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Massive particle production in the lab

• Need high c.m. energy → collide two beams head-on

• Need high luminosity → high-intensity, circular, squeezed beams

• e+e- colliders: the whole c.m. energy is available for massive particle 
production, but the beam energy is limited by synchrotron radiation

• Hadron colliders: much higher beam energies (still limited by strength 
of bending magnets), but only a fraction of this energy participates 
in the production (hadrons are composite)

High-energy frontier 
Today, the CERN LHC collides 6.5 TeV proton beams

Top quark pair 
(2x174 GeV)

New particles?
(TeV scale)



Quiz

The Z boson (mass 91 GeV) was produced and detected 
for the first time in 1983 at the CERN SPS proton-
antiproton collider. What was the beam energy?

A)  45.5 GeV

B)  315 GeV

C) 4 TeV



Quiz (answer)

The Z boson (mass 91 GeV) was produced and detected 
for the first time in 1983 at the CERN SPS proton-
antiproton collider. What was the beam energy?

A)  45.5 GeV

B)  315 GeV

C) 4 TeV

The Z is produced via quark-antiquark annihilation within 
the protons. The quarks carry only a fraction of the 
proton energy, so we need a c.m. energy several times 
the Z mass.   

In electron-positron annihilations at the LEP collider, the 
whole electron energy was available for production. The 
resonant beam energy for producing Z bosons was then 
45.5 GeV. 



 2.1 LLPs at colliders – MET signatures

  

Neutral,
τ  50 ns≳



MET – definition
• MET = Missing Transverse Energy

• Why “transverse”? – in each event 
only an unknown fraction of the 
proton energy in the beam direction 
participates in the interaction and 
the rest lost along the beam pipe. 
Thus the longitudinal momentum in 
the detector is generally 
unbalanced, while the total 
transverse momentum should be 
zero in absence of invisible particles.

• Why “Energy”? – in reality it is about momentum conservation, 
but energy and momentum are ~identical for energies much 
larger than the particle masses. The MET is computed by 
inverting the vector sum of all energy deposits in the 
calorimeters + muons in the transverse plane. Deviations 
from zero indicate the presence of invisible particles.
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Invisible particles – remarks

• New neutral particle → DM candidate 
– ~hundreds GeV WIMP

• Missing energy (MET) → need 
calorimeters with 4π acceptance 

– ATLAS and CMS types of detector

• Production is difficult
– Impossible if mass too high or 

interaction too weak

– Direct production: low cross section, 
need additional object radiated from 
initial state

– Secondary production: from decay of 
still another new massive particle, 
interpretation in specific scenarios 
(eg SUSY)

ATLAS

CMS
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Typical Jet+MET (“monojet”) signature

• X assumed to be undetected

• One energetic jet 

– Eg, pT > 120 GeV for trigger 

• Large MET

• Lepton veto

• Multi-jet veto

• Irreducible backgrounds from Z 
decays to neutrinos

– Estimated by looking at 
corresponding events with 
charged leptons 

+ also mono-γ, mono-Z, mono-W...

(X is a 
fermion)

(X is a 
boson)
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Monojet results at LHC run1

 arXiv:1408.3583
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Quiz

Among the following non-exotic phenomena, which one 
does NOT produce MET in a general-purpose collider 
experiment?

A)  Neutrinos

B)  Neutrons

C) Inefficiencies in calorimeter cells 

D) Electronic noise in calorimeter cells
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Quiz (answer)

Among the following non-exotic phenomena, which one 
does NOT produce MET in a general-purpose collider 
experiment?

A)  Neutrinos

B)  Neutrons

C) Inefficiencies in calorimeter cells 

D) Electronic noise in calorimeter cells

Neutrinos escape the detector and produce MET. Neutrons 
interact in the calorimeter to produce a hadronic shower 
which is fully reconstructed. Inefficiencies and noise in 
the calorimeter result in too little or too much energy and 
thus fake MET.
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WIMP DM detection methods
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WIMP DM detection methods
This lecture

Chapter 4.4
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Monojets and dark matter

• Monojet searches at LHC are generic for massive neutral 
particle X with coupling to SM at the electroweak scale

– Limits on X production cross section in pp collisions 
➔ Set generic constraints on DM scattering cross section 

with matter → link to direct searches (Chapter 4.4)

– However, such an interpretation requires the inversion of 
the diagram → depends on assumptions about 
mediator (mass, spin) and type and strength of 
coupling (vector/axial)

X production 
at colliders

DM scattering 
with matter
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DM interaction contraints from LHC monojets 

Minimise model dependence of DM interpretation
• Simplified models

• Effective field theory with similar assumptions
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objects + MET signatures

• 0,1,2,3 leptons, 0,1,2,3,4,5,6 (b-)jets, etc., +MET

• General signature of theories with a plethora of TeV-
scale particles, the lightest of which is neutral and 
long-lived (DM candidate) – typically SUSY 
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Quiz

Why would new physics (eg SUSY) be expected to be seen 
at an energy scale around a few hundreds GeV?

A)  To allow for the unification of the EW force with QCD

B)  To provide a valid DM candidate

C) To solve the naturalness problem of fine tuning of 
quantum-loop corrections to the Higgs mass 

D) For mathematic consistency with string theory
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Quiz (answer)

Why would new physics (eg SUSY) be expected to be seen 
at an energy scale around a few hundreds GeV?

A)  To allow for the unification of the EW force with QCD

B)  To provide a valid DM candidate

C) To solve the naturalness problem of fine tuning of 
quantum-loop corrections to the Higgs mass 

D) For mathematic consistency with string theory

All these things may motivate new physics at high energy 
scales, but the naturalness problem is the only indication 
that spectacular new physics should appear at a scale 
around a few hundreds GeV. This scale is now mostly 
excluded. We are currently probing the TeV scale at the 
LHC.
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MET signatures, concluding remarks

•  Object(s)+MET signatures are very important to cover 
at the LHC

– ATLAS and CMS designed for very efficient 4π 
coverage 

• The searches are never background-free 
– Detectors cannot reconstruct MET perfectly

– Many SM processes contain neutrinos in final state

• Interesting link between collider experiments and DM
– Such interpretation is model-dependent

– Assuming that DM is a new particle with GeV-TeV 
mass with non-vanishing interaction with SM 

     Next lecture: penetrating signatures
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