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This final lecture looks beyond 
the Standard Model, to see 
where new physics might be 
found, and also beyond the 
LHC towards future colliders



Introduction
ÅTo recap some of the unanswered questions, which lead us to think that the 

Standard Model cannot be the full story:

ÅSM likely not to be wrong, but a low-energy limit of a more complete theory
(like Newtonian mechanics being superseded by Special Relativity)
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While possible, this 
rock formation is 
unlikely to arise in 
Nature:  fine tuning

Why are there 3 generations of quarks & leptons? 

Are quarks & leptons fundamental, or made up of 
even more fundamental particles? 

What is the reason for the pattern of masses?

What gives neutrinos their mass?

Why do we observe matter & almost no antimatter, 
if there is symmetry between them

What is Dark Matter that can't be seen but has 
gravitational effects in the cosmos?

How does gravity fit in?

Why is the Higgs bosonso light?



ÅThe Higgs mass is on the electroweak scale 
(125 GeV), but is unstable w.r.t. large 
predicted quantum corrections 

These should inevitably make the mass huge,
comparable to scale ɽ at which new physics 
appears ςunknown, but could be as high as 
the Planck scale* ςunless there is incredible
fine-tuning in thecancellation between the 
quadratic radiative corrections and bare mass

ÅAcceptable fine tuning is a matter of theoretical taste ςif an explanation 
cannot be found, may otherwise have to fall back on the anthropic principle:  
hypothesis that copies of universe exist (multiverse) with differing parameters, 
and the parameters of our universe are special because they must be suitable 
to sustain life, so that we can measure them ςdrawback= untestable idea?

Hierarchy problem
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*Planck scale is the energy ~1019 GeV 
at which quantum effects of gravity 
become significant



1.  Searches at the LHC
ÅWhen the LHC was built, front-runner for an explanation was Supersymmetry
ςƘȅǇƻǘƘŜǎƛǎ ǘƘŀǘ ŀ ǎȅƳƳŜǘǊȅ ŜȄƛǎǘǎ ǊŜƭŀǘŜŘ ǘƻ ǇŀǊǘƛŎƭŜǎΩ ǎǇƛƴΣ ōŜǘǿŜŜƴ
ŦŜǊƳƛƻƴǎ ŀƴŘ ōƻǎƻƴǎΥ  ŜŀŎƘ {a ōƻǎƻƴ ǿƻǳƭŘ ƘŀǾŜ ŀ ŦŜǊƳƛƻƴ άǎǳǇŜǊ-ǇŀǊǘƴŜǊέΣ 
and each fermion have a boson super-partner

ÅSuper-partners would then contribute with the opposite sign to the loop 
corrections to the Higgs mass providing cancellation of the divergent terms
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Ҧ the Higgs sector is 
extended to include 
4 other scalar states,
plus awhole zoo of 
new particles

boson

l2

fermion

l l+ å 0

neutralino
(mixed with W, Z)

squarks

sleptons

~~



Supersymmetry
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ÅIf Supersymmetry was exact, then the super-partners would have the same 
masses as the SM particles ςand would already have been seen

ÅSo the symmetry must be broken, and many of the super-partners have 
higher mass to explain why they have not been seen
However, if this breaking is too great, the cancellation of the divergent 
terms becomes weaker and fine-tuning would still be required 
ҦSupersymmetry was expected to show up at the TeVscale

ÅWould not be the first time that the particle content has been doubled: 
already happened when antiparticleswere introduced, a symmetry based 
on electric charge ςbut they were found soon after their prediction

ÅTo avoid proton decay, an extra conservation rule 
is introduced (R-parity), opposite for SM particles 
and their super-partners:  in this case the lightest 
supersymmetric particle (LSP) will be stable and 
becomes a candidate to explain Dark Matter (usually the neutralino ) 

ÅR= (-1)3B-3L+2s for particle with baryon/lepton numbers B, L& spin s
Ҧ+1 for SM particles, -1 for super-partners

   

ĕ c 1
0



Unification of forces
ÅAnother argument made in favour of 

Supersymmetry:  coupling constants 
άǊǳƴέ ǿƛǘƘ ŜƴŜǊƎȅ ŘǳŜ ǘƻ ǉǳŀƴǘǳƳ 
corrections, and evolvingthe 
coupling constants of the Standard 
Model measured at LEP to higher 
energy, they do not coincide:

a1, a2, a3 are the coupling constants 
of the SU(3)CÃSU(2)LÃU(1) group  
corresponding to electromagnetic, 
weak and strong interactions 

ÅWith the addition of Supersymmetry 
unification of the couplings becomes 
possible at a single Grand Unified 
Theory scale ~ 1016 GeV
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PhysLett B 260 (1991) 447



Supersymmetry signatures
ÅSpectacular signatures were expected, 

with the complicated decay chains giving 
multiple jets and missing transverse 
energy (MET) from the LSP
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LSPs
(invisible)



Search results
ÅHowever, no significant signals 

have been seen

Ҧlimits set across the parameter 
space of super-partners
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Is Supersymmetry hiding?
ÅMost searches for Supersymmetry require the presence of substantial 

MET, assumed to originate from the neutralinos that escape detection

ÅBut Supersymmetry could appear without missing ET:

CompressedSupersymmetric spectra, i.e. a small mass difference 
between the LSP and top squark, and two LSP momenta balance

¢ƻǇ άŎƻǊǊƛŘƻǊέ:  stop pair production looks identical to tt

Stealth Supersymmetry:  decays through an approximately 
supersymmetric hidden sector can remove missing momentum 
from signal 

R-parity violating Supersymmetry:  terms violate either Lepton or 
Baryon number conservation;  together this could lead to rapid 
proton decay Ҧ allow only few couplings to be non-zero

ÅMany of these options contain no invisible particles, but rather extra 
leptons or extra jets, that may form resonances

ÅSo searches continue, but perhaps the masses are too high for the LHC
(or Supersymmetry is not the answer)
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arXiv:1512.05781

arXiv:1209.0764



Supersymmetry: space is squeezed
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Beyond the SM: other ideas 

ÅA wide variety of exotic ideas, but often repeating signatures in the final states
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Extra dimensions Black Holes Little Higgs

ZZ/WW resonances TechnicolourCompositenessNew gauge bosons

Hidden Valleys

Albert De Roeck 
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Theories

Experimental signatures

ÅExperimentally-driven approach: search for the signatures, keeping an 
open mind to the source of any non-Standard Model signals

BSM signatures



Extra dimensions
ÅWhy are there four dimensions of space-time 

(x,y,z,t) in our world?

Extending to extra dimensions is an alternative
approach to solving the hierarchy problem,
lowering the cut-off scale ɽ to the TeVscale

Å9ȄǘǊŀ ŘƛƳŜƴǎƛƻƴόǎύ ǿƻǳƭŘ ƴŜŜŘ ǘƻ ōŜ άǊƻƭƭŜŘ 
ǳǇέ όcompactified) to avoid being noticed

ÅRandall-Sundrummodels add a 5th warped 
dimension, so that gravity can have a similar 
strength to the other forces (in the bulk) 
but is weak in our 4-dimensional world

ÅSuch models can have new particles that are 
excitations of SM particles, e.g. a Kaluza-Klein 
excitation of the gluon (gKK) which can decay 
preferentially to top-antitop pairs that look like 
a resonancein the Mtt spectrum
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Extra spatial dimension



Example:  tt resonance search
Ått resonances are reconstructed from 

daughter top quarks via t ­ bWdecay

ÅBoosted topology, single lepton channel 

ÅResonances are produced from colliding 
valence quarks and sea anti-quarks
At high masses, resonance is smeared

ÅAnalysis is a generic resonance search, 
set limits for explicit models:  gKKŀƴŘ ½
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R
a
te

2 4 6 Mtt (TeV)

Exactly one high pTelectron or muon
No isolation requirement
At least two high pT jets
Large MET to reject multijet background
1 top-tagged jet
Enriched W sample used to measure top-tag 
misidentification
Mtt used as final observable

t­ bW­ōҚ˄ (26.7%) or ­ bqq (66.5%)



Results
ÅNo signal seen Ҧset limits

ÅBest limits at the time for tt resonances

ÅModels with extra dimensions can also predict 
the formation microscopic Black Holes at LHC
collisions Ҧ ǾŜǊȅ ƘƛƎƘ ƳǳƭǘƛǇƭƛŎƛǘȅ ŜǾŜƴǘǎ
e.g. model of Arkani-Hamed, Dimopoulosand Dvali(ADD)

ÅNo evidence found for them
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Model Limit

½  όɱ/m=1%) 3.80 TeV

½  όɱκƳҐмл҈ύ5.25 TeV

½  όɱκƳҐол҈ύ6.65 TeV

gKK 4.55 TeV

PhysRev D88 (2013) 072001

arXiv:1810.05905



Search strategies
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ATL-PHYS-SLIDE-2021-020

Example for vector 
boson scattering

ÅIf no mass bumps are found, i.e. the object being searched for has 
higher mass than that accessible at the LHC, one can still search for 
deviations in the tails of distributions by making precise measurements
This is the essence of the Effective Field Theory approach ςbecoming
more important as no clear mass bumps of new particles have been seen yet

Deviations are 
parametrized by 
higher-order 
operators from SM 
ŬŜƭŘǎΥ

EFT=    SMҌ ң Ŏi Oi

ɽ2



No BSM signals seen so far
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Dark Matter searches

ÅIf DM interacts with SM particles, does 
so through a mediator

ÅColliders offer unique opportunity to 
ǎǘǳŘȅ ƳŜŘƛŀǘƻǊΩǎ ǇǊƻǇŜǊǘƛŜǎ όƳŀǎǎΣ ǎǇƛƴύ
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ÅThe search for Dark Matter (assuming it is made of particles) is complicated 
by its unknown mass Ҧ ŜȄǘǊŜƳŜƭȅ ǿide range of masses to search 

arXiv:1603.04156Simplifiedmodels:  describe dark matter without
being constrained to a specific theory

(not all accessible 
at colliders)



Dark Matter at colliders
ÅDM assumed to be weakly interacting 
Ҧleaves no signal in the detectors

ÅIdentify DM production by looking for 
other particles recoilingagainst it, 
e.g. from initial-state radiation: 
understanding of MET crucial!
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Spurious detector signals can cause 
fake MET:control regions used to 
derive data-driven corrections to 
the background expectation

As seen in the detector:



Example:  monojet-W/Z search
ÅNo signal seen, limits set
ςhere on the DM mass versus

mediator mass plane
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PRD 97(2018) 092005

ÅComparison (model-dependent) 
to non-collider searches:  direct 
detectionat underground 
experiments ςcollider results 
powerful in the low mass region



2.  Hints of new physics?
ÅAlthough no convincing BSM signal has been 

found in the searches, there has frequently 
been excitement when possible hints seen

ÅGood example is the peak in the diphoton
mass spectrum seen in 13 TeVdata (2015) 
ςlike a heavy Higgs signal at around 750 GeV

ÅATLAS significance = 3.9 ̀ local/2.0 ̀  global
όŀŎŎƻǳƴǘƛƴƎ ŦƻǊ ǘƘŜ άƭƻƻƪ-ŜƭǎŜǿƘŜǊŜέ ŜŦŦŜŎǘύ
Similar bump seen by CMS!

ÅWould clearly have been new physics if 
confirmed:  over 200 theory papers 
ǇǳōƭƛǎƘŜŘ ƻƴ ƛǘǎ ǇƻǎǎƛōƭŜ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴΧ

Å.ǳǘ ǘƘŜƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ȅŜŀǊΩǎ Řŀǘŀ ǊǳƭŜŘ ƛǘ ƻǳǘ 
ςmost likely it was a statistical fluctuation
Are there other hints that currently survive?
Ҧ ǿƛƭƭ ŘƛǎŎǳǎǎ ǘƘǊŜŜ άŀƴƻƳŀƭƛŜǎέ
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1) Flavouranomalies
ÅCurrently the largest evidence for disagreement with the Standard Model 
ǎŜŜƴ ǎƻ ŦŀǊ ŀǘ ǘƘŜ [I/ ŀǊŜ ƪƴƻǿƴ ŀǎ ǘƘŜ άflavourŀƴƻƳŀƭƛŜǎέ ǎŜŜƴ ōȅ [I/ō

ÅFCNC processes involving the transition b ­ sҚ+Қ- provide a rich set of 
observables to probe for new physics

ÅThere is a systematic failure of theory to 
describe the differential branching fractions 
at low momentum transfer q2, or some of 
the angular distributions

ÅEven more striking signals seen when comparing
decay modes to electrons or muons
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PRL 108 (2012) 181806

JHEP 06 (2014) 133



Lepton Universality
ÅIn the Standard Model gauge bosons have identical couplings with each of 

the three families of leptons, known as Lepton Universality

ÅThe decays B+­ K+˃ a˃nd B+­ K+eeare both decays of the form b ­ sҚ+Қ-

and in the Standard Model they should occur with the same rate 
(apart from lepton mass effects, which are small here)

ÅExperimentally this is studied by making the double ratio with the resonant 
(via J/̞ ) and non-resonant decays:
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Early results were surprisingly low:  also for 
a similar channel with an excited kaon (K*)

Kee K˃ ˃

non-
res.

via
J/̞

https://lhcb-outreach.web.cern.ch/wp-content/uploads/2021/09/Rk21InvMass.png


Flavouranomalies (2)
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ÅA different hint of Lepton Universality violation has been seen in the decays 
B0­D(*)+Қn, this time comparing the modes with muons or tau leptons

ÅMass effects are larger here, so SM prediction is around 0.3
These are tree-level decays, so it would be surprising to see new physics

ÅSimilar ratios constructed, known as R(D) & R(D*)
Biggest discrepancy was seen by BaBar
Combining all results, 3.2 ̀ away from SM

Theorists have tried combining all anomalies, 
finding very significant discrepancy with SM

(parameter of new physics model)



Latest news
ÅIn a recent publication LHCb has updated (and extended) its analyses of RK

and RK*, using improved analysis techniques

ÅIn addition to possible statistical fluctuations, a systematic correction was 
found due to underestimated hadronic misidentification background in the 
electron sample Ҧlittle green peaks (importance of systematic studies!)
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arXiv:2212.09152

Updated results are 
consistent with the 
Standard Model Ҧ 
this element of the 
flavouranomalies has 
therefore gone away

The other flavourtensions with SM still remain to be 
understood, but the situation is less dramatic now



2) W mass anomaly
ÅNew CDFresult for mW last year:  0.01%precision

Uses entire dataset collected from the Tevatron
collider at Fermilab, based on 4.2 million W boson 
candidates (about four times the number used in 
the analysis CDF previously published in 2012)

ÅDiscrepancy with the SM expectation from EW fits 
at level of 7ˋ
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LHCb-FIGURE-2022-003

ÅHowever, result is also in significant 
tension with average of previous 
measurements from LEP, LHCb, ATLAS, D0

Misunderstanding of the proton
structure or QCD could manifest 
differently depending on C.M. energy, 
p-p vs p-p collisions, or different 
analysis choices

Ҧ wait to see when consistency between
experiments has been clarified

Same data, adding citations and an LHCb result



3) g-2 anomaly
ÅAn elementary particle with intrinsic angular momentum (spin, S) and 

charge q has magnetic moment ˃given by:
g = gyromagnetic ratio, m = mass of particle

ÅDirac predicted g = 2 at tree-level, but this receives corrections from virtual 
particles in loop diagrams Ҧ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ǾŀƭǳŜ

Åά!ƴƻƳŀƭƻǳǎ ƳŀƎƴŜǘƛŎ ƳƻƳŜƴǘέ ƻŦ ƭŜǇǘƻƴ Қ:
Their measurement is a long-standing precision test of the Standard Model
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ae = 0.001 159 652 180 7 °3 measured to 0.24 ppb!
0.001 159 652 182 0 °7  SM prediction:  agrees, triumph for QED!

aµ = 0.001 165 920 6 °4            measured to 0.37 ppm
0.001 165 918 1 °4 SM prediction:  close but ŘƻŜǎƴΩǘ ǉǳƛǘŜ ŀƎǊŜŜΗ

a =̱ -0.018 °0.017                      difficult to measure due to its short lifetime
0.001 177 21 °5 SM prediction 

arXiv:1911.00367



a c˃alculation

ÅMany contributions to aµ, classified as QED, Weak and Hadronic:
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QED (116584719)
0.001 ppm

HVP (6845)
0.37 ppm

HLbL(92)
0.15 ppm 

Weak (154)
0.01 ppm

(Contributions to value in units of 10-12)
Contributions to uncertainty on prediction
HVP  = Hadronic Vacuum Polarization
HLbL= Hadronic Light-by-Light

Example of a few of the many diagrams that have 
been calculated (here 5-loop for the QED part)
An amazing amount of work!



g-2 experiment
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g-2 muon storage ring (at Fermilab)
Fit to the data

!ǘ άƳŀƎƛŎέ ƳƻƳŜƴǘǳƳ оΦм DŜ±κc, focusing
ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŘƻŜǎƴΩǘ ŀŦŦŜŎǘ ǎǇƛƴ ǇǊŜŎŜǎǎƛƻƴ



g-2 result
ÅFirst result from the new Fermilab

experiment last year is in excellent 
agreement with the previous 
experiment (at BNL)

ÅConfirms discrepancy with the SM 
prediction, currently at 4.2 ̀

ÅHowever, there are new 
calculations of the most uncertain 
part of the prediction (HVP) from 
Lattice QCD, which would reduce 
the discrepancy ςthe theory 
community are working to 
understand this tension between 
predictions, to consolidate the 
comparison with experiment
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!ŦŦŜŎǘ ƻŦ ŘƛŦŦŜǊŜƴǘ ǘƘŜƻǊŜǘƛŎŀƭ ƎǊƻǳǇǎΩ
calculations of HVP on the a r˃esult

arXiv:2205.06336

https://arxiv.org/abs/2205.06336


3.  Widening the search
ÅNo convincing hints of physics beyond the Standard Model seen so far at 

the LHC ςconsider whether we could be missingnew particle decays?

ÅMost searches share the basic reconstruction of tracks:
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Even the b-quarks 
only travel a few mm 
before decaying

e.g.

Brian Shuve

Wide variety of lifetimes seen for SM particles ςmaybe in the Dark Sector too?  

LLPs, HIPs & FIPs



Long-lived particles
ÅRequiring track origin near to IP could miss BSM particles with long lifetimes
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Plenty of theoretical predictions
Split Supersymmetry

GravitinoDark Matter

Hidden Valley

ÅPredict particles that travel ~ m 
ǿƛǘƘ ƭƛŦŜǘƛƳŜ Ϥ мллΩǎ ƴǎΣ ƻǊ ƭƻǎŜ 
ǎƻ ƳǳŎƘ ŜƴŜǊƎȅ ǘƘŀǘ ǘƘŜȅ άǎǘƻǇέ 
somewhere in the detector and 
decay much later

ÅChallenge for experiments:  need 
to change triggering strategy and 
object reconstruction!  Look for:

Energy deposit in calorimeter 
with no tracks pointing to it

Large energy loss dE/dx 

time of flight < speed of light

hep-ph/0612060, 0508198

Heather Russel

Ҧ ǎƛƎƴŀǘǳǊŜ-driven searches



Example:  Z + single neutral LLP
ÅPopular scenario in dark-sector models with 

additional U(1)d dark gauge symmetry

ÅExperimental signature: 

Zd decays within the Hadron calorimeter

Jets have little deposits in the ECAL & 
no charged tracks pointing to the PV

Corresponds to decay lengths for Zd
between few cm and tens of meters

ÅZd jet selection requires no track pT > 1 GeV
and uses jet timing 

ÅNo excess observed:  set limits
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LLP neutral, decays to jets

SM Z to dileptons

Intermediate 
scalar or Higgs

arXiv:1811.02542
(on signal yields)



Stopping LLPs
ÅHeavy (~100 GeV) LLPs lose kinetic energy 

and will stop while traversing detector

ÅIf these stopped LLPs have lifetimes 
> ~10s of ns their decays will be 
reconstructed as separate events from the 
beam crossing where they were produced

most easily identified when there are 
no proton bunches in the detector

ÅSearch for out-of-time (w.r.t bunch crossing) 
deposits in the HCAL or muon pairs in the 
muon detector

ÅBackgrounds:  cosmic rays, beam-halo and 
detector noise
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Data
4

13 JHEP 05 (2018) 127

Limits set on lifetime
from 100 ns to 10 days

Muon-pair time difference 



Highly ionizing particles
ÅMagnetic monopoles are a prime example of this type 
¢ƘŜȅ ǿƻǳƭŘ ƳŀƪŜ aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ ƳƻǊŜ ǎȅƳƳŜǘǊƛŎ 
ōǳǘ ŀǊŜƴΩǘ ŦƻǳƴŘ ƛƴ ƴƻǊƳŀƭ ƳŀǘǘŜǊ ςif you break a 
magnetic dipole (bar magnet), you get two more dipoles

ÅDirac (1931) formulated a consistent description of a magnetic 
monopole within the framework of quantum physics, related 
to the quantization of charge:  if any magnetic monopole exists 
then the electric charge is quantized in units of e =
where gD is magnetic charge, µ0 is permeability of free space 
The value of gD is ~ 68.5eςso would be very highly ionizing 

ÅMight be produced at colliders: would give unusual 
ǘǊŀŎƪǎΣ ǇŀǊŀōƻƭƛŎ ŀƭƻƴƎ ŀȄƛǎ ƻŦ ǎƻƭŜƴƻƛŘ ŦƛŜƭŘΧ
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S
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MoEDAL
ÅMoEDALis dedicated to this type of search 

Uses plastic foils:  Nuclear Track Detector 
(NTD), deployed around the LHCb VELO 
as a passive detector
HIPs would leave ionization trails, revealed 
as large holes when etched

ÅAluminiumblocks also deployed to trap 
monopoles: material samples passed 
through superconducting SQUID 
magnetometers to look for induced 
non-decaying current from a 
transported monopole 

ÅNo monopole candidates found, limits set
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arXiv:2112.05806



Feebly interacting particles
ÅWeakly Interacting Massive Particles (WIMPs) have been a popular candidate 

for Dark Matter:  with mass in the 100 GeV range and interaction strength 
like the weak force, they would be produced thermally in the Big Bang with 
the right abundance ςmany searches made, but have not found them so far
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ÅHowever, there could 
be other Dark Matter 
candidates with lower 
mass (MeV ςGeV) and 
weaker coupling, such 
as the Dark Photon (A´) 
that would have a long 
lifetime & decay to e+e-

ÅFASER is a new small 
experiment at the LHC 
to search for such 
weakly interacting 
particles



FASER
ÅStudying the intensity frontier at the LHC:  most light hadrons are produced 

along the beam axis, perhaps other light new physics particles too?

ÅThe FASER experiment is situated ~500m from the ATLAS collision point, 
on the beam collision axis line-of-sight in an unused former servicetunnel
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ATLAS (high pT physics)

Light LLPs /


