
ATLAS and CMS: the LHC giants! 
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�  Proton-proton collisions at the energy frontier √s = 14 TeV with huge 
luminosity (L = 1034 cm-2s-1 ! µ = 25 evts / bunch crossing): µ = L 
σtot /fnb = 1034 × 100 mb × 25 10-9 s 

�  General purpose detector not devoted to a single measurement: detect 
all what you imagine can come out (with momenta from hundreds of 
MeV up to few TeV): 
�  Leptons (electrons, muons)  
�  Tau leptons (through their decays, either leptonic or hadronic) 
�  Photons 
�  Neutrinos (not directly but using the method of the “Missing Energy”) 
�  Quark/Gluons (not directly but through the so called “Jets”) 

�  Need of data reduction at trigger level: most events are not interesting 
and you have to choose in a very short time: DAQ rate limited to O(1 
kHz) 

�  Need to discriminate between simultaneous events (pile-up) 



The Giants: ATLAS & CMS 
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ATLAS (the largest): 46 x 25 m  CMS (the heaviest): 12500 tonn 

Common structure:      e   µ   Jet   γ   ET   
 " Magnetic Field system    ✗   ✗ 
 " Inner Detector     ✗   ✗ 
 " Electromagnetic Calorimeter  ✗     ✗   ✗   ✗ 

  " Hadronic Calorimeter        ✗     ✗ 
 " Muon Spectrometer      ✗ 



ATLAS  
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Example: overall structure of the CMS detector 
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Subdetectors 
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�  Inner Tracker: high space resolution, high resistance to 
radiation, very high granularity   
�  semi-conductor detectors (pixels, silicon strips);  
�  gas detectors (ATLAS only) provide electron-hadron separation 

�  EM calorimetry: good energy resolution, photon 
identification, high granularity for isolation 

�  Hadron calorimeter: high eta coverage (for missing mass 
measurement), moderate granularity to recognize jets 

�  Muon spectrometer: tagging of muons and standalone 
trigger. Good momentum resolution (ATLAS only) 



ATLAS-CMS: general 
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ATLAS-CMS: magnets 

02/01/19 Methods in Experimental Particle Physics 7 



How muons are detected at LHC 
"  The calorimeters provide a “natural” muon filter; 
"  The magnetic field system. ATLAS and CMS have different approaches 

ATLAS: inner solenoid + outer toroids CMS: one solenoid inner + outer  
   (reversed direction) 02/01/19 Methods in Experimental Particle Physics 8 
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Figure 1.2: Cut-away view of the ATLAS inner detector.

The layout of the Inner Detector (ID) is illustrated in figure 1.2 and detailed in chapter 4. Its
basic parameters are summarised in table 1.2 (also see intrinsic accuracies in table 4.1). The ID is
immersed in a 2 T magnetic field generated by the central solenoid, which extends over a length of
5.3 m with a diameter of 2.5 m. The precision tracking detectors (pixels and SCT) cover the region
|h | < 2.5. In the barrel region, they are arranged on concentric cylinders around the beam axis
while in the end-cap regions they are located on disks perpendicular to the beam axis. The highest
granularity is achieved around the vertex region using silicon pixel detectors. The pixel layers are
segmented in R�f and z with typically three pixel layers crossed by each track. All pixel sensors
are identical and have a minimum pixel size in R�f⇥ z of 50⇥400 µm2. The intrinsic accuracies
in the barrel are 10 µm (R�f ) and 115 µm (z) and in the disks are 10 µm (R�f ) and 115 µm (R).
The pixel detector has approximately 80.4 million readout channels. For the SCT, eight strip layers
(four space points) are crossed by each track. In the barrel region, this detector uses small-angle
(40 mrad) stereo strips to measure both coordinates, with one set of strips in each layer parallel to
the beam direction, measuring R�f . They consist of two 6.4 cm long daisy-chained sensors with
a strip pitch of 80 µm. In the end-cap region, the detectors have a set of strips running radially and
a set of stereo strips at an angle of 40 mrad. The mean pitch of the strips is also approximately
80 µm. The intrinsic accuracies per module in the barrel are 17 µm (R�f ) and 580 µm (z) and in
the disks are 17 µm (R�f ) and 580 µm (R). The total number of readout channels in the SCT is
approximately 6.3 million.

A large number of hits (typically 36 per track) is provided by the 4 mm diameter straw tubes
of the TRT, which enables track-following up to |h | = 2.0. The TRT only provides R�f informa-
tion, for which it has an intrinsic accuracy of 130 µm per straw. In the barrel region, the straws are
parallel to the beam axis and are 144 cm long, with their wires divided into two halves, approxi-
mately at h = 0. In the end-cap region, the 37 cm long straws are arranged radially in wheels. The
total number of TRT readout channels is approximately 351,000.
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ATLAS-CMS: inner tracker 
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ATLAS-CMS: pixel 
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ATLAS-CMS: ECAL 
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ATLAS-CMS: HCAL 
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Figure 1.3: Cut-away view of the ATLAS calorimeter system.

Calorimeters must provide good containment for electromagnetic and hadronic showers, and
must also limit punch-through into the muon system. Hence, calorimeter depth is an important
design consideration. The total thickness of the EM calorimeter is > 22 radiation lengths (X0)
in the barrel and > 24 X0 in the end-caps. The approximate 9.7 interaction lengths (l ) of active
calorimeter in the barrel (10 l in the end-caps) are adequate to provide good resolution for high-
energy jets (see table 1.1). The total thickness, including 1.3 l from the outer support, is 11 l
at h = 0 and has been shown both by measurements and simulations to be sufficient to reduce
punch-through well below the irreducible level of prompt or decay muons. Together with the large
h-coverage, this thickness will also ensure a good Emiss

T measurement, which is important for many
physics signatures and in particular for SUSY particle searches.

1.3.1 LAr electromagnetic calorimeter

The EM calorimeter is divided into a barrel part (|h | < 1.475) and two end-cap components
(1.375 < |h | < 3.2), each housed in their own cryostat. The position of the central solenoid in
front of the EM calorimeter demands optimisation of the material in order to achieve the de-
sired calorimeter performance. As a consequence, the central solenoid and the LAr calorimeter
share a common vacuum vessel, thereby eliminating two vacuum walls. The barrel calorimeter
consists of two identical half-barrels, separated by a small gap (4 mm) at z = 0. Each end-cap
calorimeter is mechanically divided into two coaxial wheels: an outer wheel covering the region
1.375 < |h | < 2.5, and an inner wheel covering the region 2.5 < |h | < 3.2. The EM calorimeter is
a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates over its full
coverage. The accordion geometry provides complete f symmetry without azimuthal cracks. The
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ATLAS-CMS: calorimeters 
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ATLAS-CMS: muons 
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ATLAS-CMS: muon momentum resolutions 
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Figure 2.3: Barrel toroid as installed in the underground cavern; note the symmetry of the support-
ing structure. The temporary scaffolding and green platforms were removed once the installation
was complete. The scale is indicated by the person standing in between the two bottom coils.
Also visible are the stainless-steel rails carrying the barrel calorimeter with its embedded solenoid,
which await translation towards their final position in the centre of the detector.

The conductor and coil-winding technology is essentially the same in the barrel and end-cap
toroids; it is based on winding a pure Al-stabilised Nb/Ti/Cu conductor [13] into pancake-shaped
coils, followed by vacuum impregnation.

The cold-mass integration [14] and the cryostat integration [15] were performed at CERN
over a period of approximately three years, and were completed in summer 2005. In parallel, all
coils successfully underwent on-surface acceptance test procedures [16]. Cool down and testing
of the barrel toroid in the cavern took place in 2006. The cool down of the 360-tonne cold mass
to 4.6 K takes five weeks. The test programme included normal ramps, up to nominal current (in
2 hours) followed by either a slow dump (in 2 hours) or a fast dump (in 2 minutes) in the case
of a provoked quench. The ultimate test sequence that proved the system’s health is shown in
figure 2.4. The magnet current is raised in steps up to its nominal value of 20.5 kA and then finally
up to 21.0 kA, demonstrating the ability of the system to withstand at least an additional 500 A.
The current is then allowed to decay back to its design value; the magnet is finally turned off by a
deliberate fast dump. After re-cooling the cycle was repeated, demonstrating that no degradation
had occurred up to the nominal operating current. During a fast dump, triggered either manually or
by the quench detection system, the stored energy of 1.1 GJ is absorbed by the enthalpy of the cold
mass following the activation of four quench heaters per coil and in all eight coils, which forces
the entire magnet into the normal conducting state within less than two seconds. This leads to a
very safe global cold mass temperature of about 58 K and a hot-spot temperature in the windings of
about 85 K maximum. The uniform quench heating system also ensures that the internal voltage in
the toroid is kept at a low value of about 70 V. After a fast dump the magnet cooling system needs
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Figure 2.1: Geometry of magnet windings and
tile calorimeter steel. The eight barrel toroid
coils, with the end-cap coils interleaved are
visible. The solenoid winding lies inside the
calorimeter volume. The tile calorimeter is
modelled (section 2.2.2) by four layers with dif-
ferent magnetic properties, plus an outside re-
turn yoke. For the sake of clarity the forward
shielding disk (section 3.2) is not displayed.

Figure 2.2: Bare central solenoid in the factory
after completion of the coil winding.

phases. The cold-mass and cryostat integration work began in 2001. The first barrel toroid coil
was lowered in the cavern in fall 2004, immediately followed by the solenoid (embedded inside the
LAr barrel calorimeter). The remaining seven barrel-toroid coils were installed in 2004 and 2005,
and the end-cap toroids in the summer of 2007.

2.1.1 Central solenoid

The central solenoid [2] is displayed in figure 2.2, and its main parameters are listed in table 2.1.
It is designed to provide a 2 T axial field (1.998 T at the magnet’s centre at the nominal 7.730 kA
operational current). To achieve the desired calorimeter performance, the layout was carefully
optimised to keep the material thickness in front of the calorimeter as low as possible, resulting
in the solenoid assembly contributing a total of ⇠ 0.66 radiation lengths [9] at normal incidence.
This required, in particular, that the solenoid windings and LAr calorimeter share a common vac-
uum vessel, thereby eliminating two vacuum walls. An additional heat shield consisting of 2 mm
thick aluminium panels is installed between the solenoid and the inner wall of the cryostat. The
single-layer coil is wound with a high-strength Al-stabilised NbTi conductor, specially developed
to achieve a high field while optimising thickness, inside a 12 mm thick Al 5083 support cylin-
der. The inner and outer diameters of the solenoid are 2.46 m and 2.56 m and its axial length
is 5.8 m. The coil mass is 5.4 tonnes and the stored energy is 40 MJ. The stored-energy-to-mass
ratio of only 7.4 kJ/kg at nominal field [2] clearly demonstrates successful compliance with the
design requirement of an extremely light-weight structure. The flux is returned by the steel of the
ATLAS hadronic calorimeter and its girder structure (see figure 2.1). The solenoid is charged and
discharged in about 30 minutes. In the case of a quench, the stored energy is absorbed by the en-
thalpy of the cold mass which raises the cold mass temperature to a safe value of 120 K maximum.
Re-cooling to 4.5 K is achieved within one day.
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CMS 



ATLAS vs. CMS 
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�  Driven by the goal to achieve a high-
precision stand-alone momentum 
measurement of muons  “achieved using an 
arrangement of a small-radius thin-walled 
solenoid integrated into the cryostat of the 
barrel ECAL, surrounded by a system of 
three large air-core toroids, situated outside 
the ATLAS calorimeter systems, and 
generating the magnetic field for the muon 
spectrometer.”  

�  Electrons    
�  ECAL, and matching between the E,p 

measured by ECAL and tracker  
�  Also enhenced by ATLAS TRT’s ability to 

separate electrons from charged pions  
�  ATLAS solenoid is located just in front of the 

barrel ECAL, resulting in significant energy 
loss by electrons and photons in the material 
in front of the active ECAL  

�  HCAL is thick enough: good jet and missing 
ET measurement 

�  A single magnet with “a high magnetic field 
in the tracker volume for all precision 
momentum measurements, and a high 
enough return flux in the iron outside the 
magnet to provide a muon trigger and a 
second muon momentum measurement.”  

�  Invested in highest possible magnetic filed: 
4T " better tracking resolution than ATLAS  
�  Inner tracker consisting of all silicon 

detectors  
�  γ/Electrons " High resolution crystals, 

better than ATLAS  
�  The full EM  calorimetry and most of its 

hadronic alorimetry are situated inside the 
solenoid coil and therefore bathed in the 
strong 4 T magnetic field  

�  HCAL.The strong constraints imposed by 
the CMS solenoid have resulted in a barrel 
hadronic calorimeter with insufficient 
absorption (~ 7 absorption lengths). So a tail 
catcher (HO) has been added around the coil 
to complement the HB. But still, over-all, 
CMS jet resolution is worse than ATLAS.  



An important quest for pp experiments: the Trigger 

€ 

˙ N =σ totL ≈10−25cm2 ×1032÷34 cm−2s−1 =10MHz ÷1GHz

bunch crossing rate = 40 MHz 
! every b.c. contains at least 
an interaction (25/b.c. at max L) 

•  Technically impossible and  
physically not interesting to  
register all b.c.s 
•  Retain only “interesting” b.c. 

 ! TRIGGER = online decision: 
  take or reject the b.c. 

•  Decision has to be fast; 
•  Criteria have to be flexible and 
scalable; 
•  Thresholds have to be defined.  
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Let’s design an experiment - V 
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Momentum measurement 
Assume a uniform magnetic field B in a region of 

dimension L and a particle of trasverse momentum 
pT entering the region 

 
We define the “sagitta” s and suppose to measure it through 

3 points x1, x2 and x3: s = x2-(x1+x3)/2 
 
 
From s we get the transverse momentum, given the field B 

and the distance L between detectors 1 and 3 
The resolution on pT is:  
 
 
In case of N points rather than 3, the resolution is: 

€ 

pT GeV( ) = 0.3ρ m( )B T( )

€ 

s =
0.3BL2

8pT

€ 

σ pT( )
pT

=
3
2
σX

8pT
0.3BL2

€ 

σ pT( )
pT

=
720
N + 4

σX
pT

0.3BL2
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Spare slides 
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particle measurement : spectrometers 
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The Lorentz force bends a charged particle 
in a magnetic field ⇒ the particle 
momentum is computed from the 
measurement of a trajectory ℓ. Simple case: 

• track ⊥ B (or ℓ = projected trajectory); 

• B = constant; 
• ℓ ≪ R (i.e. α small, s ≪ R, arc ≈ chord); 
• then (p in GeV, B in T, ℓ R s in m) : 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

• e.g. B = 1 T, ℓ = 1.7 m, ∆s = 200 μm →  
 ∆p/p =1.6 × 10-3 p (GeV); 
• in general, from N points at equal 

distance along ℓ, each with error ε : 
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Resolution of energy measurements 
through e.m. calorimetry 
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�  In general the energy resolution of an e.m. calorimeter is 
given in terms of σ(E)/E. 

�  Main contributions: 
�  a/√E ! due to statistics: sampling fluctuations and/or number 

of photoelectrons fluctuations; 
�  b/E ! tipically due to the fluctuations of a constant 

contribution to the energy (e.g. pedestal, electronic noise,…) 
�  c ! constant term: due to systematics, calibration, 

containment. 
�  All three terms contribute. Normally c dominates at high 

energies, and a at low/intermediate energies. b is present 
only in specific cases. 



Electromagnetic calorimetry 
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