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Course Requirements 

•  ParCcipants will be given seminars/proceedings to review and 
asked to summarize/discuss in class (50%) 

– Will send an email this week with some suggesCons 

•  ARend BU HEE seminars and submit a 1‐page wriRen summary 
of any ONE of them (20%) 

–  Seminars start this week 

•   Plan to arrange a “mini‐conference” at the end of the semester 
where parCcipants will give a 15‐30 minute talk on a LHC 
subject of their choice (or something they learned during this 
course)  (30%)  



Overview 

Quote (mid 1980’s):  
“we think we know how to build a high energy, high luminosity hadron collider ‐ 
we don't have the technology to build a detector for it;” 

Material: 
1) Review arCcle:  
    D.Froidevaux & P. Sphicas, Annu. Rev. Nucl. Part. Sci. 2006, 56 375‐440 
2) Technological Challenges  for LHC experiments:    
hRp://indico.cern.ch/conferenceDisplay.py?confId=a042937 
3) ATLAS Experiment: hRp://atlas.web.cern.ch/Atlas/index.html 
4) CMS Experiment: hRp://cms.cern.ch/ 



Experimental Program history 
•  Series of accelerators with 

increasing energy and 
luminosity 

•  Hadron colliders 
–  “broadband” beams of 
quarks and gluons 

–  “search and discovery” and 
precision measurements 

•  Electron colliders 
–  “narrowband” beams, 

–   clean, targeted 
experiments and precision 
measurements 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–   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•  Most interesCng physics is due to 
hard collision of quark(s) or 
gluon(s) 

•  That producCon is central (and 
rare) and “jet” like 

•  Remaining “spectators” scaRer 
solly, products are distributed 
broadly about the beam line and 
dominate the average track 
density 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’85 – ’10  



The Challenge @ LHC 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Beam crossings: LEP, Tevatron & LHC 

•  LHC: ~3600 bunches (3564 bunches or 2808 filled bunches) 
•  And same length as LEP (27 km) 
•  Distance between bunches: 27km/3600=7.5m 

•  Distance between bunches in Cme: 7.5m/c=25ns 

Tevatron Run I 

Tevatron Run II 
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pp cross secCon and min. bias 
•  # of interacCons/crossing: 

•  InteracCons/s: 
•  Lum = 1034 cm–2s–1=107mb–1Hz 
•  σ(pp) = ~80 mb 

•  InteracCon Rate, R = 8x108 Hz! 
•  Events/beam crossing: 

•  Δt = 25 ns = 2.5x10–8 s 
•  InteracCons/crossing=20.0 

•  Not all p bunches are full 
•  2808 out of 3564 only 
•  InteracCons/”acCve” crossing = 20.0 x 3564/2835 = 25 

Summary of operaCng condiCons: 

     A “good” event (say containing a Higgs decay) + ~25 extra “bad” 
minimum bias interacCons 

σ(pp)≈80 mb




pp collisions at 14 TeV at 1034 cm‐2s‐1 

25 min bias  

events overlap 
•  H→ZZ 

     ( Z →µµ )


•  H→ 4 muons: 

    the cleanest 

     (“golden”) 
signature 

And this (not the H though…) repeats every 25 ns… 



Influence on detector design 
LHC detectors must: 

•   Have fast response 
•  Avoid integraCng over many bunch crossings (“pile‐up”) 

•  Typical response Cme : 20‐50 ns 

•  → integrate over 1‐2 bunch crossings → pile‐up of 25‐50 min‐bias 
events → very challenging readout electronics 

•   Must be highly granular  
•  Minimize probability that pile‐up parCcles be in the same detector 

element as interesCng object (e.g. γ from H → γγ decays) 

•  → large number of electronic channels  (‐> large cost) 

•   Must be radiaCon resistant:  
•  high flux of parCcles from pp collisions → high radiaCon environment e.g. 

in forward calorimeters: 

•  up to 1017 n/cm2 in 10 years of  LHC operaCon 

•  up to 107 Gy (1 Gy = unit of absorbed energy = 1 Joule/Kg) 



Pile‐up 

•  Long detector response/pulse shapes: 

•  “Out‐of‐Cme” pile‐up: lel‐over 
signals from interacCons in previous 
crossings 

•  Need “bunch‐crossing idenCficaCon” 

CMS ECAL 

In-time 
pulse


In+Out-of-time  
pulses 

super–   

impose 

•  “In‐Cme” pile‐up: parCcles from the same crossing but from a different pp 
interacCon 



Interactions every 25 ns … 
–  In 25 ns particles travel 7.5 m 

The challenge 



It starts with the Physics… 
•  What is the physics measurement 

that is driving the experiment? 
•  What are the final states – how 

will you measure them?   
     Examples include 

–  Pizero ID  
–  J/Psi  
–  Light quarks  
–  b and c quarks  

•  What level of precision are you 
aler? 
–  Precision has a cost; dollars, 
complexity, and readout speed 

Experiment Design 



Experiment Design 

It conCnues with the Physics… 

•  Can you select the physics process 
of interest?  

–  Separate your favorite signal 
from the literally billions of 
collisions that go on each day  

•  What is the event rate?   

–  Drives the data acquisiCon 
system  

–  How will you calibrate your 
detector?  

–  How will you measure the 
various detector efficiencies ? 

Process σ 
(nb) 

Production 
rates (Hz) 

Inelastic ~108 ~109 
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•  Event rates are  determined by 

–  Cross secCon σ  (physics) 
–  Luminosity [cm‐2s‐1] = N1N2f / A 

• N1N2= parCcles/bunch 
•  f = crossing frequency 
• A = area of beam at collision 

• Nevents= σ ∫ Ldt 
• Acceptance and efficiency of 
detectors 

•  Higher energy: threshold, staCsCcs 
•  Higher luminosity: staCsCcs 

Experiment Design 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Experiment Design 

•  Experiments in parCcle physics 
are based upon three basic 
measurements. 
–  Energy flow and direcCon: 
calorimetry 

–  ParCcle idenCficaCon 
(e,μ,π,K,ν…) 

–  ParCcle momentum: tracking 
in a magneCc field 

•  Ability to exploit increased 
energy and luminosity are driven 
by detector and informaCon 
handling technology.  

Fixed Target Geometry 

• Limited solid angle (dΩ) coverage  
• Easy access (cables, maintenance) 



Experiment Design 

•  Experiments in parCcle physics 
are based upon three basic 
measurements. 
–  Energy flow and direcCon: 
calorimetry 

–  ParCcle idenCficaCon 
(e,μ,π,K,ν…) 

–  ParCcle momentum: tracking 
in a magneCc field 

•  Ability to exploit increased 
energy and luminosity are driven 
by detector and informaCon 
handling technology.  

Collider Geometry 

• “full” solid angle dΩ coverage 
• Very restricted access 



Experiment Design 

•  Experiments in parCcle physics 
are based upon three basic 
measurements. 
–  Energy flow and direcCon: 
calorimetry 

–  ParCcle idenCficaCon 
(e,μ,π,K,ν…) 

–  ParCcle momentum: tracking 
in a magneCc field 

•  Ability to exploit increased 
energy and luminosity are driven 
by detector and informaCon 
handling technology.  

No single detector does it all… 
 → Create detector systems 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The energeCc electron radiates photons  
which convert to electron‐positron pairs  
which again radiate photons 
which ...  This is the electromagne+c shower. 

Let us have a look at interacCon of different parCcles with the same high energy 
(here 300 GeV) in a big block of iron: 

electron 

muon 

pion (or another 
hadron) 

The energeCc muon causes mostly just the 
ionizaCon ... 

The strongly interacCng pion collides with an iron nucleus,  
creates several new parCcles which interact again with iron 
 nuclei, create some new parCcles ...   
This is the hadronic shower.  
You can also see some muons from hadronic decays. 

Electrons and pions 
with their “children” 
are almost comple‐ 
tely absorbed in 
the sufficiently  
large iron block. 

1m 
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Here is the general strategy of a current detector to catch almost all parCcles: 

electron 

muon 

hadrons 

Tracker: Not much material, 
finely segmented detectors 
measure precise positions  
of points on tracks.  

Electromagnetic calorimeter:  
offers a material for electro- 
magnetic shower and measures  
the deposited energy. 

Hadronic calorimeter:  
offers a material for  
hadronic shower and 
measures the deposited energy. 

Muon detector:  
does not care about  
muon absorption and  
records muon tracks. 

Neutrinos escape without detection 

Magnetic field bends the tracks and  
helps to measure the momenta of particles. 
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All the detectors are wrapped around the beam pipe and around the collision 
point: here are a schemaCc and less schemaCc cut through ATLAS 

The Electromagnetic calorimeter The Tracker or Inner detector 

The Hadronic calorimeter The Muon detector 





Ideal Detectors 

An “ideal” parCcle detector would provide… 

• Coverage of full solid angle, no cracks, fine segmentaCon 
• Measurement of momentum and energy 
• DetecCon, tracking, and idenCficaCon of all parCcles (mass, charge) 
• Fast response: no dead Cme 

However, pracCcal limitaCons: Technology, Space, Budget, and engineering 
prevent perfecCon… 

End products 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Here is one of them… 

CMS 

15 m 

22 m 

Compact Muon Spectrometer  
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And another… 

ATLAS 

22 m 

44 m 

A Toroidal LHC ApparatuS  
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Growth of Detectors 

DØ, 1994, 351 
authors, 28 l high 

CMS,  2310 authors, 48 l high 
(14.6m) 

ATLAS, 20m high  



Experiments @ LHC 

•  ATLAS : A Toroidal LHC Apparatus (pp) 
•  CMS : Compact Muon Solenoid (pp) 
•  ALICE : A Large Ion Collider Experiment (Pb‐Pb) 

•  LHCb : LHC b‐physics (CP violaCon in B‐meson decays) 

Also: 

•  TOTEM (precision (1%) measurement of total cross secCon) 
•  LHCf (study of forward producCon of π0 s ) 

•  Moedal (search for magneCc monopoles) 



Physics Requirements 
Basic principle: need “general‐purpose” experiments covering as much 
 of the solid angle (4π) as possible  

 (we don’t know how new physics will manifest itself) 
•  Very good muon idenCficaCon and momentum measurement 

•  muon spectrometer + central tracker 
•  Momentum/charge of tracks and secondary verCces 

•  Powerful inner tracking systems (silicon + gas‐based detectors) 
•  Energy and posiCons of electrons and photons 

•  High energy resoluCon electromagneCc calorimetry  
•  Energy and posiCon of hadrons and jets  

•  Excellent hadronic calorimeters 
•  HermeCc calorimetry 

•  good missing ET resoluCon 
•  Affordable detector 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CMS 
Measurement of 
momentum in tracker and B 
return flux;  
Iron-core Solenoid 
Property: muon tracks point 
back to vertex 

ATLAS 
Standalone µ momentum 
measurement; safe for high 
multiplicities; 
3 Air-core toroids (+ central 
solenoid)  
Property: σp flat with η


Complementary RealizaCon 

solenoid


The Magnet Choice 
Key issue: measuring momenta of charged parCcles (eg muons) online 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θ


θ


R 

p 

p 

SagiRa s 

Units: Tesla, meter, GeV 

Momentum measurement 

Consider charged parCcle moving in a  
magneCc field 



ResoluCon on s determines resoluCon on p 

•  ds depends on resoluCon of tracking devices (technology!) 
•  10 µ (Si) – 100 µ (Dril) 

•  F is also determined by state of the art technology: 
large magnets with high fields (superconducCng) 

•  1 – 4 Tesla 

•  Large L beRer than high B, but the volume of the detector 
grows as L3 

•  1 – few Meters 

Need high BL2 or small ds 

Momentum measurement 



●  Ampere’s theorem: 2πrB~µ0nI→ nI=2x107 At 
●  With 8 coils, 2x2x30 turns: I=20kA (superC) 
●  Challenges: mechanics, 1.5GJ if quench, spaCal 
& alignment precision over large surface area 

●  B=µ0nI; @2168 turns/m→ 
I=20kA (SuperC) 

●  Challenges: 4‐layer winding to 
carry enough I, design of 
reinforced superC cable 

CMS: B=4T (E=2.7 GJ)  

R=3 m but  tracking only over 1.2 m ; s=0.22 mm Si tracking 

Design goal: measure 1 TeV muons with 10% resoluCon 

ATLAS: <B>~0.6T over 4.5 m → s=0.5mm → need σs=50µm


Magnet Choice 



Toroid (ATLAS): 

•  ResoluCon is flat in eta 

•  Does not benefit from the beam spot 
(~20µm @ LHC) 

•  Needs addiConal solenoid for internal track 
measurement (B=2T solenoid) 

Solenoid (CMS) 

•  Bending in transverse plane 

–  Benefits from the 20µm beam spot 
•  But 4T => cannot use PM tubes 

•  Iron core => mulCple scaRering 

•  But measurement much beRer when  

      combined with tracker 

Magnet Choice 



Muon idenCficaCon should be easy at L ~ 1034 cm‐2 s‐1 

•  Muons can be idenCfied inside jets 

•  b‐tagging, control efficiency of isolaCon cuts 

Factors that determine performance 

•  SelecCon online/rates 
•  rate from genuine muons (b,c  µX) is very high;  

⇒ must make a pT cut with very high efficiency 

‐‐ need flexible threshold (pT in the range 5 – 75 GeV) 

•  PaRern RecogniCon 
•  hits can be spoilt by correlated backgrounds (em showers, punchthrough) 
and uncorrelated ones (neutrons and associated photons) 

•  Momentum ResoluCon 

•  good chamber resoluCon (~ 100 µm) and good alignment 

•  for low momenta precision comes from inner tracking 

Muon System 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MD
T MD

T 

TGC 

RPC 

CSC 

Monitored Dril Tubes (|η| < 2)  
  with a single wire resoluCon of 80 μm 
  1194 chambers, 5500m2 
Cathode Strip Chambers (2 < |η| < 2.7) 
  at higher  parCcle fluxes 
  32 chambers, 27 m2 

Each detector has 3 staCons. 
Each staCon consists of 2‐4 layers. 

ResisCve Plate Chambers (|η| < 1.05) 
  with a good Cme resoluCon of 1 ns 
  1136 chambers, 3650 m2  
Thin Gap Chambers (1.05 < |η| < 2.4) 
   at higher parCcle fluxes 
  1584 chambers, 2900 m2 

Precision chambers  Trigger chambers 

ATLAS Muon Detectors 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CMS Muon Detectors 



Factors that determine performance 

•  Momentum resoluCon 
•  Track finding efficiency – occupancy 
•  Secondary vertex reconstrucCon 

SoluCons 
•  CMS : few, very accurate points 
•  ATLAS: conCnuous tracking 

Fluence over 10 years 

Tracking @ LHC 
Momentum resoluCon goal: Δ p/pT = 0.1 pT [TeV]  |η| <2 
(for narrow signals like H4µ, measure lepton charge upto ~2TeV,  
match calorimeter resoluCon…) 



ATLAS 

1.2m


3.5m


Pixels: ~ 2.3 m2 of silicon sensors, 140 M pixels, 50x300 µm2, r = 4, 10, 13 cm 
Si µ‐strips : 60 m2 of silicon sensors, 6 M strips, 4 pts, r = 30 ‐ 50 cm 
Straws TRT: 36 straws/track, Xe‐CO2‐CF4 φ=4mm, r = 56 ‐ 107 cm  

Trackers @ LHC 



CMS: Si pixels surrounded by silicon strip detectors 
Few, very precise and clean measurement layers 

Pixels: ~ 1 m2 of silicon sensors, 40 M pixels, 150x150 µm2 , r = 4, 7, 11 cm 
Si µ‐strips : 223 m2 of silicon sensors, 10 M strips, 12 pts, r = 20 – 120 cm 

Trackers @ LHC 



ATLAS  CMS 

Material in the trackers 



 ElectromagneCc calorimetry: 
 Energy and posiCon measurement of photons, electrons, positrons  
 e.m. showers thru Bremsstrahlung, pair creaCon, etc. 

a smaller for more samplings 
(cf. homogeneous calorimeters) 

Calorimeter depth determined by radiation length.  

[g cm-2] 

Granularity determined by Molière radius  
(lateral shower size) 

Calorimetry 



Hadronic Calorimetry 
•  hadrons 
Energy resoluCon scales as for e.m. calorimetry but with a  
typically larger 
Calorimeter depth determined by interacCon length 
Courser granularity than e.m. 

• jets 

Some examples 
of materials: 

X0 [cm] λint [cm] 

Fe 1.76 16.8 

Pb 0.56 17.0 

PbWO4 0.89 18.0 

Calorimetry 



Need excellent EM calorimeter resoluCon of electron/photons 
In several scenarios moderate mass narrow states decaying into 
photons or electrons are expected  

SM : intermediate mass H  γγ, H  Z Z*  4e

MSSM: h  γγ, H  γγ, H  Z Z*  4e


Higgs width is very narrow 
S/N directly proporConal to signal resoluCon 

In all cases the observed width  
(cf. signal over background)  
will be determined by the instrumental mass resoluCon. Need : 

 good e.m. energy resoluCon 
 good photon angular resoluCon 
 good two‐shower separaCon capability 

EM Calorimetry @ LHC 



Hadronic Calorimetry @ LHC 



ECAL: PbWO4 crystals 

HCAL 
Central Region (|η|<3) : Brass/ScinCllator with WLS fibre readout, 
projective geometry, granularity ΔηxΔφ = 0.0875x0.0875 
Forward Region (3<|η|<5): Fe/Quartz Fibre, Cerenkov light 

CMS Calorimeters 

σ/E = 100%/E + 5.0% GeV 

σ/E = 3%/E + 0.5% 



ECAL 

Accordion Pb/LAr

|η|<3.2, 3 samplings

S1: ΔηxΔφ = 0.025x0.1

S2: ΔηxΔφ = 0.025x0.025

S3: ΔηxΔφ = 0.05x0.025


HCAL

Barrel: Fe/Scintillator with 
WLS fibre readout

3 samplings - ΔηxΔφ = 0.1x0.1

Endcap: Fe/LAr

Forward: W/LAr

3.1<|η|<4.9

ΔηxΔφ = 0.2x0.2


4.9 

2.5 

ATLAS Calorimeters 

σ/E = 10%/E + 0.7% 

σ/E = 50%/E + 3.0% 
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ATLAS and CMS follow the same principles but differ in realizaCon: 

ATLAS  CMS 
Tracker or Inner 
Detector 

Silicon pixels, Silicon strips, 
TransiCon RadiaCon Tracker. 2T 
magneCc field 

Silicon pixels, Silicon strips. 
4T magneCc field 

ElectromagneCc 
calorimeter 

Lead plates as absorbers with 
liquid argon as the acCve medium 

Lead tungstate (PbWO4) 
crystals both absorb and 
respond by scinCllaCon 

Hadronic 
calorimeter 

Iron absorber with plasCc 
scinCllaCng Cles as detectors in 
central region, copper and 
tungsten absorber with liquid 
argon in forward regions. 

Stainless steel and copper 
absorber with plasCc 
scinCllaCng Cles as detectors 

Muon detector  Large air‐core toroid magnets with 
muon chamber form outer part of 
the whole ATLAS 

Muons measured already in 
the central field, further muon 
chambers inserted in the 
magnet return yoke 



 Tracking (|η|<2.5, B=2T) :  
 ‐‐ Si pixels and strips 
 ‐‐ TransiCon RadiaCon Detector (e/π separaCon) 

Calorimetry (|η|<5) : 
 ‐‐ EM : Pb‐Lar 
 ‐‐ HAD: Fe‐scinCllator (central), Cu/W‐LAr (fwd) 

Muon Spectrometer (|η|<2.7) : air‐core toroids  with muon chambers   

 Tracking (|η|<2.5, B=4T) :  Si pixels and strips 

 Calorimetry (|η|<5) : 
  ‐‐ EM : PbWO4 crystals 
  ‐‐ HAD: brass‐scinCllator (central+ end‐cap),  Fe‐Quartz (fwd) 

 Muon Spectrometer (|η|<2.5) : return yoke of solenoid instrumented   
 with muon chambers 

Overview 

ATLAS 

CMS 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ATLAS  CMS 

MAGNET (S) 
Air-core toroids + solenoid in inner part 
Calorimeters  outside field  
4 magnets 

Solenoid 
Calorimeters inside field 
1 magnet  

TRACKER 
Si pixels+ strips 
TRT → particle identification 
B=2T 
σ/pT ~ 5x10-4 pT ⊕ 0.01 

Si pixels + strips 
No particle identification 
B=4T   
σ/pT ~ 1.5x10-4 pT ⊕ 0.005 

EM CALO 
Pb-liquid argon 
σ/E ~ 10%/√E      uniform 
longitudinal segmentation 

PbWO4 crystals  
σ/E ~ 2-5%/√E 
no longitudinal segmentation 

MUON  Air →  σ/pT  < 10 % at 1 TeV 
standalone; larger acceptance 

Fe → σ/pT ~ 5% at 1 TeV 
combining with tracker 

HAD CALO Fe-scint.  + Cu-liquid argon (10 λ)  
σ/E ~ 50%/√E ⊕ 0.03  

Brass-scint.  (> 5.8 λ +catcher) 
σ/E ~ 100%/√E ⊕ 0.05 

Overview 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CMS Trivia/Pictures 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CMS Collaboration 

2310 Scientific Authors 
38 Countries 
175 Institutions 

CERN

France


Italy


UK


Switzerland


USA

Austria


Finland


Greece

Hungary


Belgium


Poland

Portugal


Spain

Pakistan


Georgia

Armenia

Ukraine
Uzbekistan


Cyprus

Croatia


China, PR
Turkey

Belarus


Estonia
India


Germany


Korea


Russia


Bulgaria


China (Taiwan)

Iran


Serbia

New-Zealand


Brazil


Ireland


1084

503

723


2310


Member States

Non-Member States

Total

USA


Nr of Scientific 

Authors


59

49


175


Member States


Total

USA


67 

Non-Member States


Number of

Laboratories


Mexico
 Colombia
Lithuania


Compact Muon Solenoid (CMS) 



•  Weighs about 12,500 tons 
–  Equal to 40 large airplanes 

•  Highlights of a few components: 
–  205 m2 of Silicon sensors (strips and pixels) 

•  93 million micro strips, 66 million pixels 
–  80,000 lead tungstate cyrstals 
–  One of the sub-detectors (HCAL) uses brass recovered from 

Russian artillery shells, weighs 500-tons and uses 80,000 
bolts to hold it together. 

–  think your 6MP digital camera taking 40 million pictures a 
second 

•  Approx 1 Terabyte/sec raw data rate from the CMS 
detector 
–  Recorded data capacity will be equivalent to CDs stacked at 

the rate of 20 km/year 

The CMS Detector @LHC 
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MUON BARREL


CALORIMETERS


Silicon Microstrips

Pixels


The image part with relationship ID rId1 
was not found in the file.

ECAL
 ScinCllaCng PbWO4

Crystals


 Cathode Strip Chambers (CSC)

ResisCve Plate Chambers (RPC) 

Dril Tube

Chambers (DT)
 ResisCve Plate


Chambers (RPC) 

The image part with relationship ID rId1 was not found 
in the file.

The image part with relationship ID 
rId1 was not found in the file.

SUPERCONDUCTING

COIL


IRON YOKE


TRACKERs

MUON


ENDCAPS


Total weight : 12,500 t

Overall diameter : 15 m

Overall length : 21.6 m

MagneCc field : 4 Tesla


HCAL

 PlasCc scinCllator
brass


sandwich


The image part with relationship ID rId1 was not found in the file.

The image part with relationship ID 
rId1 was not found in the file.

CMS Detector 

Conceived 1992 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And in reality…  

March 2007 

Hadron calorimeter being 
inserted 

magnet 

muon 
detectors 



29 Oct 08  Seminar, Goddard  58 

CMS Caverns 

“Phase 1”, walls 
70% complete

2002…


Waterproofing roof…
2002 

USC55 – June 2004 UCS55 – Fall 2004 UXC55 Construction 
UXC55 – Main Cavern 

Main Shaft into UXC55 

March 2005 

November 2005 
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Heavy Lowering 

•  13 Heavy Lowerings 
•  Masses between  

400 tons and 1920 
tons 

•  YE1 most difficult: 
Mass 1430 tons 

•  Nose of 465 tons 
out of plane of disk 
–center of gravity 
in front of the the 
plane.  

CMS is the first large HEP detector 
that has been assembled, cabled and 
tested on the surface and then 
brought underground 
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Assembly Hall – SX5 
2005-2006 



Solenoid 

12.5m 

6m 

•  diameter = 6 m (20 ft)  

•  Largest one ever built 

•  stores 2.7 GJ of energy 



Solenoid 

Insertion test 2002… 

Successful Insertion 2005… 



Muon System 

Muon: σ/pt = 1% @ 50GeV to 10% @ 1TeV 

• 25000 m2 of active detection 
planes 
•  1,000,000 electronic 
channels 
•  measures muon trajectory to 
100 µm at (up to) 44 points 
along the track. 
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Lowering into the cavern… 
Endcap disks: 
Jan. 2007 to Jan. 2008 

Barrel wheels: 
Jan. – Oct.  2007 

(1000‐2000 ton structures!) 



HCAL 
Had Barrel: HB

Had Endcaps: 
HE

Had Forward: 
HF

Had Outer: HO


HB


HE
HF


HO


Hadronic Calorimeter: Brass
+Scintillator 

   σ/E = 100%/E + 0.05 GeV 



HCAL 

HB


HE


•  brass for detector came from 
Russian artillery shells 

•  electronic signal is made by 
scintillating plastic 

•  4608 “towers” 
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HB – Feb, 2007 
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Lowering of YE-1 

January, 2008   

The last heavy element of 
CMS is lowered into the 
collision hall.  

The Silicon Strip Tracker, 
the Silicon Pixels and the 
endcap ECAL remain to be 
installed. 
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CMS Crystal ECAL 

Barrel production and installation 
completed 27 July 2007 

Endcap production complete and 
inserted 1 August 2008   

76K PbWO4 crystals for 
fine electron/photon 
energy measurements 

More crystals (in volume or 
number) than in all previous HEP 
experiments combined 

EM Calorimeter: PbWO4 crystals, σ/E = 
3%/E + 0.003, 25X0 



CMS Tracker 
•  tracker is made from silicon 

•  inner tracker; 76,000,000 channels 

•  forward tracker, 45,000,000 channels  

•  total area: 210 m2 

Tracker: Silicon pixels and strips,  
σ/pt = 1.5x10-4 pt + 0.005 
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Silicon Strip Tracker, Dec 2007 
Cabling completed March 2008  200 m2 of sensor 

coverage, 11M 
strips 

   (Charged 
    parCcle  
    tracking) 

10 Cmes more coverage than 
CDF silicon detector 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Installation of the Pixel System, August 2008 

A 66 megapixel “camera” ! 
Makes precise measurements  
of charged particle impact  
parameters to tag particles  
with a small but finite lifetime 



USLUO Oct. 2008  73 

Before Closure 
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Closure 



30 October 2008  The CMS Experiment ‐ SESAPS08 ‐ D.Acosta  75 

CMS Completed! 
August 25, 2008 – 16 years after its Letter of Intent 

75 

Ready for the LHC 



Next Class 



The Challenge 

Process σ 
(nb) 

Production 
rates (Hz) 

Inelastic ~108 ~109 

5×105 5×106 

15 100 
 2   20 
 1 10 

 0.05   0.1 
 0.05  0.1 
 0.05  0.1 
 10-3 10-2 

The Solution ? 

The Challenge @ LHC 


