coupling in the stop sector) & m, (pseudoscalar Higgs mass)

Combining        
slepton,              
Higgs &             
chargino           
searches                    
to constrain          
lightest         
neutralino.
  

• large 𝑚' ⇒
    large chargino    
    cross section
• small 𝑚' ⇒ 

detectable &      
light sleptons

• Intermediate       
𝑚' ⇒ combine 
with Higgs search

A more elaborate analysis in mSUGRA (only tanβ, sign(𝜇), 
m', M(/" & A' free) using also stable particle searches & 
electroweak parameter constraints give m*+, > 50 GeV.

m1*2 > 46 GeV
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Higgs sector in supersymmetry

Phenomenology 2024
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Two Higgs doublets are needed in SUSY to (1) cancel gauge 
anomalies (higgsino contributions in 3 gauge boson diagrams) 
(2) generate masses for both “up”- and ”down”-type quarks
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Higgs sector in supersymmetry
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> 80 GeV
Final combined LEP limit: Eur. Phys. 

J. C73 
(2013) 2463 
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Higgs sector: SM vs MSSM

Phenomenology 2024
Beyond Standard Model
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MSSM Higgs

Couplings between
Higgses & the 
particles in MSSM:

Phenomenology 2024
Beyond Standard Model
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MSSM Higgs

i.e. the average of 
the top-squark 
squared masses

Phenomenology 2024
Beyond Standard Model

Current lower limits on 
stop mass: up to 1310 
GeV (but very decay & 
LSP mass dependent) 



Supersymmetry summary
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300'b$%
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Gravity
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Gravity and string theory
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String theory
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String theory
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Extra dimensional models
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Large extra dimensions
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Large extra dimensions
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Large extra dimensions

1012

5
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Large extra dimensions

RC < 30 µm   
for d = 2 
leading to MD
³ 4.0 TeV. 
Bounds from 
astrophysics 
tighter but 
these limits 
from torsion 
experiments 
more general.

Phenomenology 2024
Beyond Standard Model
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First ideas for extra dimensions
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Predictions of extra dimensional models
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Predictions of extra dimensional models

LHC@13 
TeV: MD > 
5.9 – 11.2 

TeV

Phenomenology 2024
Beyond Standard Model

O (TeV)

~ ⁄4 M))
* LHC @13 TeV: 

M-- > 6-9 TeV

σ (pp → G&γ) ⇒ LHC@13 TeV: MD > 2.9 TeV
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Predictions of  extra dimensional models

LHC@13 TeV: MBH, semi-

classical > 9.0-10.1 TeV
Quantum BH (MBH ~ MD): 

2-particle decay

MQBH > 2.3-9.4 TeV
(model detail dependence)

Phenomenology 2024
Beyond Standard Model

~ pRs
2
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Constraints on extra dimensions

MD > 27 TeV for d = 2 

MD > 2.4 TeV for d = 3 

MD > 1700 TeV for d = 2 

MD > 76 TeV for d = 3 

reduced if KK gravi-
tons decay mainly
to non-SM particles

Phenomenology 2024
Beyond Standard Model

and n

• Cosmology: Relic KK gravitons contribution to 
cosmic gamma radiation: MD > 100 TeV for 𝛿 = 2

• NB! Very weak limits from astrophysics & 
cosmology if 𝛿 ≥ 4
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Non-factorizable geometry
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Non-factorizable geometry
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R+ ≈ ⁄11 k ⇒ ⁄m, m- ≈ O(1 TeV)/M./
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Non-factorizable geometry
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11
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Predictions of non-factorizable models
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Extra dimensional models

LHC

G ® gg/ee/µµ mG > 2.3 – 4.8 TeV
(no SM fields in the bulk)

G ® WW/ZZ/tt mG > 2.3 -3.7 (VV) – 4.55 (tt) TeV
(SM fields also in the bulk)

Radion →WW/ZZ     mradion > 3.2 TeV

Phenomenology 2024
Beyond Standard Model

exception warped space time & no SM fields in bulk 

For more details see PDG review  on Extra dimensions searches
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-extra-dimensions.pdf

quantum gravity? string theory?

https://pdg.lbl.gov/2023/reviews/rpp2023-rev-extra-dimensions.pdf


Beyond SM conclusion
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haven’t learned
You learned


