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OutlineOutlineOutline

• Units and orders of magnitude
• Ionization and dE/dx, Multiple 

Scattering
• Photon interactions

• Photoelectric effect
• Compton scattering
• Pair Production

• Electron interactions
• Bremsstrahlung
• Critical energy
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Fundamental ConstantsFundamental ConstantsFundamental Constants
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Properties of MaterialsProperties of MaterialsProperties of Materials

Z/A ~ ½
V ~ A ~ a3

σI ~ A2/3

[Noρ/A]<L>σ = 1

[# targets(nuclei)/volume]
longitudinal distance (transverse distance2)
ρ<L> = A/σ
          ~ A1/3

dE/d(ρx) ~ 1.5 MeV/(gm/cm2)
ρXo ~ 1/Z
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Properties of MaterialsProperties of MaterialsProperties of Materials

Table 1: Physical properties of some materials used in calorimeters.

Z ρ
g.cm-3

I/Z

eV

(1/ρ)dT/dx

MeV/g.cm-3

ε
MeV

X0

cm

λint

cm
C 6 2.2 12.3 1.85 103 ˜ 19 38.1

Al 13 2.7 12.3 1.63 47 8.9 39.4

Fe 26 7.87 10.7 1.49 24 1.76 16.8

Cu 29 8.96 1.40 ˜ 20 1.43 15.1

W 74 19.3 1.14 ˜ 8.1 0.35 9.6

Pb 82 11.35 10.0 1.14 6.9 0.56 17.1

U 92 18.7 9.56 1.10 6.2 0.32 10.5

Ionization energy
~ Eo = 13.6 eV
critical energy ~ 1/Z
Xo ~ (A/Z)(1/Z) ~ 1/Z
<L> ~ A1/3/ρ
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Energy, Size, CouplingEnergy, Size, CouplingEnergy, Size, Coupling
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Eo =− mc2 α 2 / 2 (Table 1.1, Rydberg)

mec
2 = 0.51MeV ,Eo =13.6eV

Electromagnetic and Strong Coupling

ao ~ λ/α = 0.56 Angstroms
En = Eo/n

2

an = ao/n
2

Amplitude ~ α

Binding Energy ~ α2
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Atoms - Ionization Energy and SizeAtoms Atoms -- Ionization Energy and SizeIonization Energy and Size

n = 1,  l = 0 ml = 1 spin = 2
n = 2,  l = 0,  2 states
            l = 1, 6 states   [ (2l+1)2 ]

metals � noble gases

centrifugal repulsive potential
U ~ L2/r2

Lower l fills first

Metals “see” 1 e of charge (closed shell)

Lightly bound, E ~ 1/n2, a ~ n2
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Cross SectionsCross SectionsCross Sections
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Nuclear vs EM Cross SectionsNuclear Nuclear vsvs EM Cross SectionsEM Cross Sections
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Ionization and dE/dxIonization and Ionization and dE/dxdE/dx

• Coulomb Collisions
• Multiple Scattering
• “Radiation” Length
• Recoil Energy Distribution
• dE/dx
• Minimum Ionizing Particles
• Range and Momentum
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Coulomb ScatteringCoulomb ScatteringCoulomb Scattering
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Multiple ScatteringMultiple ScatteringMultiple Scattering
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Multiple Scattering - IIMultiple Scattering Multiple Scattering -- IIII
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Recoil Energy DistributionRecoil Energy DistributionRecoil Energy Distribution
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Energy Loss in ScatteringEnergy Loss in ScatteringEnergy Loss in Scattering
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dE/dx and Momentum - MIPdE/dxdE/dx and Momentum and Momentum -- MIPMIP

dx

dT

Tpdx

dE
M

p
T

~
1

~
1

~

2

2
1

2

=

2

2

2
~

1
~

p

M

dx

dE I

β



UTeV, Nov., 2004 18

Range and MomentumRange and MomentumRange and Momentum
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Range and Incident ChargeRange and Incident ChargeRange and Incident Charge

if ∆pT ~ F(b)∆t ~ zα
then dE/dx ~ z2(Z/A)
i.e. 1, 4, 9,   bubble density

slow down toward the end of range
multiple scattering has θ ~ 1/pβ
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Photon InteractionsPhoton InteractionsPhoton Interactions

• Cross section as a function of photon 
energy

• Photoelectric Effect
• Thompson Scattering
• Relativistic Photon Scattering
• Compton Effect
• Pair Production by Photons
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Photon Cross SectionsPhoton Cross SectionsPhoton Cross Sections

There are 3 regimes and a strong Z dependence
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Photoelectric EffectPhotoelectric EffectPhotoelectric Effect
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The inner e “see” the full electron charge Z
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Photoelectric Effect - IIPhotoelectric Effect Photoelectric Effect -- IIII
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Photon Mean Free PathPhoton Mean Free PathPhoton Mean Free Path

Dominated by the photoeffect

Z5 and 1/ω7/2

Thompson/Compton ~ constant ρ<L>
Energy independent

Pair production goes as Xo ~ 1/Z
Energy independent
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Photon - e ScatteringPhoton Photon -- e Scatteringe Scattering
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Compton Scattering - KinematicsCompton Scattering Compton Scattering -- KinematicsKinematics
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Pair ProductionPair ProductionPair Production

γγγγ + Z --> e+e- + Z                                e + Z --> e + Z + γγγγ

Pair Production and Bremsstrahlung are topologically similar. 

Defer the cross section discussion until radiation by charged 
particles in accelerated motion.

isolated photon cannot “decay” into an e+e- pairunaccelerated e cannot radiate a photon
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Electron InteractionsElectron InteractionsElectron Interactions

• Radiation in relativistic motion
• Linear and Circular acceleration
• Angular distributions
• Bremsstrahlung as the scattering off 

virtual photons of the target by the 
projectile

• Radiation length
• Critical energy
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Relativistic RadiationRelativistic RadiationRelativistic Radiation
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Angular DistributionsAngular DistributionsAngular Distributions
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Linear Acceleration                         Synchrotron Radiation -
Circular

dipole tips forward at high γ

complex in general but
<θ> ~ 1/γ  - “searchlight effect”

� calorimetry is approximately 1 dimensional
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BremsstrahlungBremsstrahlungBremsstrahlung
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The Thompson scattering 
of the virtual quanta of 
the target by the projectile

in a Coulomb collision we can decompose the fields
of a charged particle into a distribution of
“virtual quanta”

but coherent!

Recall dε ~ α/β2[ln( )](Z2)

coherent because the nucleus ~ 1 fm is small on the scale of the
projectile deBroglie wavelength. Thus no phase change over
nucleus, amplitude ~ Z, cross section ~ Z2
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Radiation LengthRadiation LengthRadiation Length
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Look at the photon cross section table

It is the projectile because that
acceleration cause the radiation
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Critical Energy - Ionization and 
Bremsstrahlung

Critical Energy Critical Energy -- Ionization and Ionization and 
BremsstrahlungBremsstrahlung
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3π
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 
  

~165MeV / Z

radiation rises with E (relativity)
(Zα) coherence vs coupling
ionization transfers energy to the atomic e
radiation accelerates the projectile

incoherent ionization – 2 vertices
coherent bremss – 3 vertice
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Critical Energy Critical Energy Critical Energy 

1/E[dE/dx] ~ 1/Xo

Ec ~ 7 MeV

Pb

~ 1/Z behavior of Ec

EM cascade stops multiplying at Ec
and begins to die out by ionization
and photoeffect.
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Critical Energy for 
Muons

Critical Energy for Critical Energy for 
MuonsMuons

Another process
e + Z � e + Z + “γ” � e + Z + e+e-
σpair ~ σB

Same forces on µ and e
But accel ~ 1/m
And radiation  ~ a2

So much less muon radiation

Ec ~ (mP
2)

So if 24 MeV for e on Fe
Then ~ (200)*(200) or ~ 1 TeV
For muon



UTeV, Nov., 2004 36

EM CalorimetryEM CalorimetryEM Calorimetry

• Basic parameters
• The EM Cascade
• Energy Resolution
• Sampling Fluctuations
• Nobel Liquids - Pulse Formation
• Crystals
• Transverse Size
• Leakage
• Calibration
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Basic ParametersBasic ParametersBasic Parameters
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EM CascadeEM CascadeEM Cascade

Bremss + Pair � multiplication
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Simple EM Cascade ModelSimple EM Cascade ModelSimple EM Cascade Model
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Geometric growth of cascade

L = total path length
      of all tracks in the shower

e.g. 1 GeV e in Pb
Nmax ~ 140

Ignore Fluctuations:

But for initial interaction point
<L> = Xo
σ = Xo

And energy sharing of daughters
- goes from 0 to full parent
- energy, = ½  on average

n. b. calorimetry is linear - non trivial 
ears, eyes, dynamic range   
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EM Showers - Energy DepositEM Showers EM Showers -- Energy DepositEnergy Deposit

After shower maximum there is
No more particle multiplication
But
Ec ~ 7 MeV in Pb
e – ionize
photons Compton scatter
or photoeffect  ( γ � e )

ultimately the shower dies off
� energy deposit is due to soft e
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Stochastic Term - dE/EStochastic Term Stochastic Term -- dEdE/E/E
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E,g, 1 GeV e in Pb
dE/E ~ 8 % due to
statistical fluctuations

1 GeV e in Pb
tmax ~ 5

Individual showers ~ profile smeared by
+- Xo due to first interaction point fluctuations
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Sampling CalorimetrySampling CalorimetrySampling Calorimetry
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Shower develops in high Z inert plates
Shower is sampled in low Z detectors
(scintillator, gas chambers, Si, noble liquids, crystals)

e.g. Pb with  0.5 Xo thick samples.
      dE/E ~ 6%/√ E
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Scint-WLS CalorScintScint --WLS WLS CalorCalor
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Sampling - IISampling Sampling -- IIII

∆ ∆

∆

t t

E E t Section

E E

MS

MS S C

S C

→ / cos

~ ( / ) ~ ( )

     ~ ( / )

θ

θ
π

1 5

a W
E E

W E E E

samp

MS

W

~ ( )

/ ( )

1

1

2

−
+



























= +

−







∆

∆

δ
θ

δ δ

cos

Shower is not simply 1 – d
Energy is deposited by soft tracks
Multiple scattering is large, θMS ~ 1
� effective plate thickness is increased

If sampling fraction becomes large
The assumption of development solely
In the samples breaks down

A 6%/√ E stochastic term is possible
With fine sampling and a large
Sampling fraction
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Sampling Fraction and dE/ESampling Fraction and Sampling Fraction and dEdE/E/E

Data points on precision EM calorimeters

Scintillating Fibers can be fine grained
And have a large sampling fraction, f
Good resolution is achievable with SciFi
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Nobel Liquids for CalorimetersNobel Liquids for CalorimetersNobel Liquids for Calorimeters

LAr LKr LXe
___________________________________________________________

Density  g/cm3 1.39 2.45 3.06
Radiation Length  cm 14.3 4.76 2.77
Moliere Radius     cm 7.3 4.7 4.1
Fano Factor 0.11 0.06 0.05
Scintillation Properties
Photons/MeV - 1.9 104 2.6.104 
Decay Const.   Fast ns 6.5 2 2
                      Slow ns 1100 85 22
% light in fast component 8 1 77
λ peak nm 130 150 175
Refractive Index @ 170nm 1.29 1.41 1.60
Ionization Properties
W value  eV 23.3 20.5 15.6
Drift vel (10kV/cm) cm/µs 0.5 0.5 0.3
Dielectric Constant 1.51 1.66 1.95
Temperature at triple pointK 84 116 161

Ionization in noble liquids
Typical is parallel plate
Ionization chamber
e.g. D0, ATLAS, ….

Charge collection time
Is defined by the drift velocity
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Pulse FormationPulse FormationPulse Formation
Q = CV

U = CV2/2 = Q2/2C ~ QV
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Parallel plate gap

U = stored energy

Field E does work on the
Charge q(t) in the gap
Which moved with drift velocity vd

Charge Q is induced on the
electrodes. vd  = µE. I ~ q.

µ = vd/E
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Pulse Formation - IIPulse Formation Pulse Formation -- IIII

q(t) = qs 1−
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Pulse FormationPulse FormationPulse Formation

d

V        Q       I

q(t) xo
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LA Pulse ShapingLA Pulse ShapingLA Pulse Shaping

I ~
Q ~ t2

Bipolar pulse shaping
Risetime due to source/cable
Capacity

Fast rise time pulse shaped
Followed by long drift time

If d ~ 1 mm, then τ ~ 200 nsec
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ATLAS - LAATLAS ATLAS -- LALA
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Energy Resolution - LAEnergy Resolution Energy Resolution -- LALA

ATLAS

dE/E is ~ 1.2 % at 100 GeV

Constant term, dE/E = b, due to
Non-uniformity of the medium
Controlled here to ~ 0.3 %
An issue with large volume
Detectors, controlling uniformity
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Xtals - Fully ActiveXtalsXtals -- Fully ActiveFully Active

A*

A
Eg

CB

VB

Xtal is transparent to it’s emissions

Uses activators, e,g, Thallium in NaU

Trap on activator quickly
For fast light output.
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PbWO4 Array - Test BeamPbWO4 Array PbWO4 Array -- Test BeamTest Beam
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Energy Resolution -
Xtals

Energy Resolution Energy Resolution --
XtalsXtals

e.g. PbWO4 – CMS

fully active devices have no 
sampling
fluctuations. However, there 
is
noise and photon statistics, 
and
collection non-uniformity.

dE/E ~ 0.7 % at 100 GeV
even though stochastic
coefficient is only ~ 2.3 %
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ECALECALECAL
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Xtals and CalorimetryXtalsXtals and and CalorimetryCalorimetry

Crystal NaI(Tl) CsI(Tl) CsI BaF
2

BGO CeF
3

PbWO
4

Density        g.cm-2 3.67 4.51 4.51 4.89 7.13 6.16 8.28

Rad. length      cm 2.59 1.85 1.85 2.06 1.12 1.68 0.89

Moliére radius  cm 4.5 3.8 3.8 3.4 2.4 2.6 2.2

Int. length        cm 41.4 36.5 36.5 29.9 22.0 25.9 22.4

Decay Time      ns 250 1000 35

6

630

0.9

300 10-30 <20>

Peak emission  nm 410 565 420

310

300

220

480 310-
340

425

Rel. Light Yield  % 100 45 5.6

2.3

21

2.7

9 10 0.7

d(LY)/dT      %/0C ˜ 0 0.3 - 0.6 - 2

˜ 0

- 1.6 0.15 -1.9

Refractive Index 1.85 1.80 1.80 1.56 2.20 1.68 2.16

Dense – compact – fast – good photon yield – stable
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Transverse Size -
Moliere

Transverse Size Transverse Size --
MoliereMoliere
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Physics

Multiple Scattering

E M  s h o w e r  is  w e l l  lo c a l iz e d  t r a n s v e rs e ly

F in d  e  p o s i t io n  u s in g  e n e rg y  c e n t ro id  to

A  f ra c t io n  o f  th e  M o l ie re  ra d iu s  –  (2 -5 c m )

In  c r y s ta ls
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Transverse Size and DepthTransverse Size and DepthTransverse Size and Depth

n.b logarithmic plot

shower easily contained in 1 Xo
~ 0.56 cm in Pb

the shower widens as the depth
increases since <θ(t)> ~ Es/ε(t)
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Leakage Energy and DepthLeakage Energy and DepthLeakage Energy and Depth

Any EM calorimeter is of finite length
Recall tmax ~ y
� fluctuations hurt because energy lost
in leakage fluctuates

gets worse with E
@ 20 Xo total depth � 2% @ 50 GeV
this dE/E would dominate all other
error sources for CMS � deeper crystals
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Muon CalibrationMuon CalibrationMuon Calibration
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Calibrate the EM calorimeter in a test beam
With e of variable energy.

Use muons from cosmics or π � µν from beam
Puts a M.I.P. in each sample
e.g. 96 individually read out samples.
n.b. 15, 50 GeV muons give ~ dE/dx
        recall the relativistic rise in
        ionization energy is a small effect
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Hadronic CalorimetryHadronicHadronic CalorimetryCalorimetry

• Basic Parameters
• Hadronic Cascade
• Profiles
• Individual Cascades and Neutral Clusters
• Sampling Fluctuations
• Non-Compensation
• Transverse Size
• Energy Leakage
• Calibration
• Radiation Damage
• Neutrons
• Standard Model and Detectors
• Intrinsic Limitations – Jets and Missing Energy
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Basic ParametersBasic ParametersBasic Parameters

π + , π − ,π 0

GeVp

mp

hT

eEMT

4.0~

~

200 GeV π p Interaction

Note large multiplicity
And small angle production
� limited PT
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Basic Parameters - IIBasic Parameters Basic Parameters -- IIII

ETH ~2mπ = 0.28GeV

N N E

X

f
o I

o

~ ~ ln

/

/

λ <<
=

1

1 3

Threshold for π multiplication
π p � π π p

Basis of EM/HAD separation

Neutral fraction

Multiplicity of secondary pions
Depends only on log of energy
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Hadronic CascadeHadronicHadronic CascadeCascade
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Simple Model, <N> = 3
Ignore fluctuations in multiplicity,
Energy sharing, and interaction
Points

� 1

Neutrals are quickly absorbed.
Charged pions transport energy of shower
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Hadronic Cascade - IIHadronicHadronic Cascade Cascade -- IIII

Simplified model for a hadronic cascade developed
by a 250 GeV incident pion.

Generation

v

ε(v)

GeV N±(v) No(v)

Eo(v)

(GeV)

0 250 1 0 0

1 28 6 3 84

2 3.1 36 18 56

3 0.35 216 108 38

178 GeV

fo = 1/3,“fo” = 0.71

Ignore energy deposited by charged pions

Total path length ~ [∑N+-]λ

Energy lost in ionization =
Path length * dE/dx  ~ 49.6 GeV
Ionization fraction ~ 0.2

Ignore binding 
energy and nuclear 
fragments
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Hadronic Cascade - IIIHadronicHadronic Cascade Cascade -- IIIIII

Monte Carlo Models

fo = πo / (π+πoπ-) ~ 1/3

In EM cascade, PT ~ Me and
nuclei are inert
In hadron cascade, PT ~ 400 MeV
And nuclei are disrupted
B ~ 8 MeV/nucleon
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Hadron Showers, LongitudinalHadron Showers, LongitudinalHadron Showers, Longitudinal

Falloff with  length scale λ
~ 15 cm in Cu

as E �, νmax �
νmax [ln(<N>)] = ln(E/ETH)]

ex. E = 250 GeV, <N> = 8
νmax ~ 3.3
Fewer generations than EM
And lower cascade multiplicity
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Profiles and CascadesProfiles and CascadesProfiles and Cascades

dE

E
 
 

 
 =

uae− u

Γ(a +1)
fo du +

ω ce−ω

Γ(c +1)
(1− fo )dω 

  
 
  

ω = dv,d ~ 1 (Eq. 11.7)

10 20 30 40 50 60 70 80 90
10

-1

10
0

10
1

10
2

Profile with an EM (Xo)
and a hadronic (λ) conponent

Profile in calorimeter and
Profile with interaction point
Subtracted. � see EM in first
Interaction of cascade, later
Generations washed out by
Fluctuations
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Individual Cascades, ClustersIndividual Cascades, ClustersIndividual Cascades, Clusters

96 layers of sampling
each read out by a phototube

large fluctuations are seen
w.r.t. the smooth profile

hadron shower must be understood
event by event because the fluctuations
are large in a hadron shower

Pb calorimeter with Xo/λ ~ 30
EM shower contained in ~ 6 samples
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Energy ResolutionEnergy ResolutionEnergy Resolution

dE / E =a / E ⊕ b ≡ a2 / E +b2

ah / ae ~ ETH / EC (Section11)

~6

ETH ~ 280 MeV
Ec ~ 7 MeV

� expect ~ 50 % stochastic coefficient

in addition, there are fluctuations between
ionization/binding/photons and interaction
multiplicity/neutral fraction
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Sampling FluctuationsSampling FluctuationsSampling Fluctuations

The stochastic coefficient scales
roughly as sqrt of sample thickness
as expected, but with a non-zero
intercept. Sampling fluctuations
are not the full story.
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dE/E and HCALdEdE/E and HCAL/E and HCAL

80% stochastic coefficient +
4% constant term

Is the device inhomogeneous?
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Sampling Uniformity and dE/ESampling Uniformity and Sampling Uniformity and dEdE/E/E

Relation of constant term to the
r.m.s. of the sampling medium
(scintillator tiles)

� constant term < 3 %
since uniformity < 7 %
was achieved
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HCAL : HE and HBHCAL : HE and HBHCAL : HE and HB

HE HB



UTeV, Nov., 2004 76

CMS HB CalorimeterCMS HB CalorimeterCMS HB Calorimeter
Sampling calorimeter:   brass (passive)  &  scintillator (active)
Coverage: |η|<1.3
Depth:               5.8 λint (at η=0) segmentation:φ x η =
π resolution: ~ 120 %/                             0.087x0.087
Completed & assembled 17 layers longitudinally,          

φ x η = 4 x 16 towers

20o

E

φ
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Completed, assembled, 
HE-1 installed

Sampling calorimeter:   brass (passive)  &  scintillator (active)
Coverage: 1.3<|η|<3
Depth: 10 λint segmentation: φ x η =
π resolution: ~ 120%/                           0.087x0.087E

20o

19 layers 
longitudinally  

CMS HE CalorimeterCMS HE CalorimeterCMS HE Calorimeter
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Optical Design for CMS HCALsOptical Design for CMS Optical Design for CMS HCALsHCALs

Common Technology for HB, HE, HO
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Tile/WLS Fiber CalorimetryTile/WLS Fiber Tile/WLS Fiber CalorimetryCalorimetry
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HCAL HCAL -- Tiles in Lab5Tiles in Lab5
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PPP1 and PPP2 at CERNPPP1 and PPP2 at CERNPPP1 and PPP2 at CERN
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HCAL - PPP1, ScintillatorHCAL HCAL -- PPP1, ScintillatorPPP1, Scintillator

• absorber done in industry to FNAL      
design

•scintillator done in Lab5 

•wedge assembled at CERN
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Non-CompensationNonNon --CompensationCompensation
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What if the medium responds differently
to EM shower (e) and the hadron
cascade (h) ? Recall ionization,
binding and nuclear fragments

Typically a medium responds to EM
More efficiently than HAD because of
Time delay in fragments and loss of
Neutron energy to the sampling.

Fluctuations in the neutral fraction
Induce a “constant term” in the
Energy resolution dE/E

If e/h = 1.2, then a 6.8 % constant
Term is induced.

n.b. not “constant”
at high energies, as “fo” � 1,
“dfo” � 0 and dE/E � 0
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Quartz Samples and dE/EQuartz Samples and Quartz Samples and dEdE/E/E

Quartz calorimeter responds to
Cerenkov light of fast e in the EM
part of the shower. h ~ 0.
dE/E ~ “dfo”/”fo”
Expect resolution determined by
Neutral fluctuations. Note the
ln(E) behavior.



UTeV, Nov., 2004 85

Non-Compensation - IINonNon --Compensation Compensation -- IIII

At low energy, e/h decreases.
As E � ETH ~ 280 MeV from
above, e/h falls even for devices
designed to have e/h ~ 1 for
E > 5 GeV. Intrinsic physics
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dE/E and e/hdEdE/E and e/h/E and e/h

U/scint can be made compensating

Fe/scint is typically not compensating
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Fe HCAL and e/hFe HCAL and e/hFe HCAL and e/h
Non - linearity due to 
non-compensation

ππππ = e”fo” + h(1-”fo”)

e = e

ππππ/e = 1 + (1-”fo”)(h/e-1)

if e/h=1 then ππππ/e =1

if “fo”-->1 then ππππ/e --> 1

if e/h>1 then ππππ/e  < 1

if “fo” = fo = 1/3 and  e/h 
= 1.4, then ππππ/e = 0.81 
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Evading “Mixed Media”Evading Evading ““ Mixed MediaMixed Media ””

If you identify energy as hadronic, you can correct for non-linearity 
due to different ECAL and HCAL materials but not non-
compensation.

Works over a large energy range. Still dfo and e/h > 1 cause dE.
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Fe HCAL and e/hFe HCAL and e/hFe HCAL and e/h

Fe calorimeter
Fit to non-linearity
using a parametrized
“fo(E)”.
Find that e/h ~ 1.4 for Fe
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Transverse SizeTransverse SizeTransverse Size
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Expect that a hadron shower
Has a transverse size ~ λ

EM

Hadronic

rM ~ 2 cm for crystals
λ ~ 15 cm for Cu
EM showers are transversely
smaller than hadronic showers
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Transverse Size - IITransverse Size Transverse Size -- IIII

Transverse distribution has
A EM “core” and a hadronic
“tail” – 2 components

n.b. there are 2 distance scales,
one ~ rM  and the other ~ λ.
Data is integrated over all
depths in the shower
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Energy LeakageEnergy LeakageEnergy Leakage

For 95 % containment, the
Fluctuation in the leakage is
� 5 %.

With  7 λ total depth, single pions are
� 95 % contained for energies < 100 GeV
As the LHC is a 7 TeV + 7 TeV machine,
That is a bit thin.
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CMS - Leakage and “Catcher”CMS CMS -- Leakage and Leakage and ““ CatcherCatcher ””

CMS outer calorimetry
300 Gev pions
“exit weighting” to
oversample late developing showers

4 λ

7 λ
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dE/E and Energy 
Leakage

dEdE/E and Energy /E and Energy 
LeakageLeakage

Leakage “tails” are reduced
By adding in the outer calorimeter
With suitable relative weights.
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Intrinsic Neutrino “Leakage”Intrinsic Neutrino Intrinsic Neutrino ““ LeakageLeakage ””

“punch through” displays a length scale
~ λ except for very deep into high
energy showers.

There is a component that does not fall off
rapidly in depth and which has a fraction
which rises rapidly with energy.

1 % at 300 GeV

due to π � µ ν decays of cascade pions

n.b. earth’s atmosphere -
We live at the bottom of a very diffuse
 ~ 10  λ calorimeter – the atmosphere.
Cosmic ray muons supply the background
dose of ~ 0.2 rad/yr natural background
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Muons and Single SamplesMuons and Single SamplesMuons and Single Samples

Single scint tile test
1.3 p.e./MIP

exp[-<N>] = 1 - ε

<N> = 3 is 95 % efficient



UTeV, Nov., 2004 97

Muons in Sampling 
Calorimeters

Muons in Sampling Muons in Sampling 
CalorimetersCalorimeters

Muon calibration for the full
HCAL in depth
<Eµ> ~ 3 GeV
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Pulse Formation - BiasPulse Formation Pulse Formation -- BiasBias

300 micron R9814032
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Backscatter in B FieldBackscatter in B FieldBackscatter in B Field
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Scintillator and B FieldsScintillator and B FieldsScintillator and B Fields

Scintillators get brighter in B fields

For B perpendicular to sampling plates,
π, e, µ, γ all show ~ 6 % increase

The effect saturates for B > 2 T
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HCAL and e/ ππππ in B FieldsHCAL and e/HCAL and e/ ππππππππ in B Fieldsin B Fields

For B parallel to the sampling plates,
π, e, µ, γ all show different effects.
µ, γ show only the 6 % brightening
e show ~ 20% increased response,
while 100 GeV π show ~ 10% increase –
after correcting for brightening

π are < e since “fo” < 1.
Recall shower energy deposited by
soft e in the EM clusters. Foe Ec ~ 7 MeV,
the radius of curvature is ~ 7.7. mm
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HCAL - Path Length/LoopersHCAL HCAL -- Path Length/Path Length/ LoopersLoopers

Increased path length gives increased light.
This competes with “loopers” if there is a
gap between the plate and the scint

Can tune the effect out by playing
“loopers” off against path length –
but there are open spaces in the
calorimeter which is inefficient

n.b. mm scale
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LHC - Radiation FieldsLHC LHC -- Radiation FieldsRadiation Fields

dose < 10 Mrad over the
lifetime of the LHC

note the large n background
inherent in pp machines

dose ~ exp(3η)
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LHC - HCAL DoseLHC LHC -- HCAL DoseHCAL Dose
HCAL dose is monotonic, falling
From max in ECAL with length
Scale ~ λ. The dose is due to soft
pions, PT ~ 0.4 GeV, η ~ 3, P ~ 4 GeV
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Scintillator - Dose/DamageScintillator Scintillator -- Dose/DamageDose/Damage

Scintillator under irradiation forms
Color centers which reduce the
Collected light output (transmission loss).

LY ~ exp[-D/Do], Do ~ 4 Mrad
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HCAL - Raddam and z SamplingHCAL HCAL -- RaddamRaddam and z Samplingand z Sampling

Solve Radiation Damage with Longitudinal Segmentation

Independent calibration and readout of
Each distinct segment.

For HCAL, at 5 Mrad maximum, dE/E goes from
10% � 2 % with 2 � 3 compartments
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HF detectorHF detectorHF detector

HAD (143 cm)

EM (165 cm)

5mm
To cope with high radiation levels (>1 
Grad accumulated in 10 years) the 
active part is  Quartz fibers: the 
energy measured through the 
Cerenkov light generated by shower 
particles.

Iron calorimeter 
Covers  5 > ηηηη > 3 
Total of 1728 towers, i.e.
2 x 432 towers for EM and HAD
ηηηη x φφφφ segmentation (0.175 x 0.175)
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Fibers in the HF 
absorber

Fibers in the HF Fibers in the HF 
absorberabsorber
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HF Fiber stuffing at 
CERN

HF Fiber stuffing at HF Fiber stuffing at 
CERNCERN
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NeutronsNeutronsNeutrons

Nn ~ 5 E GeV( )[ ]

Tn ~1 MeV

Recall hadrons disrupt the medium

For 100 GeV pion, there are ~ 500 n near
hadron shower maximum with Tn ~ 1 MeV
[ B ~ 8 MeV/nucleon] , slow down and
escape � sea of soft n at the LHC
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Neutron DetectionNeutron DetectionNeutron Detection

A − 1

A + 1
 
 

 
 

2

≤
T

Tn

≤ 1

Recall billiards: off cushion  - T/Tn ~ 1
                           Off cue – T/Tn � 0

n.b. scintillator sampling “eats” the n
exothermic reactions to detect thermal n

S wave unitarity

Geometric cross section



UTeV, Nov., 2004 112

Standard ModelStandard ModelStandard Model

The Basic Constituents of the “Standard Model”

Generations
*

Q

CHARGE

MATTER

(SPIN 1/2)+



















d

u

v

e

e





















s

c

vµ

µ



















b

t

vτ

τ










−










3/1

3/2

0

1 LEPTONS

QUARKS

QUANTA FORCE COUPLING # QUANTA SYMBOL

INTERACTIONS

(SPIN 1)

Gluons

Photons

Weak Bosons

Strong

EM

Weak 2

2

2

ww

ss

ga

ea

ga

=

=

= 8

1

3

G

γ

W-  Zo  W+

* Units are electron charge e .
+ Units are ℏ .

αs

α

α
W

g
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SM - Detection, IDSM SM -- Detection, IDDetection, ID

Detection/Identification Methods

SIGNATURE DETECTOR PARTICLE
Jet of Hadrons

oλ

Calorimeter u, c, Wbt →

d, s, b

g

“Missing” Energy Calorimeter τµ vvvc ,,

Electromagnetic Shower, Xo
Calorimeter e, evW →,γ

Only Ionization Interactions,

dE/dx

Muon Absorber

µµ
µτµ

→
→

Z

vv,

Decay with mc µτ 100≥ Si Tracking c,b,τ
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Detector SubsystemsDetector SubsystemsDetector Subsystems

Particle
type

Tracking ECAL HCAL Muon

γγγγ

e

µµµµ

Jet

Et
miss
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HCAL + ECAL and Particle IDHCAL + ECAL and Particle IDHCAL + ECAL and Particle ID

e, µµµµ, ππππ

in

“ECAL” + 
HCAL
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Jets and CalorimetryJets and CalorimetryJets and Calorimetry

Jets

If quarks have Pt ~ 0, then final state
Is (2 body) “back to back”

η

η = -ln[tan(θ/2)]

ϕ
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W --> e + νννν and CalorimetryW W ----> e + > e + νννννννν and Calorimetryand Calorimetry

W � e ν

MW ~ 2 Pt ~ 80 GeV

EM Calor (e) + HCAL (missing Et)
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Calorimeters and NeutrinosCalorimeters and NeutrinosCalorimeters and Neutrinos

Missing Et is a global variable

dE/E ~ a/√∑(Et)
summed over all Et in the event
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Intrinsic LimitationsIntrinsic LimitationsIntrinsic Limitations

Transverse size set by shower extent, either 
Xo or λ -> limit to tower size.

Longitudinal depth set by containment to ~ 
10 λ. Limit on depth set by jet leakage.

Speed needs to be fast enough to identify 
bunch crossing (25 ns/LHC ; 12.5 
ns/SLHC)

Jet resolution limited by FSR at LHC, not 
calorimeter energy resolution.
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CMS HB Pulse ShapeCMS HB Pulse ShapeCMS HB Pulse Shape
100 GeV electrons. 25ns bins. Each histo is average 
pulse shape, phased +1ns to LHC clock

12 ns difference between circled histo’s� no 
problem with bunch ID
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HF Cerenkov Calorimeter Pulse ShapeHF HF CerenkovCerenkov Calorimeter Pulse ShapeCalorimeter Pulse Shape

25 ns

CMS HF 
Calorimeter 
2003 Test Beam

Intrinsically 
very fast
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Effects of Final State 
Radiation

Effects of Final State Effects of Final State 
RadiationRadiation

No detector simulation Full detector simulation

Z’s at the LHC in “CMS” detector
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LHC – CMS Study of 
FSR

LHC LHC –– CMS Study of CMS Study of 
FSRFSR

MJJ/Mo plots for

dijets in CMS with and

without FSR. The 

dominant effect of FSR

is clear.

The d(M/Mo)/(M/Mo)

rms rises from 

~ 11% to ~ 19%, the 

distribution shifts to

smaller M/Mo,  and a

radiative low mass tail 

becomes evident.

dM/M

M/Mo
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Hadron Collider- Dijet dM/MHadron ColliderHadron Collider -- Dijet Dijet dMdM/M/M

A series of Monte Carlo studies were done in order to identify 
the elements contributing to the mass error. Events are low 
PT, Z -> JJ. dM/M ~ 13% without FSR.

Z -> JJ , Mass Resolution 

dE (Calor)

Fragmentation

Underlying Event

Radiation

B = 4 T

FSR is the 
biggest effect. 
The 
underlying 
event is the 
second largest 
error (if cone 
R ~ 0.7). 
Calorimeter 
resolution is a 
minor effect.
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Track MatchingTrack MatchingTrack Matching

For a Monte Carlo sample of 120 GeV Z’ match 
tracks in η and φ to “hadronic” clusters within the 
jet – cone size ~ 0.9. Units are HCAL tower 
sizes.
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Improved Dijet MassImproved Dijet MassImproved Dijet Mass

There is a ~ 22 % improvement in the dijet mass resolution. 
This is welcome but clearly implies that calorimeter resolution 
is not the whole story.
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Mean 81.7 GeV, (21%)                       Mean 105.5 GeV, (17%)
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Pile-up Missing EtPilePile --up Missing Etup Missing Et
Study done for CMS. Three major sources of detector induced  missing ET –

incomplete angular coverage, B field “sweeping” to small angles and 
calorimetric energy resolution. 

Clearly need radiation hard calorimetry to go to smaller angles – as C.M. 
energy increases particularly. Presently dose < 1 Grad at |η| = 5.

At SLHC, pileup events create a background of ~ 5GeV * sqrt(62) = 40 GeV 
ET-miss / crossing. Fatal for W’s, no problem for SUSY.

Event Missing Et - 6.7 GeV Total

max y

B field

dE calor

<ET-miss>/minbias
event vs eta coverage

Contributions to ET-miss for 
minbias events
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Intrinsic LimitationsIntrinsic LimitationsIntrinsic Limitations

Jet “splitting”, g -> QQ and Q -> qlv, puts intrinsic 
limit on required depth. Jets themselves “leak”.
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Missing Energy (GeV)

E
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# Jets 
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energy > 
Missing 
ET

Jets “leak”
too – 0.1 % 
will lose > 
½ of the 
energy due 
to splitting.
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Gluon SplittingGluon SplittingGluon Splitting

Gluon Splitting is a major source of real 
missing transverse energy

Require missing E T to not point at a jet? OK but 
not very efficient.


