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Lecture Objectives

CMS Data Analysis School  September 11, 2012 2

¸ Explain what kind of detector should one build to explore 

electroweak symmetry breaking and search for new 

physics beyond the Standard Model.

üThe Answer: CMS!

ïBut we will discuss how it is  designed and  why it works

¸ Present the basic information about the detector do you 

need to help you to understand how to analyze the data.

¸ Explain why  the  CMS detector will need to be upgraded 

to keep it able to look for new physics as the luminosity of 

LHC is increased well beyond the original design

üWill just touch this topic, which is now very HOT

üIt may well be in your future to work on the upgrade



A Detector to Study Electroweak Physics and 

Look Beyond the Standard Model at the Terascale

¸ There are many models of how Electroweak symmetry 
breaking can be  accomplished
ÁEven within the Standard Model, there are a variety of possible 

decay modes for the Higgs boson, depending on its mass

¸ There are many candidates for new (unknown)  physics
Á Supersymmetry

Á New interactions, e.g. Technicolor

Á Extra dimensions

Á Right-handed gauge bosons  (broken left-right symmetric models)

ÁMany, many more é. 

¸ A ñ discovery detectorò, also called a ñgeneral purpose 
detectorò  at LHC must be able to study all these topics 
and separate the interesting events from a much larger 
background of uninteresting stuff that has the nasty 
habit of mimicking  new physics and misleading us
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How can we do this? 

General Principles
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¸ Heavy objects decay into lighter objects
ÁThe ñlighter objectsò are the particles of the Standard Model

üPhotons, electrons, muons, leptons, jets (light quarks u,d, s  
and gluons)- especially ñb-jetsò, ñcharm jetsò, ñtopò, Ws, and Zs

ïOnly a few particles are stable enough to be measured directly: 
e, , , plus some hadrons: pions, kaons, protons, neutrons

üPartons, the quarks and gluons, reveal themselves as 
collimated bursts of particles  called ñjetsò so identifying jets 
and measuring their angles and energy becomes important

Á It is a requirement for finding new physics to be able to 
measure all the known SM objects

¸ Particles may leave the detector without interacting 
ÁNeutrinos are known SM particles that do that all the time

ÁThere may be NEW massive  weakly interacting particles that 
behave similarly

ÁThese can be ñdetectedò by observing missing transverse 
energy , ñMETò, so it is a requirement to be able to detect it 



The Standard Model ñElementary Particlesò
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¸ The physics objects are
Á Charged leptons: electrons (e), muons ( ), taus 

( )

Á Neutral leptons: three flavors of neutrinos ( ) 

and their corresponding antineutrinos

Á The quarks: u,d,s,c,b,t and the corresponding 

antiquarks

Á The gauge bosons: photon ( ), the W, Z, and 8 

gluons

Our ñperiodic tableò!!

The hadrons, here a proton, 
are composite particles of 
quarks  and gluons



Simple to Detect vsComplex to Detect  

ñElementaryò Objects
¸ Three objects are particles that are stable or long lived (survive traversal of 

the typical detector): e

Á Some hadrons, which are composites of quarks (antiquarks), are long 

lived and can be tracked -- charged pion and kaon, proton, and antiproton

¸ The others are more complex and decay into the more stable objects

Á The W and Z gauge bosons

Á Quarks and Gluons

ü Top and bottom quarks

Á Tau leptons

Á Neutrinos

¸ Signals for new physics should emerge from

Á Combinations of these objects (mass bump or ñexcessò)

ÁNew objects that are different from the ñnormalò ones

¸ Backgrounds come from similar combinations due to known 

physics, random combinations of objects, or either of the above 

with various misidentified objects due to detector limitations
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Physics from Objects, e.g. Higgs
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¸ All new signals are expected to decay into some combination of 

these SM physics objects

¸ All ñknownò or ñnormalò  processes will also have these objects 

in their final states, leading to backgrounds to physics searches,

Excluded 

by LEP



The New Boson
¸ Came from a search for a ñlight Higgsò

Á But is it really the SM Higgs?

¸ The final states where the signal is seen are also expected decay 

modes of the ñlight Higgsò

ÁThey were seen in the ñhigh resolutionò modes so far

¸ But in order for it to be ñthe Standard Model Higgsò , all the branching 

fractions must agree with predictions so all the capabilities needed for 

the Higgs search will be needed also into the indefinite future 

(relevant to upgrades) to reach high precision in all modes
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Decay Mode SM Branching Fraction

HĄ b b 80%

HĄW*W 10%

HĄ 8%

HĄ Z*Z 1%

HĄ 0.2%

Åbb  difficult due to large 

QCD dijet background

ÅWW and have missing 

neutrinosĄ poor mass 

resolution

ÅZZ* and will have best 

mass measurements



Physics from Objects, e.g.  SUSY

¸ Search for Supersymmetry at the LHC in Events with Jets and Missing 

Transverse Energy

¸ Search for supersymmetry in pp collisions at sã=7 TeV in events with a 

single lepton, jets, and missing transverse momentum

¸ Inclusive search for squarks and gluinos in pp collisions at sã = 7 TeV

¸ Search for Supersymmetry in Events with b Jets and Missing 

Transverse Momentum at the LHC

¸ Search for Physics Beyond the Standard Model Using Multilepton

Signatures in pp Collisions at sã =7 TeV 
Á at least 3 leptons and any number of jets

¸ Search for supersymmetry in events with a lepton, a photon, and large 

missing transverse energy in pp collisions at sã = 7 TeV

¸ Search for Neutral Minimal Supersymmetric Standard Model Higgs 

Bosons Decaying to Tau Pairs in pp Collisions at sã=7 TeV

¸ Search for Physics Beyond the Standard Model in Opposite-sign 

Dilepton Events in pp Collisions at sã = 7 TeV
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Production Cross Sections at the LHC
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Supersymmetry ~ 1Hz

Detectable Higgs

production ~ 1 milliHz .

Inelastic background 
events produced at a 
rate of 1 GHz.

ÅCross sections and background estimates 
(measured, calculated) tell us what 
minimum energy and luminosity we need 
from the colliding beams and therefore what 
the detector must be able to handle

ÅProduction dynamics determine the range 
of energies and angles we need to measure

ñCMSò values of cross sections

http://cmsdoc.cern.ch/cms/PRS/

gentools/www/xsec/cmsxsec.html

For Higgs: https://cms.web.cern.ch/org/higgs

JETS

http://cmsdoc.cern.ch/cms/PRS/g
http://cmsdoc.cern.ch/cms/PRS/g
http://cmsdoc.cern.ch/cms/PRS/g


Luminosity

¸ Each beam consists ~1350 (2808) bunches  

a few cm long, 50 (25)ns apart

¸ To maximize the interaction rate
Á Maximize the number of particles per  bunch

Á Minimize spatial extent of each bunch

Á Donôt hit at angle ïhit them square on

¸ But at a given luminosity, fewer  bunches

Ąmore interactions /bunch 
Á Several interactions/bunch is a challenge as they are all superimposed

ü This is called ñpileupò [exps (accel) like  low (high) pileup]
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The quantity ñLuminosityò captures these ideas in one number. It has units of  cm-2s-1. 
The number of interactions =  Luminosity  x cross section (cm2) x run time(s)

One fb-1 ~ 1014 (100 trillion) inelastic collisions

LHC design L=1034 cm-2 s-1, ~40 (20)  interactions/crossing, 50 (25) ns

After CM energy,  luminosity is the most important parameter that defines 
the physics reach of a machine

Luminosity calculator:  http://lpc.web.cern.ch/lpc/lumi.html



Typical Events and Hard Scatters

¸ The typical inelastic  event is mostly +, -, and s (which decay 

immediately to 2 photons) in ~ equal amounts. These are distributed 

with a relatively flat rapidity distribution, with about 6 tracks/unit of 

rapidity and reasonably small average PT~0.150 GeV/c

üSo ~30 tracks in the  = ±2.5 of CMS

ü Less than 100 GeV of energy is deposited in the central region

üAbout 500 GeV is deposited in the interval = 3 to 5

üThese constitute the ñpileupò events, many of which are 

superimposed on the occasional ñhard scatterò we want to study

ïPileup of 20 Ą 600 tracks and 600 photons

üThey also contribute to the ñradiation damageò of the detector

üAll the rest of the energy, ~> 6 TeV, goes forward or backward 

near or in the beam pipe

¸ These events, often called ñminimum biasò,  are not interesting for 

addressing Electroweak physics or Beyond the Standard Model Physics

ÁIdeally,  ñminimum biasò includes the whole inelastic cross section. 

In reality, it is affected by the trigger hardware that produces it. 
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The Nature of Hard  Collisions

CMS Data Analysis School  September 11, 2012 13

A proton is a ñbagò containing partons:  3 ñvalenceò quarks (u, u, d) and a 
whole spectrum of gluons, and virtual quark-antiquark pairs, called the ñseaò.

The partons are described by Parton Distribution Functions (PDF)s:

fj(x)= probability density for having a parton of type j with fraction x of the 
protonôs momentum

ñHardò collisions between a parton ñaò in one proton and a parton ñbò in the 
other proton occur with probabilities given by the cross sections and  PDFs:

At large x, u dominates over d. 

At x<0.2, the gluon is dominant

Higher total energy allows the collisions of 
lower ñxò partons, that are more abundant, 
to have enough energy in the parton- parton 
CM to make heavy objects. 

Cross sections are higher than at lower energy 
machines

10 x

)(Ĕ)()()( //
,

cXabxfxfdxdxcXpp bpbapaba
ba

http://hepdata.cedar.ac.uk/pdf/pdf3.html

The proton having M~1GeV, there is little intrinsic 

transverse momentum in the initial state



A Hard Scattering
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Incoming parton,bIncoming parton, a

,c

,d

Since parton a and parton b will rarely have the same energy, the 
center of mass of the parton-parton collision is moving in the proton-
proton center of mass (corresponding to the collider lab frame)

The final state topology has four partons (jets), the two from the hard 
scatter and the two ñbeam fragmentsò 

Fragmented beamFragmented beam

Outgoing Parton, c

Outgoing Parton, d 



Production Kinematics - 1
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Since PT is limited but  PL varies greatly, we need special variables that transform well 
under a Lorentz boost to handle a center of mass with very different energies. E and p donôt 
work well, but (E+PL) and (E-PL) do (light cone variables)
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A boost of simply adds Y to the rapidity of every particle and any 
rapidity interval is  unchanged by a boost

This suggests using as a variable, the ñrapidityò



Production Kinematics - 2
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For relativistic particles, ~1, the momentum drops out, only depends on angle. This 
new variable is called the ñpseudorapidityò, . 

Since yô= y + YB, the ñspanò of a object y = y1-y2 is independent of CM 
motion of the 2 colliding partonsĄcentral to definition of a ñjetò
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A spectrometer that covers  

2 in azimuthal angle and

down to 100 on each end in

polar angle, covers 98% of

the full solid angle. It will 
accept the light decay 
products of heavy objects2.5



Production Kinematics - 3
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¸ What angular coverage is necessary?

Á Heavy objects are produced more 

ñcentrallyò e.g. y(or )~ 0 so will not be 

moving too fast in the lab.

Á Light decay products are emitted over a 

large range of lab angles and momenta

Á A good Pt measurement at large polar 

angles requires a B field parallel to the 

beam axis. For forward particles requires a 

B field perpendicular to the beam axis

ü In practice must choose!!!

Á You do not gain much solid angle 

coverage for light decay products by going 

to small polar angles  (d = sin d d

Á The small angles, being closest to the 

beams and the forward burst of energy, are 

least likely to be useful.

The total rapidity interval is 
limited and depends on the 
mass of the object produced

Y=0 corresponds to head on 
collisions at 
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Heavy objects are produced more centrally, so the detector should 
do the best  job of instrumenting the central region!!!

ãs M(GeV/c2)

0.140 100 350 1000

1.96 9.5 3.0 1.7 0.7

7.0 10.8 4.2 3.0 1.9

14.0 11.5 4.9 3.7 2.6



Transverse Momentum
¸ There is little transverse momentum in the initial state 

¸ Transverse momentum in the final state comes from

Á The hard scattering process or

Á The decay of some heavy object made by the collision

¸ Transverse momentum is also invariant to a longitudinal boost
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(B in Tesla, L and r in m, PT in GeV/c, N = number of tracking Layers)

If r ~ 50-100 m,BL2 must be around 3-4 T-m2

(For a solenoid)

Detector should measure well Pt , (polar angle), azimuthal angle) 

How well do we have to measure it? Suppose an extreme case- a  2 TeV
object decaying into two particles  (ZôĄ

+ -), then, PT~1TeV/c x sin 

Suppose we want PT to ~10% in this extreme case



Complex Objects: Jets and Missing Et
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Jets are large deposits of energy in  
~small regions of y and :

2

21

2

212,1 )()(R

7.0,5.0axisjet   ,iR

To include a track or calorimeter energy 
deposit in a jet:

Total area of plot shown is  ~62.8, so ~0.1, ~0.1 for calorimeter 
segmentation should be adequate even to resolve several jets in event 

MET  is the negative the vector sum of all the transverse  components of 
observed energy including any muons. It Indicates the presence of weakly 
interacting particles, usually  neutrinos, but possibly new exotic objects that 
interact only weakly. 

The focus is on the transverse energy because an unknown amount of 
longitudinal energy may be lost down the beam. If the angular coverage is 
sufficient, missing components will not contribute much to the missing 
transverse energy



Complex Objects: Zôs and Wôs

¸ Z has a mass of (91.2 GeV/c2)

Á It decays into 

ü the easily reconstructible states e+e-, + -

ü + - (harder due to missing neutrinos)

ü Two jets

ü Two neutrinos ïsignified by large missing ET

¸ The W has a mass of (80.4 GeV/c2)

Á It decays into

ü e, , or plus the corresponding flavor of  neutrino
ï The neutrino results in MET and because of the 2-body decay the lepton has a 

characteristic PT distribution  (Jacobian peak at ½ x MW.

ü Two quark jets 

¸ In addition to be a possible daughter particle of the decay of a heavy object, 

Zôs and Wôs  are very useful as a standard candle for calibrating many 

systems. The ZĄ e+e-, + - are especially useful since the whole momentum 

can be reconstructed.
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Mw/2



b-quark jets
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¸ Methods for discrimination

Á Impact parameter based

ü Track counting high 

efficiency

ü Track counting high purity

ü Jet probability

ü Jet B probability

Á Secondary vertices

ü Simple secondary vertex

ü Combined secondary vertex

Á Lepton based algorithms

ü Soft muon by PTrel

ü Soft muon by IP signficance

ü Soft electron

Á Combined algorithm

ü Combined MVA

Discriminants of b jets from light quark

or gluon jets based on 

Á Long lifetime of b-hadrons in them 

Á = 1.512 x 10-12 s, c = 455.4 m

Á High masses 

Á High fraction of semi-leptonic decays

Á ~10% e, (and from charm)

Á Hard fragmentation

L c

~1/

L

L/ L ~ independent of p of B

Impact parameter ~1/2 c independent of p

Impact

parameter



Top 
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¸ Top has a mass of ~175GeV/c2. 

¸ Top decays before it has time to hadronize (due to high mass) into 
W+ a ñb-quarkò because Vtb ~ 1 ïA2 4 ~ 1

ü If the W decays leptonically, 

ïtĄ lepton(e, ) + neutrino + b-jet

ÅExperimental signature includes MET

ü If the W decays hadronically

ÅtĄ two light quark jets + b-jet

ÅNo MET

üW mass constraint helps constrain the neutrino momentum and thus 

the top kinematics

¸ Tops are produced in pairs by strong interaction or singly in EW 

¸ Top may be ñdaughter particlesò in the decays of new states

¸ Top provides a good source of b-jets for calibrations

Á ñEstimation of the b-tagging efficiency é. on Top di-lepton events with  2011 

dataò



Tau leptons
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¸ Tau leptons either decay into 

Á a charged lepton ( or e) and its corresponding antineutrino; or

Á A tau neutrino and a hadronic state, which then  typically decays 

into charged and neutral pions and kaons of relatively low 

multiplicity, sometimes with observable resonance behavior in the 

invariant mass of the hadrons 

Á Isolated small clusters of hadrons at large Pt are tau letpon

candidates and can be distinguished from gluon or quark jets 

which typically have much higher multiplicity

Á If the taus are produced in the signal in pairs the topology (e or ) + 

hadrons is a powerful signature of the pair

Á The event topology also features 

ümissing ET from the neutrinos and 

ü charged tracks which might have an observable impact 

parameter  (useful?)



Tau leptons (continued)
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¸ Tau lepton decay modes with hadrons in CMS. ñhò can be either a pion

or kaon. The collection of modes is called  h.  A tau  pair consists of

Á one leptonic decay into either electron or muon and neutrinos and one 

hadronic decay is called  e h or h , respectively.

Á two leptonic decays resulting in the e final state

Decay mode Reson-

ance

Mass

(MeV/c2)

Branching

Fraction (%)

- h- 11.6

- h- 0  - 770 26.0

- h- 0 0 a1
- 1200 9.5

- h- h+h- a1
- 1200 9.8

- h- h+h- 0 4.8

¸ Tau leptons are being used successfully as objects in the search for the 

SM model Higgs and for MSSM Higgs where their production would be 

enhanced



Isolation
¸ Since hard processes produce large angles between the final 

state partons and the beam remnant jets stay close to the beam 

line, the objects we are interested in for our studies are usually 

well separated or ñisolatedò from other objects in the event

¸ Isolation is applied by drawing a cone around the object of 

interest in space; adding up the extra ET in the cone 

(exclusive of the ET of the candidate); and rejecting the object if 

the ñextra ETò is more than a certain fraction of the ET of the 

candidate

¸ Example of isolation: discriminating an isolated muon from a W 

from a muon coming from the semileptonic decay inside a b-jet  
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Isolated

Muon

Non-Isolated muon 
from semi-leptonic
decay inside a b-jet



The Challenge Ahead - Pileup
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Pileup 
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¸ The LHC has excellent performance, but 

with 50 ns rather than 25 ns bunch 

spacing, instantaneous luminosity  

~7.5 1033cm-2s-1

Á Average pileup has now increased to above 

30

¸ The pileup affects physics performance of 

isolation, Jet energy, Missing ET, confuses  

the trigger and causes execution times in 

the trigger and analysis to grow

¸ Physics performance was maintained by:

Á Changing triggers

Á Improving reconstruction algorithm to 

distinguish vertices  with ȹZ>1mm

Á Correcting jet energies by subtracting the 

average expected pile up energy

Á Developing pile-up safe variables for lepton 

isolation and identification

Á Careful evaluation of the MET

v3

v4

IsoMu24_<PF<jet30_PFJet25_Deta3_CentralPFJET25



CMS - The Compact Muon Solenoid 
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Tracker

Electromagnetic and 
hadronic
calorimeters.

4T Solenoid Magnet

Muon Chambers



CMS - The Compact Muon Solenoid 

29

(4T) 210 m2 of silicon 
sensors: 9.6M (Str) & 
66M (Pix) channels

PbWO4 crystals (76K)

Scintillator/brass

Iron / Quartz fiber 
fwd calorimeter, 
3<| |<5; 

+ Castor,   
5<| |<6.55

+ Zero Degree 
Calorimeter

Cathode Strip 
Chambers, 

Drift Tubes, 
Resistive Plates

2 planes of silicon 
modules for ECAL
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CMS Design Features
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¸ Very large solenoid ï
6m diameter x 13 m long

¸ Tracking and calorimetry fits 
inside the solenoid
Á particles measured before they pass 

through the solenoid coil and cryostat, 
which would degrade their resolution

¸ Very strong field ï3.8 T
Á Excellent momentum resolution

Á Coils up soft charged particles

¸ Tracking chambers in the return iron 
track and identify muons
Á This makes the system very compact

Á Weight of CMS is dominated by all the 
steel and is 14,000 Tonnes

¸ A lead tungstate crystal calorimeter 
(~76K crystals) for photon and 
electron reconstruction

¸ Hadron calorimeters for jet and 
missing Et reconstruction (provides 
coverage to ~5)

ÅCharged Particle Tracking is based       
on all-silicon components

ÁA silicon pixel detector out to radius ~ 20 
cm

ÁA silicon microstrip detector from there out 
to 1.1 m

ÁSmall pitch gives CMS excellent charged 
particle tracking and primary and secondary 
reconstruction

ÁHigh segmentation results in very low 
occupancy

ÁSilicon detectors are very radiation hard

Muon momentum is measured in the 
muon system but the best resolution 
comes from associating a silicon track, 
which has excellent momentum 
resolution ,with the  muon track and 
doing a full fit. Challenge is to do this 
with high pileup Ą fine pitchĄ low 
occupancy, MAJOR DIFFERENCE 
BETWEEN ATLAS AND CMS. It is why 
CMS  isñcompactò



CMS Slice
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CMS Solenoid
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¸ Solenoid has the features described above
Á Large acceptance in the most promising region

Á Bends charged particles, allowing tracker to 

measure the transverse momentum. Optimal for 

measuring Pt in central region

¸ 3.8 T magnet at 4o K

¸ 6 m diameter and 12.5 m long (largest ever built)

¸ 220 t (including 6 t of NbTi)

¸ Stores 2.7 GJ ð equivalent to 1300 lbs of TNT



CMS Tracker
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¸ All silicon tracker 

Á 3 layers of 100x150 m2 pixels: radii = 4.4cm, 7.3 cm, 10.3 cm 

üPrecision vertex ïprimary and secondary ïreconstruction

üñseedsò the pattern recognition

Á 10 layers of silicon strips with ~100 m pitch, from r =25 cm to 110 cm

üMeasures the momentum

üPrecision matching of charged tracks to calorimeters and muon

detectors

üFour layers are ñdouble sidedò ïtwo back to back ladders with an 

azimuthal and small angle stereo view

¸ Entire system at -10oC which improves radiation tolerance by a factor of 

100 compared to 25oC

68M pixels and 10M strips

produces low occupancy.

Detector can function well in

high pileup environment



The CMS Pixel System

CMS Data Analysis School  September 11, 2012 34

~60 cm



Completed Tracker
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TOB

6 layers

TIB

4 layers

TEC 

ñpetalò
2300 square feet of silicon!!!!! 

detectors, 11 million strips



Tracking System Performance
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Calorimetry
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¸ Particles shower in calorimeter creating other particles which 
shower and so on until no more energy is left

¸ The created charged particles produce light via scintillation or 
Cherenkov mechanisms which can be collected and is proportional 
to the original particle energy

C
E

N

E

S

E

E)(

Passive heavy material

Active material (scintillator)

Scintillator

Sampling or Homogenous

Calorimeters

Resolution:

Sampling + Stochastic term 

(shower fluctuation + statistics

Constant term: 

calibration, 

temperature 

dependence, é
Noise term



CMS ECAL
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¸ Photons and electrons shower 
in high Z material

¸ Homogenous calorimeter

¸ Lead tungstate (PbWO4) 
crystals: 2.3 x 2.3 x 23 cm3

Á ~76,000  crystals

¸ Radiation hard, dense, and fast

¸ Magnetic field and radiation 
require novel electronics APD 
and VPT

2

222

%)3.0(
12.0%5.2

EEE

x = 0.0174 x 0.0174



Higgs to 2 photons (H Ÿ )
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Simulated HŸ with MH=120 GeV 

as observed in the CMS detector

Excellent calorimeter provides ~1 

GeV mass resolution which allows 

a peak to be seen

H<<1 GeV so resolution COUNTS

Ąe+e- very similar to HĄ .



CMS HCAL
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¸ Sampling calorimeter

¸ Brass absorber from Russian artillery 

shells (non-magnetic)

¸ Scintillating tiles with wavelength 

shifting (WLS) fiber

¸ WLS fiber is fed into a hybrid photo-diode 

(HPD) for light yield measurement

¸ Tower size is  0.087x0.087



HadronCalorimeter Performance
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Muonsystems
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¸ Muons interact less than other charged particles
Á Place detectors after material and what comes through is a muon candidate

¸ Add B field in steel and tracking to find momentum at trigger level  and link with 

main tracker

¸ 14000 tonnes of iron absorber and solenoid flux return

¸ Three tracking technologies: Drift Tube (Barrel), Resistive Plate Chamber 

(Barrel, Endcap), and Cathode Strip Chamber (Endcap)

Á Each pseudorapidity interval is covered by two of these subsystems



MuonSystem Performance
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¸ Tracker Muon (TM): silicon track with at least one matched muon segment

¸ Standalone muon (STA): fits to hits and segments in muon system alone

¸ Global Muon (GLB): combined fit to tracker and muon hits

¸ Tight muons: global plus tracker plus additional requirements

Sculpting of 

background 

due to trigger


