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Fundamental particles and 
forces

Standard Model – Glashow, Salam, Weinberg – Nobel Prize 1979

Matter - 3 families of quarks and leptons
Forces – quantum theory description with couplings to

electric charge - electromagnetic interaction (QED)
weak charge  - weak interactions
color charge - strong interactions (QCD)
mass – gravity

Force carriers – photon, W and Z, gluons, gravitons

• Unified description of electromagnetic and weak interactions
• Good description of strong interactions on a quark level



Problems
Theoretical Physics
•Symmetry between electromagnetic and weak interactions is broken
by an unknown mechanism (photon is massless, W and Z are heavy,
range of weak force is short)
•Calculations agree with measurements in the energy range of past
and present experiments but theory breaks down when extrapolated
to the energies only a factor of 10 higher than what we have seen so far.

•All particle have masses equal to zero unless new mechanism
responsible for mass generation is introduced

à Higgs mechanism 
(if true - a new particle must exist with mass 100-1000  Mproton)



Problems 2
Astrophysics and Cosmology
Dark matter – rotating spiral galaxies must have invisible mass

astronomical sources (neutron stars, black holes, Jupiter-like objects)
have been excluded. New, weakly interacting massive particles are
possible candidates. The fluctuation in the distribution of the 3K 
radiation remaining from the Big Bang (Kobe satellite) are consistent 
with large, fraction of invisible mass.  

No detectable antimatter in the Universe – cosmology expects equal 
amounts of matter and antimatter at the Big Bang. Known 
mechanisms of time reversal (charge-parity) violation are insufficient 
to explain lack of antimatter.

Dark energy – supernovas survey and WMAP indicates accelerating 
expansion of the Universe. Force responsible for this acceleration is 
unknown.

Present picture : Universe consists of 23% dark matter, 73% of dark 
energy and only 4% of atoms.

Bottom line - we have no clue of what is going on



Physics Goals

Large number of possible  scenarios:

Higgs particle would complete the Standard Model (but no explanation 
of all other problems)
Supersymmetry – fashionable theory predicting a very large number of
new particles, partners of those that we know but heavy and with
different spins
Extra dimensions – theory attempting to explain differences of masses
of different particles by postulating additional dimensions. 
11 dimensions would be compatible with String Theory
ATLAS (and CMS) have a highest discovery potential of 
all current and proposed High Energy Physics projects
Other frontiers – gravitational waves, extragalactic neutrinos, very high 
energy cosmic rays



Needs, Tools and Challenges
•In order to search for new heavy particles we must create high 
energy collisions

E = mc2

•In LHC – Large Hadron Collider – two bunched streams of protons
will collide with each other at the center of mass energy of 14 TeV.
(This is enough to produce ~15,000 protons in each collision).
•The frequency of bunch-bunch collisions is 40 MHz and we expect 
about 20 proton-proton collisions for each bunch-bunch crossing.
•There will be about 1000 particles produced in the collision. Many 
of them will be coming from secondary decays of short-lived objects.
•We study these short lived objects via invariant mass and correlations 
among  the secondaries. For that we must measure momentum vector
and energy of each detectable particle. Identification of particle species
is a bonus. 
.



Goal – search for new, heavy particles, that are expected to live 
for very short time - 10-24 s,  i.e., they decay at the point of production.
•Need to measure all decay products and identify their types.
•Find the momentum of each particle by measuring the curvature 
of its trajectory in the magnetic field. Heavy objects decaying into
light particles result in secondaries with very high momenta  
(small sagitta) à high B field + best position resolution possible.
•Spatial resolution of devices to measure trajectory (>10-50 mm at best)
and limitations of the magnet technology (few Tesla) lead to 
the very large size of the apparatus. 
Radius of curvature rrrr = p(GeV/c)/0.3B(Tesla)
Sagitta over a measured path L s= L2/8rrrr
For radial detector size  L=10 m  and   p= 3000 GeV/c

r =10 km,       s=1.2 mm 
•Experiments are built with a cylindrical geometry around the axis 
provided by the beam.



Diameter 25 m
Barrel toroid length 26 m
End-cap end-wall chamber span 46 m
Overall weight 7000 Tons

ATLAS Detector



ATLAS Components(starting from the center/beam line)

Tracker system to measure trajectories of outgoing particles:
Pixels: 140 million pixels 50 x 50 x 300 mm (digital)
Si strips:  6.2 million channels  8 mm x 12.8 cm (digital)
Straws: 420,000 channels   4 mm x 108 cm (digital+analog)

Solenoid magnetwith 4 Tesla field encloses the tracker
Electromagnetic Calorimeter to identify electrons and 

photons and measure their energies
Barrel and 2 endcaps 220,000 channels (analog)

Hadronic Calorimeter to identify pions, kaons and protons 
and to measure their energies 
PMT readout, 10,000 channels (analog)

Muon systemto identify muons and measure their momentum
4 technologies, 12,000 m2 covered with 50 mm 
position resolution,  1.232 million channels (digital)

Toroid magnet systems (barrel+2 endcaps) enclose muon chambers
with 0.8 Tesla field.
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Detector (ID)
The Inner Detector (ID) is organized into four sub- systems:

Pixels
Silicon Tracker (SCT)
Transition Radiation Tracker (TRT)
Common ID items



Hadron 
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Calorimetry
The LAr calorimetry (pre-samplers, EM, hadronic end-
caps, and forward calorimeters) 



Calorimeters

Electromagnetic calorimeter - Liquid Argon detector with accordion geometry
housed in 3 cryostats: barrel + 2 endcaps
barrel section – presampler + 3 radial segments
endcap section – 1.4< hhhh <2.5  3 segments

2.5< hhhh <3.2 2 segments 
Hadronic calorimeter  > 11 lll l

Fe-scintillator barrel
LAr hadronic endcap
LAr –W/Cu Forward



Toroid Magnet

Cold mass #3
ready for 

impregnation

Next coil (#4) in 
preparation



Liquid Argon Calorimeter

Measures total energy deposited by electromagnetic showers 
(electrons, photons) by sampling the ionisation of liquid Argon
generated by electron in the shower.
Shower – sequential emission of photons and photon conversions
Into electron-positron pairs. 
Total collected charge is proportional to the deposited energy.
Need to collect the charge with 0.1% precision.



Detector

Overview of readout electronics
Most front-ends follow a similar architecture

Preamp Shaper Analog 
memory

ADC

n ��������		��
���	��
������������� ���	
�
���
��

n ��������������� ���	
���� ������� �
�� 
�������
����������
n �� ���	��!������������
		
��������!����	�

fC V bits
FIFO
DSP…

V V



Readout electronics : requirements

"�#�
�����$


����� ���	����

Radiation 
hardness

High 
reliability

High speed

Large 
dynamic 

range

Low power

Low 
material

Low noise



• read out »»»» 220k channelsof calorimeter
• dynamic range »»»» 16 bits
• measure signals at bunch crossing frequency of 40 MHz (ie. every 25 ns)

• store signals during L1 trigger latency of »»»» 2.5 mmmms (100 bunch crossings)
• digitize and read out 5 samples/channel at L1 rate of »»»» 100 kHz
• measure deposited energies with resolution < 0.25%
• measure times of energy depositions with resolution << 25 ns
• high density (128 channels per board)
• low power (»»»» 0.8 W/channel)
• high reliability over expected lifetime of  > 10 years
• must tolerate expected radiation levels (10 yrs LHC, no safety factors) of:

– TID    5 kRad
– NIEL 1.6 1012 n/cm2 (1 MeV eq.)
– SEU   7.7 1011 h/cm2 (> 20 MeV)

Requirements of ATLAS LAr FEB



n functionality includes:
n receive input signals from calorimeter
n amplify and shape them
n store signals in analog form while awaiting L1 trigger
n digitize signals for triggered events
n transmit output data bit-serially over optical link  off detector
n provide analog sums to L1 trigger sum tree

Overview of ATLAS LAr FEBOverview of ATLAS LAr FEB



Overview of main FEB 
components
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ATLAS LArg Front-end Optical Data Link Integrated:

~400 mm

Transmitting side Receiving side



Challenges

General
Signals are generated at cryogenic temperature (~70K) and readout 
at room temeprature à transmission lines
Signals are small à need preamplification
Charge collection time is long (400 ns) in comparison with beam 
crossing (25 ns). Sequentila decays add up additional charge (pile-up)
à Need to look at the early part of the signal with fast shaping time.
Signals are small (few nV) and co-exist with digital signals on the 
readout board à need special noise control.
System issues
Cables take valuable space and reduce hermeticity of the detector
Space on the detector is confined à need low power consumption
(100W/board) and water cooling 
Ground loops – long signal cables emit radiation
à Optical readout fibers, special grounding rules, stable power supplies



Large number of boards (64 9U VME crates, ~1600 boards) need 
synchronized, precise timing  à special clock distribution system
All components are in high radiation environment with no access
for several years after the start of operations
à high reliability requirements, extensive radiation testing for 
permanent damage, latch-ups, single event upsets …. 



Each detector system has its own challenges
Inner detector  - very high number of readout elements + radiation
Muon system  - very large number of components requiring
knowledge of alignment to 50 microns over 50 meters
Trigger processors – need to correlate signals occurring at different 
times in the detector (speed of light limitation)
On-line computing  - unprecedented data rate
Off-line computing – 1Petabyte of data, will need about 100,000
CPUs.
New development  - GRID computing. Development of 
middleware for distributed computing capable of accessing the 
same database. So far – early tests used ~7,000 CPUs distributed 
throughout Europe, US, Japan, Australia and Russia.  



ATLAS  event simulation and reconstruction
40 MHz  - frequency of bunch crossing 
~20 pp collisions per bunch crossing

~1000 tracks in detector per bunch crossing



Future R&D

LHC will start operations in April 2007
The upgrade of the machine is scheduled for 2011

Increased event rate
Increased radiation levels
Change of the bunch spacing (sampling frequency)

It is certain that all inner detector (sensors and electronics)
will not survive total radiation dose 
It is likely that present calorimeter front-end electronics 
will not survive
Development of the existing electronics took ~10 years
Several technologies are already obsolete and unavailable
à We are already late to start R&D for the future upgrade


