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Why beyond SM?

● In 2012 the Standard Model of Particle Physics (SM) 
particle content was completed with the discovery of the 
last missing piece of the puzzle – the Higgs boson

However, we know that the SM is not 
the final theory:
● Gravity not included
● Dark matter not included
● Dark energy not included
● Cannot generate the observed matter-
antimatter asymmetry
● Neutrino masses not included

There is “hard” evidence that there is new physics beyond the SM
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Why beyond SM at the LHC?

● There are very good reasons to look for beyond SM (BSM) 
physics at the LHC

● LHC defines the energy frontier and it is the only place to look directly 
for heavy new particles

● Some of the “hard evidence” BSM physics questions may be related

– e.g. searches for weakly interacting massive particles (dark matter 
candidate); new CP violation sources; TeV scale gravity; seesaw 
scenarios for neutrino masses, ….

● “Soft evidence” BSM physics questions directly point to the energy 
scale explored by the LHC

– Force unification implying SUSY at TeV
– Little hierarchy problem: fine tuning of the mass of the Higgs boson
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Where to look for BSM physics at ATLAS/CMS

● Through the Higgs sector
● No a priori reason for the Higgs sector to be minimal

● Supersymmetry (SUSY)
● Highly motivated (unification, dark matter, little hierarchy,…) 

and phenomenology thoroughly studied
● Exotics

● Non-SUSY or BSM Higgs that is “beyond the beaten path” 

There is no clear boundary among these three categories, which are 
actually overlapping 

Disclaimer: only a few highlights from each topic will be 
covered here due to time and space limitations!
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BSM Higgs searches

● How to approach a BSM Higgs sector
● Extended Higgs sector: more than one Higgs boson

– Examples: singlet(s), 2HDM/MSSM, NMSSM (2 
doublets+singlet), Georgi-Machacek (1 doublet + 2 triplets)

– Charged scalars may be included as well

Example: 2HDM

● Exotic properties of the Higgs
– Examples: composite Higgs, Higgs 

decaying to dark matter,…
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Searching for Heavy Higgs bosons

● MSSM Higgs bosons
● MSSM has a 2HDM Higgs sector

plus some additional constraints from SUSY

● Example: Neutral MSSM Higgs searches
(charged Higgs searches exist but not covered here)

● Production                                               Decay

5 Higgs bosons: 
3 neutral : h /H /A and
2 charged: H+/-

Just 2 parameters at lowest order: mA and tanβ (= ratio of Higgs vevs)

Gluongluon fusion  
“bassociated”  
production  Higgs decays to   are ττ

favoured for large parts of 
the parameter space
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Searching for Heavy Higgs bosons

● Example of the neutral MSSM Higgs search

Production 
mechanisms 
motivate the 
definition “b-tag” and 
“no b-tag” (b-veto) 
categories

CMS-PAS-HIG-16-037 

ATLAS-CONF-2016-085
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Searching for Heavy Higgs bosons

● Interpreting the search
… or In various MSSM scenariosas cross section limits for the 

production of a heavy Higgs
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Searching for light Higgs bosons

● In next-to-MSSM or various extensions with singlets there 
are light Higgs bosons to which the 125-GeV Higgs can 
decay to

H   a→ 1 a1 

/μμ/ /bbγγ ττ

/μμ/ /bbγγ ττ
According to the mass of the light Higgs 
various decay channels are possible

CMS has recently submitted a search 
on 8 TeV data for 
H(125) → aa→ / μμ / μμbbττττ ττ  

arXiv:1701.02032

H  aa   μμ→ → ττ
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Searching for light Higgs bosons

● Results of the search
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Searching for exotic properties

● Di-Higgs production is rare in the SM, however, an 
anomalously large rate can be evidence of a composite 
125-GeV Higgs boson

CMS-PAS-HIG-17-006

CMS search for 
hh → bb WW/ZZ → bb lvlv

σ(pp→ hh) < 72 fb (exp. 81+42
−25

 fb)
which is about 80 times the SM cross section
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Supersymmetry (SUSY)

● SUSY is the most studied individual framework for BSM 
physics at colliders

● Basic concepts for SUSY searches: A very rough guide

R-parity

Strong production

conserved

violated Signatures without MET

Signatures with MET MET + jets:
- gluino production
- squark production
- … 

Weak  production
Multileptons, MET, Higgs:
- sleptons
- gauginos
- … 
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Breaking news: SUSY to be found soon!

ATLAS and CMS 
representative makes an 
official wish for 
supersymmetry discovery in 
Charles Bridge Prague.
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Top and SUSY

● Top quarks are very important in SUSY searches:
● Related to top squark search, which is the quintessential 

SUSY search: 
stops have to be light for a natural Higgs boson mass 

t

~ χ0
Neutralino: 
stable → missing ET

Top quark: 
fully hadronic to 
maximize BR

ATLAS-CONF-2017-020
CMS PAS SUS-16-050
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Top-tagging for SUSY
● Final states with top can be also used to look for other 

SUSY particles
● This CMS search has defined a dedicated top tagger to 

improve sensitivity

CMS PAS SUS-16-050
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Top-tagging for SUSY

● Similar exclusion plots for gluinos are produced (in 
addition to stop quark vs χ

0
): CMS PAS SUS-16-050
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Weak SUSY production examples

ATLAS-CONF-2017-039

Electroweak SUSY searches: suppressed due to small couplings, but much 
usually cleaner due to the leptons in final state
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Weak SUSY production examples

CMS-PAS-SUS-16-043 

Electroweak SUSY searches: suppressed due to small couplings, but much 
usually cleaner due to the leptons in final state

b

b

ℓ

ν
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Long-Lived particles

● Very interesting
● Many theories, not just SUSY, have models with long-lived 

particles (e.g. hidden valley models): SUSY/Exotics 
boundary

● … but very challenging
● The LHC experiments are designed to look for objects 

produced close to the interaction point and within a small 
time window
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Long-Lived particles

ATLAS-CONF-2017-026

Missing ET

Long-lived gluinos leading to 
displaced vertices

Innovations in tracking algorithms are 
needed to efficiently deal with displaced 
vertices
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Long-Lived particles CMS-PAS-EXO-16-004 

Limits example: long-lived gluinos with 
lifetimes between 10 μs and 1000 s

Efficiency to reconstruct the original 
gluino/top squark vs gluon/top energy

Search for long-lived SUSY partners 
that decay in the calorimeters
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LHC SUSY searches at a glance
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LHC SUSY searches at a glance
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Exotic searches

● Exotic searches include those extreme enough not to be 
included in BSM Higgs/SUSY
● Often signature driven
● Many of them inspired 

by Grand Unified 
Theories or related topics
– e.g. search for heavy 

vector bosons, 
see-saw models etc, 
but at TeV 
(and not GUT) scale
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Di-jet spectrum

● Examining the tail of the di-jet mass distribution
● Many BSM theories include resonances that decay to di-jets
● Non-resonant phenomena (e.g. quark substructure)
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CMS PAS-EXO-16-056
CMS PAS-EXO-17-001
ATLAS arxiv:1703.09127 
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Di-jet spectrum

Generic limits compared to 
predictions for various models

CMS PAS-EXO-16-056
CMS PAS-EXO-17-001
ATLAS arxiv:1703.09127 

CMS extension of the search in 
the low mass region
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Di-jet spectrum

● Model dependent interpretations

Contact 
interactions

TeV scale 
black holes
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Dark matter searches

● A new weakly interacting massive particle that may explain 
the “WIMP miracle” in cosmology has been searched for at 
the LHC in many different channels

● Example:
● Higgs boson to dark matter 

decays, directly
or indirectly (though precision
measurements of the couplings)

JHEP11(2015)206

Example from ATLAS Run-I Higgs couplings; 
similar results from CMS as well  
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Dark matter searches

● One direct way to look for Dark Matter (DM) is to look for 
mono-X production, where X = a usual object
● Dark matter recoils against the “mono-object”

mono-photon or mono-Z

Missing ET

mono-jetExamples: 

γ/Ζ
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Dark matter searches

● Mono-photon example 
from ATLAS

arXiv:1704.03848

Number of events in the various 
signal regions of the search

Various interpretations of the results:
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Dark matter searches

● Mono jet /  mono vector boson example from CMS

Missing ET distributions for the two 
different final states

CMS-PAS-EXO-16-048
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Dark matter searches

● Dark matter produced in 
association with a Higgs boson

γ

γ

ATLAS-CONF-2017-024
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Dark matter searches

● Dark matter produced in 
association with a Higgs boson

ATLAS-CONF-2017-028

b

b
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See-saw inspired searches

● Massive neutrinos are direct evidence for BSM physics!
● Neutrino mass generation is an open question

See-saw mechanism is the most popular 
mechanism for neutrino mass: the neutrino mass 
is small because it is driven by new heavy 
particles

N
ν ν

HH

Heavy right-handed neutrino

Type-I see saw Type-II see saw Type-III see saw

Σ
ν ν

HH

Triplet (fermionic)

Δ

ν ν

HH

Triplet (scalar)

ν ν

HH
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See-saw inspired searches

● CMS type-III inspired search

CMS-PAS-EXO-17-006 

Σ =
Σ+ 
Σ0

Σ-

W+ν, Zl+, Hl+

W+l-,  Zv, HvTriplet with heavy fermions that are 
produced in pairs weakly and decay 
to various multi-lepton final states

Example of a final state considered:

Z

v
3 leptons with 2 of 
them compatible with 
a Z→ ll decay and 
MET > 100 GeV
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See-saw inspired searches

In total 6 multi-lepton cateogories have been 
examined and the results are interpreted in a 
flavour-democratic fermion triplet model

CMS-PAS-EXO-17-006 

L
T
 = scalar sum of all lepton pT

OSSF = opposite-sign same flavour



FPCP Prague –  5-9 June 2017Nikolaos Rompotis 37

LHC exotics at a glance

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html#ATLAS_Exotics_Summary

http://cms-results.web.cern.ch/cms-results/public-results/publications/

See the links below for more summary plots!
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Summary

● Only very few results could be presented here: there is a 
wealth of ATLAS and CMS results:

http://cms-results.web.cern.ch/cms-results/public-results/publications/

Yes, a Higgs boson!

No discovery yet beyond that, but do not rush into making conclusions!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic

http://cms-results.web.cern.ch/cms-results/public-results/publications/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic
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Concluding remark

From the theory summary talk in LHCP 2014 by J. Ellis
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Additional slides
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More on MSSM ττ result

Likelihood scan and cross section limits
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Dark matter searches

● Dark matter produced in 
association with a Higgs boson

γ

γ

Interpretation in a Z’-2HDM scenario

ATLAS-CONF-2017-024
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ATLAS Run-I h→aa→ μμττ result 

arXiv:1505.01609
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Long-Lived particles
ATLAS-CONF-2017-026

Signal region

Color code: example of signal

Observed data events with numbers
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