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In fact, we cannot directly see most of the particles in this table!
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Gavge & Higgs Bosons — rers

y ¢ Light quarks (u , d , 5)
gluon H C

graviton T b

W Heavy Charged Lepton t

Z Neutrino Properties b

H° Number of Neutrino Types t

Neutral Higgs Bosons, Searches for Double f-Decay Free quark

Charged Higgs Bosons (H* , H*) Neutrino Mixing

Heavy Bosons Heavy Neutral Leptons

Axions

osos ovews | Baryons —————vews | OverSerches ———_rovews

Light Unflavored N Baryons Magnetic Monopole
Further States A Baryons Supersymmetric Particles
Strange A Baryons Technicolor
Charmed 2 Baryons Quark and Lepton Compositeness
Charmed, Strange = Baryons Extra Dimensions
Bottom {2 Baryons WIMPs
Bottom, Strange Charmed Baryons
Bottom, Charmed Doubly-Charmed Conservation Laws

cc Bottom Baryons Discrete Space-Time Symm.

b; Number Conservation Laws

Non gg Candidates



http://pdg.lbl.gov

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

Charge = % e Top = +1

Mini Reviews

The Top Quark (rev.)

Listings

t-QUARK MASS
t-Quark Mass (Direct Measurements) 173.21 +0.51 +0.71 GeV

t-Quark FS Mass from Cross-Section Measurements 1601_’2 GeV

t-Quark Pole Mass from Cross-Section Measurements 174.6 + 1.9 GeV
m; —m, 02+ 0.5GeV (S=1.1)
t-quark DECAY WIDTH 1.41 18}5’ GeV (S=1.4)

Learn to estimate decay widths: 2-body decays, suchas t — Wb :

1
I'

X g% X my ~ g2 x (170 GeV)/160 ~ 1 GeV

G 2
167-‘- \ for q ~ O(l)
Phase space: price to pay for ﬂ ? DA ety
producing 1 additional particle! Strength of the Note: (92/167T2)_1

(Additional (1/167%) f h additional particle)  interaction/coupling gnaivsls
lrona T Oor eacn adaitional partcie
larger than A4;!


http://pdg.lbl.gov

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

QUARKS

Charge = % e Top = +1

Mini Reviews

The Top Quark (rev.)

Listings

t-QUARK MASS
-Quark Mass (Direct Measurements) 173.21 £ 0.51 £ 0.71 GeV

t-Quark MS Mass from Cross-Section Measurements 16013 Gev
t-Quark Pole Mass from Cross-Section Measurements 174.6 + 1.9 GeV
m; = m; -02+0.5GeV (S=1.1)

t-quark DECAY WIDTH 1.41 fg-{‘g GeV (S=1.4)

Lifetime ~ 107**s =%  Would travel about 1 Fermi before decaying!

We cannot “see” this in the detector!!


http://pdg.lbl.gov
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Higgs
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0

1

z

Z boson

80.4 GeV/c*

+1

1

W boson

.3 MeV/¢? =1.275 GeV/c?

S
112

charm

=95 MeV/c?

-1/3 S

12

strange

105.7 MeV/c?

-1

. H
muon

<0.17 MeV/c?

muon
neutrino

Next heaviest particles:

e \\V.and Z gauge bosons, have also. mass of about 100 GeV
—> We estimate a width.aga @lbbu 1 GeV  (checkin the PDG!)
e [he H|ggs boson IS JI@ e bePe to understand it later in the lectures)

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

=173.07 GeV/c?

= o The other quarks are also tricky: they decay inside hadrons

12

top
p—— e B-mesons have lifetimes of picosecond

> B Hadrons

e Many of the other have even longer lifetimes

1.777 GeV/c?

e 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!
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Electrons/Positrons
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Electromagnetic Showers

energy E — dE

charge Ze
energy £

Rutherford
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Hadronic Showers
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Showers at the LHC

muon
spectrometer
muon
hadronic
calorimeter
ton
neptron . the dashed tracks
are invisible to
electromagnetic the detector
calorimeter |
nvev—
transition - ¢ : y
; radiation g VW 3 -
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http://atlas.ch



A Typical Modern Detector

Muon Detectors Electromagnetic Calorimeters

Forward Calonimeters

- Inner Detector
Barrel Toroid Hadronic Calorimeters

FIG. I: Lay-out of the ATLAS detector with its major sub-system components. The diameter is about 25m, the
total length about 46m, and the weight 7000 Tons.




Next few slides thanks to Tim Tait




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.

Silicon

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

Magnetic fields bend charged
particles, providing another measure
of their momentum.

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



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 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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Signal process = production of jets

Initial state pa




[

® A jet typically contains several hadrons, System
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.



Let’s analyze some
events...



CMS Experiment at LHC CERN
Data recorded: Mon Aug 2 05:02:51 2010 CEST
Run/Event: 142132/92434735




CMS Experiment at LHC CERN
Data recorded: Mon Aug 2 05:02:51 2010 CEST
Run/Event: 142132/92434735

\\ 3
e ] S pPpr=488GeV
pr =63.7 GeV NN
A4

MET
49.9 GeV

Muon
System

(This event was
probably a W*W- pair
which decayed into
eV and U*V.)




- 7 ET (CevrLf2

\_ Run Number: 158975, Event Number: 21437359

Date: 2010-07-12 07:04:37 CEST

EM Hadronic
Calorimeter Calorimeter



|
2 Jets | L .
(close together)

. ——"_ Missing
e T Momentum
Jet . (inferred)

T Run Number: 158975, Event Number: 21437359

Date: 2010-07-12 07:04:37 CEST

EM Hadronic
Calorimeter Calorimeter



We are now “experts” in “real lite” Particle Physics
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The CMS Detect

Om
Key:
Muon
Electron
= Charged Hadron (e.g. Pion)
- = == = Neutral Hadron (e.qg. Neutron)

Silicon
Tracker

, Electromagnetic
' ‘ " Calorimeter
! 'y

Hadron ~ Superconducting

Calorimeter Solenoid

Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS




What is amazing is that from such painful set of
observations and detailled measurements
(tracks energy dep08|t|on etc ) a p|Cture of
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So... how do we see the “invisible”, after all?
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