
Part II
How do we find out?



In fact, we cannot directly see most of the particles in this table!



Access the Particle Data Group at: http://pdg.lbl.gov

http://pdg.lbl.gov


Access the Particle Data Group at: http://pdg.lbl.gov
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Phase space: price to pay for  
producing 1 additional particle!

(Additional (1/16⇡2) for each additional particle)
Strength of the  

interaction/coupling

Dimensional 
analysis!

Learn to estimate decay widths:  2-body decays, such as t ! W+b :

⇠ g2 ⇥ (170 GeV )/160 ⇠ 1 GeV
g ⇠ O(1)for

Note:
larger than ot !
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Access the Particle Data Group at: http://pdg.lbl.gov

Lifetime ⇠ 10�24s Would travel about 1 Fermi before decaying!

We cannot “see” this in the detector!!

http://pdg.lbl.gov


Next heaviest particles:

• W and Z gauge bosons, have also a mass of about 100 GeV

We estimate a width again of about 1 GeV (check in the PDG!)

• The Higgs boson is trickier (we hope to understand it later in the lectures)

In any case, the width is expected to be 4 MeV
(and already bounded, indirectly, below ~ 16 MeV)

No WAY!

The other quarks are also tricky: they decay inside hadrons

• B-mesons have lifetimes of picosecond

• Many of the other have even longer lifetimes
Hadrons

⇢

• The muon lives for a full microsecond!
It is an interesting story why it is so long-lived, but we won’t have time…

• The tau lives less than a picosecond…



Let’s focus on the particles that travel  
long enough to be “seen” in a detector!



Photons

22 32. Passage of particles through matter
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Figure 32.15: Photon total cross sections as a function of energy in carbon and lead,
showing the contributions of different processes [51]:

σp.e. = Atomic photoelectric effect (electron ejection, photon absorption)
σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [52].
In these interactions, the target nucleus is broken up.

Original figures through the courtesy of John H. Hubbell (NIST).
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where wj and Xj are the fraction by weight and the radiation length for the jth element.

Figure 32.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Møller (Bhabha)
scattering when it is above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2,
but we have modified the figures to reflect the value given in the Table of Atomic
and Nuclear Properties of Materials (X0(Pb) = 6.37 g/cm2).

32.4.3. Bremsstrahlung energy loss by e± :

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case” as [43]

dσ/dk = (1/k)4αr2
e
{

(4
3 − 4

3y + y2)[Z2(Lrad − f(Z)) + Z L′
rad]

+ 1
9 (1 − y)(Z2 + Z)

}

,
(32.29)

where y = k/E is the fraction of the electron’s energy transferred to the radiated photon.
At small y (the “infrared limit”) the term on the second line ranges from 1.7% (low Z) to
2.5% (high Z) of the total. If it is ignored and the first line simplified with the definition
of X0 given in Eq. (32.26), we have

dσ

dk
=

A

X0NAk

(4
3 − 4

3y + y2
)

. (32.30)

This cross section (times k) is shown by the top curve in Fig. 32.12.
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Coulomb Scattering
� Incoming particle scatters off an electron in the detector

� Transform variable to T Î

� Integrate above minimum energy (for ionization/excitation) 
and multiply by the electron density 
� See P. Fisher’s lecture from NEPPSR’03
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Electromagnetic Showers



Hadronic Showers



Showers at the LHC



A Typical Modern Detector



Next few slides thanks to Tim Tait
(Lectures on Dark Matter at the LHC)



A Cartoon LHC Detector
• A typical collider detector is 

composed of different layers designed 
to identify different particles and 
measure their momenta.

• They all follow a similar plan:

• An inner layer of silicon detectors  
is used to detect particles which 
travel some distance from the 
interaction before decaying.

• An EM tracker measures the path  
of charged particles.

• Two calorimeters “stop” electrons
+photons and hadrons.

• A muon system at the outer radius 
measures the momenta of muons.

Hadronic 
Calorimeter

Electromagnetic 
Calorimeter

Tracker

Muon
 System

Silicon

Magnetic fields bend charged 
particles, providing another measure 

of their momentum.



Photons & Leptons
• Electrons

• Electrons leave a track in the Silicon and tracker and deposit essentially 
all of their energy in the the EM calorimeter.

• Photons

• Photons (being neutral) leave no tracks, but deposit their energy in the 
EM calorimeter.  

• Muons

• Muons (being charged) leave tracks, but because of their large mass do 
not easily lose energy through radiation.  They typically make it through 
the EM and hadronic calorimeters and deposit their energy in the muon 
system.

• Neutrinos

• Neutrinos to zeroth order do not interact with a collider detector at all.



Jets

• A quark or gluon produced in a collision will 
evolve into a jet:

• First, there is a large probability to radiate 
more quarks and/or gluons in almost the 
same direction (collinear) as the original 
one.  This process is called “fragmentation”.

• Finally, the strong force neutralizes the color 
of each quark or gluon, producing a number 
of hadrons (“hadronization”).

• As a result, an energetic quark or gluon 
typically results in a cluster of hadrons moving 
in approximately the same direction.  This is 
called a jet.
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Jets
• A jet typically contains several hadrons, 

including both charged and neutral objects.

• The charged hadrons leave tracks in the 
tracker and silicon.

• They also deposit energy in the EM 
calorimeter.

• Neutral pions decay very quickly into 
photons, which also register as energy in 
the EM calorimeter.

• Particles which make it to the hadronic 
calorimeter are slowed down and their 
energies measured.

• So jets look like a cluster of activity in 
the tracker, EM & hadronic calorimeter.

EM
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Let’s analyze some 
events…



EM
Calorimeter

Hadronic
Calorimeter
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System



EM
Calorimeter

Hadronic
Calorimeter

Muon
System

(This event was 
probably a W+W- pair 
which decayed into   

e-ν and μ+ν.)
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Missing 
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(close together)

(inferred)



We are now “experts” in “real life” Particle Physics
Thanks, Tim!



The CMS Detector



What is amazing is that from such painful set of 
observations and detailed measurements 

(tracks, energy deposition, etc.) a picture of 
elegant simplicity has emerged!



So… how do we see the “invisible”, after all?
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