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Physics case for new High Energy Machines

Reminder: The Standard Model
- tells us how but not why 

3 flavour families? Mass spectra? Hierarchy?
- needs fine tuning of parameters to level of 10-30 !
- has no connection with gravity
- no unification of the forces at high energy

- Supersymmetry
- Extra space dimensions

Many other ideas: More symmetry and gauge bosons, 
L-R symmetry, quark & lepton substructure, Little Higgs models,
Technicolor, Hidden Valleys, 4th generation…

Understand the mechanism Electroweak Symmetry Breaking

Discover physics beyond the Standard Model

Most popular extensions since 2000

Higgsless models disfavoured these days 



Observation of a Higgs Particle at the LHC, after about 40 years 

of experimental searches to find it     

The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model

proton proton

2012: A Milestone in Particle Physics

2013



Searches for New Physics

Precise measurements
of the top quark and 
first measurements of the 
Higgs mass

New Physics inevitable?
But at which scale/energy?

N. Arkani-Hamed

arXiv:1403.6535

We also know that:



A Higgs @ 125 GeV…

Stockholm Nobel Symposium
May 2013

“We do not understand why the mass of the Higgs is 125 GeV
It most likely tells us something on what is Beyond the Standard Model”

Guido Altarelli

125.0 +/- 0.3 GeV0.2

1941-2015



New Physics?

Extra Dimensions? Black Holes???
Little Higgs?

ZZ/WW resonances?
Technicolor?

Supersymmetry

What stabelizes the Higgs Mass? Many ideas, not all viable any more  
A large variety of possible signals. We have to be ready for that

New Gauge Bosons?

Hidden Valleys?



Beyond the SM Signatures 



Beware of “Discoveries”: Examples

4σ effect

Is the X(8.31 GeV) the 
Higgs particle? A lot of 
excitement summer 1984

Excess in inclusive jet 
analysis in 1995
Substructure?

Excess of events at high Q2 in ep DIS at HERA, mainly in H1:      in 1996
7 events found with an electron-quark mass of ~200 GeV, expected ~1 event
4 events found with expected 2 events in ZEUS      Leptoquarks?

Non of these made it! 

Program bug!

Statistics!

Parton distributions!



Searches for Physics

Beyond the Standard Model

We understand the Standard Model at 7 & 8 TeV from the 
Standard Model measurements made, as reported before

Ready to search for physics BEYOND THE STANDARD MODEL



Searches for BSM Physics

• First Searches at the LHC (2010-2012) 

– Supersymmetry with MET plus jets, lepton(s), photons

– Extra Dimensions and black holes, heavy resonances (in 

electrons, muons, taus, jets), leptoquarks, excited 

leptons and quarks, 4th generation, a few very exotic 

signatures (R-hadrons)…

• Evolved Searches (2013-…)

– Supersymmetry on third generation squarks, compressed 

spectra, stealth SUSY, EWKinos, VBF processes… 

– Higgs in decays or as study object, vector-like quarks, 

boosted objects, long lived particles, fractional charges…

– More dedicated Dark Matter searches!  

• We are now facing a restart of the machine at 13/14 TeV…

Back to the basics or do we change paradigm? 



Reminder: Increased Reach@13 TeV

The increase is a consequence of the steeply falling parton distributions!
The parton luminosity increases strongly for given Mx with √s !
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Extra Space Dimensions

The Gravity force becomes strong!

Problem:

Interstellar



Search for Large Extra Dimensions
Mono-jet final state +Missing ET (ADD)

pT jet > 110 GeV
MET > 200 GeV

Limits on MD

between 
3 and 4 TeV

Lower limit on the Planck Scale 
versus number of extra dimensions 

arXiv:1408.3583



4-dim.,  Mgravity= MPlanck : 
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• Schwarzschild radius 

Since MD is low, tiny black holes 
of MBH ~ TeV can be produced if 
partons ij with   sij = MBH pass at a 
distance smaller than RS

RS

• Black holes decay immediately by Hawking radiation (democratic evaporation) :
-- large multiplicity
-- small missing E
-- jets/leptons  ~ 5

expected signature (quite spectacular …)

4 + n-dim.,  Mgravity= MD ~TeV:   
M

M
 

M

1
 ~R 1n

1

D

BH

D

 S
















Landsberg, Dimopoulos, Giddings, Thomas, Rizzo

• Large partonic cross-section :   (ij  BH) ~  RS
2

• (pp  BH) is in the range of 1 nb – 1 fb
e.g.  For MD ~1 TeV and n=3, produce 1 event/second at the LHC 

Rs  << 10-35 m

Rs  ~ 10-19 m

Quantum Black Holes

Evaporates in 10-27 sec



Extra Dimensions!

Look for the decay producs

of an evaporating black hole 

Define ST to be the scalar 

sum of all high pT objects 

found in the event

Look for deviations 

at high ST

Planck scale

a few TeV? 

Black hole mass excluded in range below ~8-9 TeV depending on assumptions

Search for Micro Black Holes

PAS-EXO-15-007

2015 12 jet event with ST 5.4 TeV



E.g. Di-lepton Resonance

If we are lucky:
a signal could be 
seen very early on

Example 
pp +X

Plot the di-lepton
invariant mass

A peak!! 
A new particle!!
A discovery!!

μ

μ

G ?

Run-I “expectation”



2011:  Z’ Boson to ee or μμ?

Extension of the symmetry?
New Gauge bosons? 

Mid 2012

Did additional
data confirm
the excess??



New Gauge Bosons: Z’, W’

W,’ Z’ Limits from 2012 data 
are around 3 TeV

Z’
W’

No… 

Early 2013



New Gauge Bosons: 13 TeV

Within the first week of the 
new run we got a spectacular 
new event (~10 pb-1 of data)
We had no event at such high
invariant mass in 2011-2012 

EXO-15-005 W,’ Z’ Limits from 2015 data ~3.2-3.5 TeV



Jets of particles 
emerge after a high
energy parton-parton
scattering

The highest mass Di-jet event recorded so far 

Di-jet invariant mass = 6.14 TeV (R=1.1 jets) 

Di-jet Resonances

In this event 
more than 45% 
of the full 
proton-proton 
energy
ends up in jets

Run-II



Run-I Di-jet Searches

arXiv:1501.04198 
arXiv:1407.1376



Run-II Di-jet Searches

arXiv:1512.01224

2.4 fb-1 limits from 13 TeV already
surpass the 20 fb-1 limits from 8 TeV



Are Quarks Elementary Particles?

Quarks remain elementary particles after these first results

Measurement of the production angle 
of the jet with respect to the beam
-> High Energy Rutherford Experiment 



High Mass Search:  X → γγ
News from the 2015 data run in last December!
->Some excitement over and observed excess in both experiments 

For a di-photon mass of around 750 GeV

Statistical fluctuation? A new resonance? See ~ 230 papers on the arXiv since…

ATLAS-CONF-2015-081 CMS EXO-15-004 



This triggered ~ 228 papers so far

A. David: http://jsfiddle.net/adavid/bk2tmc2m/show/ i

Papers on the arXiv that are related to the 750 GeV bump
Two of these “appeared” first time before 15/12 

More fun on:

14/2/2016

http://jsfiddle.net/adavid/bk2tmc2m/show/


Search for a 4th Generation

and Vector-like quarks

We can’t  be sure that there are only 3 
generations (u,d) (s,c) (b,t)
A possible new generation should be heavy!

Look for b’ and t’ quarks



4th Generation Searches

No evidence found for a new quark
generation for quarks with mass < 550 GeV!
A 4th generation would also affect the Higgs
rate in a substantial way, by a factor 9 or so, 
which is not observed
-> However: listen to George Hou… !!  



Searches for Top/Bottom Partners 

Vector-like quarks
Relevant eg in 
composite Higgs 
models

Exclusions up
to masses of
800 GeV



Searches for Top/Bottom Partners: CMS 

Summary table But this topic got in the spotlight again with X(750)… 



Searches with Boosted Objects



Searches with Boosted Objects
Discussed in topical “Boost Workshops”
Last one Chicago  10-14 August 2015
http://boost2015.uchicago.edu/



Resonances Decaying into qV or VV

Heavy resonances decaying into qZ or qW, or VV jets only (CMS)
or llqq (ATLAS) using boosted jets and jet substructure analysis 

These type of analyses 
will get even more 
important at 13 TeV

Jets start to merge for 
X = 700-900 GeV

CMS

arXiv:1405.1994
ATLAS

arXiv:1506.00962

Excess in WZ of 3.4σ
(2.5 with LEE)



Diboson Production in 2015
EXO-15-002

No particular enhancement around 2 TeV in the 2015 data so far!... 



Real Exotic Objects!

Spring 2015: many new searches for truly exotic particles, ie
long-lived particles or other unusual signatures 



Searches for Unusual Particles 

• Heavy stable charged particles with unit 

charge traversing the detector

• Heavy stable charged particles with multiple  

charge traversing the detectors

• Heavy stable charge particles with fractional 

charge traversing the detector

• Heavy new particles decaying in the detector

• Heavy new particles stuck in the material in 

or before the detector



HEP-PH/0202233; 853 citations!





Eg. R-hadrons



Beyond the Higgs Boson 

Picture from Marusa Bradac

Supersymmetry: a new symmetry in Nature? 

SUSY particle production at the LHC

Candidate particles for Dark Matter

 Produce Dark Matter in the lab



Detecting Supersymmetric Particles

Energy produced in the detector

 

Supersymmetric particles decay and produce a cascade of jets, leptons 

and missing transverse energy (MET) due to escaping ‘dark matter’ 

particle candidates

Very prominent signatures in CMS and ATLAS

simulation



SUSY Searches: No signal yet to date…

CMS-SUS-11-015

So far NO clear signal of 

supersymmetric particles 
has been found

We can exclude regions

where the new particles
could exist.

Searches will continue for 

the higher energy in 2015

Plenty of searches ongoing: with jets, leptons, photons, W/Z,

top, Higgs, with and without large missing transverse energy

Also special searches for contrived model regions 

excluded

allowed 

Status in 2013



Results depend on the topologies studies, assumed mass of the LSP etc.

Examples

Combined limits typically > 1-1.3 TeV on sparticle masses 

Popular presentation of data:
Simplified ModelS (SMS) 

Run-I Limits on Squarks and Gluinos



Run-I Limits on  Gluinos

Combined limits typically ~1.3 TeV on 

gluino mass 



What is really needed from SUSY?

N. Arkani-Ahmed
CERN Nov 2011

Papucci, Ruderman, 
Weiler arXiv:1110.6926

LHC data end 2011
Stops > 200-300 GeV
Gluino > 600-800 GeV

Moving away from 
constrained SUSY models
to ‘natural’ models

Natural SUSY survived
LHC so far, but we 
are getting close to 
push it to its limits!

End 2011: Revision!



Natural SUSY

Stop mass limits in the studied channels
push the lower limits up ~ 700 GeV (*)

Natural SUSY requires already ~ 1% fine-tuning

(*) less strict limits in pMSSM SUSY



Run-II: Gluino Search



RUN-II: Opposite Sign Dilepton Search

SUS-15-011
CMS had a ‘persistent’ excess in this channel with Run-I

This excess is NOT confirmed with the 2015 data so far



Recent New Directions…

Multi-jet (≥6), no MET VBF EWKino production Scalar charm quark



Summary of SUSY Searches
In short: no sign of SUSY with the data collected so far
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F. Zwicky 1898-1974

Dark Matter: The Next Challenge !?!

Astronomers found 
that most of the 
matter in the Universe 
must be invisible Dark 
Matter 

‘Supersymmetric’ particles ?

Vera Rubin ~ 1970



The Generic Dark Matter Connection
Searches for mono-jets and mono-photons can be used to search for 
Dark Matter (DM)

Use effective theory 
or better simplified 
models to relate 
measurements to 
Dark Matter studies



Mono-object Searches in CMS

• Mono-jets: Generally the most powerful

• Mono-photons: First used for dark matter Searches

• Mono-Ws: Distinguish dark matter 

couplings to u- and d-type of quarks

• Mono-Zs: Clean signature

• Mono-Tops: Couplings to tops

• Mono-Higgs: Higgs-portals 

• Higgs Decays?  

Example Monojets

Dark Matter?

Effective Field Theories for DM 
interpretation are under scrutiny!
Alternatives such as SMS proposed… 

arXiv:1410.8812
arXiv:1408.3583

arXiv:1407.8257
arXiv:1411.0535



RUN-II Dark Matter Searches Starting… 

Limits not 
quite as 
sensitive as
for run-I yet



Summary of Exotica Searches



Are we looking at the right place??



New Physics in Rare Decays?

Analysis of the B0→K*μ+μ- decay (full run-I data-set)

Angular
observable

Mass of the μμ system
2.9σ for each point
3.7σ naive combination

http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#P5p

CMS should also
measure this but do 
we understand the
theory well enough?



Other New Physics Ideas…

• Plenty!

– Compositeness/excited quarks & leptons

– Little Higgs Models

– leptoquarks

– String balls/T balls

– Bi-leptons

– RP-Violating SUSY

– SUSY+ Extra dimensions

– Unparticles

– Classicalons

– Dark/Hidden sectors

– Colored resonances

– And more….

Have to keep our eyes open for all possibilities: 
Food for MANY PhD theses!!



Summary

61

• The LHC has entered a new territory. The ATLAS and CMS 

experiments are heavily engaged in searches for new physics. 

The most popular example is Supersymmetry, but many other 

New Physics model searches are covered.    

• No clear sign of new physics yet in the first 20 fb-1  at 8 TeV

and first data at 13 TeV. This cuts into ‘preferred regions’ for  

many models, like SUSY. But watch the 750 GeV bump! 

• More exotic channels are now being covered: vector-like 

particles, long lived particles…  Still many unexplored 

channels left to explore 

• The LHC did its part so far with a great run in 2011 and 2012.  

Collected about 20 fb-1@ 8 TeV by end of 2012 

• As of 2015 the energy is 13/14 TeV, excellent for searches!!

• And maybe one day soon:



Backup



Interpretation into Simplified Models


