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Atom → Nucleus → Nucleons → Quarks

!!!
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1777 MeV

105.7 MeV

0.511 MeV < 0.0000022 MeV

< 0.17 MeV

< 15.5 MeV

~ 10 MeV ~ 5 MeV

~ 150 MeV ~ 1500 MeV

~ 4500 MeV ~ 170’000 MeV

Mass Mass

• Quarks are held together by gluons (theory of strong force = Quantum Cromo Dynamics)

• Confinement: intensity of interaction increases with distance between quarks

• Quark flavor quantum number (S, C, B, T) is conserved in strong interactions, violated in

weak interactions

• Quarks form all known hadrons. Some hadrons were discovered after having been

postulated as specific quark combinations.

Quark families
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Constituents of Matter

quark electron (one of the 6 lepton)
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Quark (antiquark) combinations form all hadrons (baryons and mesons)

Baryons: (QQQ or QQQ)

They are fermions

Mesons: (QQ)

They are bosons
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Mass

1777 MeV

105.7 MeV

0.511 MeV < 0.0000022 MeV

Mass

< 0.17 MeV

< 15.5 MeV

~ 10 MeV ~ 5 MeV

~ 150 MeV ~ 1500 MeV

~ 4.5 MeV ~ 170’000 MeV

• Leptons are point-like particles (elementary)

• Very special leptons: neutrinos

• Assign to leptons a quantum number Le, Lµ, Lτ =1 for particles and -1 for antiparticles

• The lepton numbers are individually and, therefore, globally (Le+Lµ+Lτ ) conserved

Examples:

τ 

µ

e

νµ

ντ

νe 

µ+ → e+ + γ  has a branching ratio <10-9  because of lepton number conservation

π+ → µ+ + νµ

Lµ   = 0      -1     +1    +1 0      0   +1

νe + n → p + e-
 

Leptons
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Calorimetry in particle physics has three 
steps:

1. Interaction of Particle with matter: A 
destructive interaction depending on 
the kind of material and the particle

2. Energy loss in a detectable material

3. Signal Collection
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Alt-Detektör SistemleriUnits

• Energy - electron-volt
– 1 electron-volt = kinetic energy of an electron in 1 Volt
– 1 eV = 1.6 × 10-19 Joules = 2.1 × 10-6 W•s

• 1 kW•hr = 3.6 × 106 Joules = 2.25 × 1025 eV
• 7 TeV (1012 eV) proton è 10-6 J
• 2808 bunch; 1011 proton/bunch 7 TeV/proton = 360 MJ

• mass - eV/c2
• 1 eV/c2 = 1.78  × 10-36 kg
• electron mass = 0.511 MeV/c2

• proton mass  = 938    MeV/c2

• Human mass(80 kg) = 4.5 × 1037 eV/c2

• momentum - eV/c: 
• 1 eV/c = 5.3 × 10-28 kg m/s
• Tenis ball= 10 kgm/s = 9.9 × 1027 eV/c

E
pccmpcmE === bgbg 0

2
0
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1.Very short summary of the 
interaction of Particle with matter

more in Damir Lelas presentation….
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Alt-Detektör SistemleriParticle Interacting with matter
– Electromagnetic interaction

• Ionization
• excitation
• Cherenkov radiation
• transmission radiation
• bremsstrahlung 
• Photoelectric effect
• Compton scattering
• pair production

– Nuclear interaction
• secondary hadrons 
• Hadronic shower

3

Calorimetry Concept
PARTICLE INTERACTION IN MATTER (depends on the
impinging particle and on the kind of material)
Destructive interaction

band
gap

e

p

ENERGY LOSS TRANSFER TO DETECTABLE SIGNAL 
(depends on the material)

SIGNAL COLLECTION (depends on 
signal, many techniques of collection)

Ionisation scintillation Cerenkov

QElectric: charge collection
QOptic : light collection
QThermal : temperature 

S ! E

3

Calorimetry Concept
PARTICLE INTERACTION IN MATTER (depends on the
impinging particle and on the kind of material)
Destructive interaction

band
gap

e

p

ENERGY LOSS TRANSFER TO DETECTABLE SIGNAL 
(depends on the material)

SIGNAL COLLECTION (depends on 
signal, many techniques of collection)

Ionisation scintillation Cerenkov

QElectric: charge collection
QOptic : light collection
QThermal : temperature 

S ! E



9

Charged particle through matter

- ionization
- Cherenkov radiation
- Breemstrahlung

Energy deposited in
the material

Energy / (length*density)
MeV / (cm * (gram / cm3) = MeV cm2 /gram
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Alt-Detektör SistemleriCross section: 𝛔
Probability that a particle interact with matter is proportional to the “cross section”

hadron-hadron scattering, 
cross-sections are of the same 
order with the geometrical 
“cross-sections” of hadrons: 
assuming their sizes are of 
order

Nevents = L 𝛔

Luminosity
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Cross Sections and Luminosity

• “fundamental equation of high energy physics”

• luminosity: number per unit scattering area per unit 
time

number
of events
observed integrated

luminosity
(m-2)

production
cross section

(m2)

efficiency
(acceptance)
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Nov 19, 2008

Probing the High Energy Frontier at the LHC, U Heidelberg, Winter Semester 09/10, Lecture 3

Summary: Factorization
Recipe to calculate QCD production of final state X
(generalized from DY)

Identify & calculate partonic subprocess(es) to produce X

Combine with appropriate PDFs for incoming partons 
(e.g. NLO PDFs if partonic process is known to NLO)

Choose (sensible) renormalization & factorization scales 

Perform numerical integration over momentum fractions x

Additional complication: “hadronization”
Confinement: no colored particles observed in nature 
→ all final state partons hadronize to color-neutral hadrons

Hadronization = non-perturbative process: no ab-initio 
calculations, only phenomenological models

35

Probing the High Energy Frontier at the LHC, U Heidelberg, Winter Semester 09/10, Lecture 3

Summary: Factorization
The full picture:

36
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13

Complicated Collisions
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Constants (characteristics to the medium)

Mass density of the medium

MIP particle
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dE/dx and Particle Identification

Measured

energy loss
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[ALICE TPC, 2009]

Remember:
dE/dx depends on β!
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Cherenkov radiation
Charged particle moving faster then light :

Photon number

dE/dx 1% of ionization
Can be detected by PMTs
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2. Energy loss in a detectable material 
(in HEP)
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Hadronic shower
Simulation in copper

Shower development by 
strong interaction

An energetic hadron 
interacting with matter leads 
to multi-particle production, 
these in turn interact with 
further nuclei or decay (pion) 

Multiplication continues until 
the pion production threshold. 

Hadron shower development

42

3 Strong interaction is responsible for shower development
3 A high energy hadron interacting with matter leads to multi-particle 
production, these in turn interact with further nuclei or decay (��)
3Multiplication continues until the pion production threshold.

Typical  scale: interaction length ��= 35 A1/3 g cm-2 = 17 cm for iron

Good containment � 10 ��thickness � large size � sampling calorimeters

Longitudinal development Transverse development
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Hadronic Interactions

Hadrons create showers via strong interactions just like electrons and 
photons create them via EM.

Mean energy of pion with initial energy E0 after traversing material 
depth λ (interaction length):

Mean energy of electron with initial energy E0 after traversing material 
depth X0 (radiation length):

 

E = E0e
-X

l

 

E = E0e
-X

X 0

43

Hadron showers composition is complex
3 ���s decay before interacting
3 Nuclei breakup leading to spallation neutrons/protons

Electrons, photons
�� � 2�

Either not detected
or often to slow to be 
within detector time 
window
= Invisible energy
e/h > 1

Charged hadrons          (20%)
Nuclear fragments , p  (25%)
Neutrons, soft �ps         (15%)
Breakup of nuclei          (40%)
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X0 and λ for some materials

H2 63 52.4
Argon 18.9 119.7
Iron 13.8 131.9
BGO 8.0 164

Material      X0 λ

Units of g/cm2

E.g., a pion takes ~10x the
depth in Iron to loose its 
energy than an electron with
the same energy.

E.g. within the depth of X0 in
BGO, a pion looses only 5%
of its energy, while an electron
looses 63% of its energy,
on average.
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3. Signal collection
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Scintilators (Scintillation counter)
Excitation and ionization creates scintillation light which are sent then to the 

Photomultipliers (PMT) 
Scintillatiors: crystalline ( thallium-sodium iodide [NaI(Tl)] ) or organic 

(plastics)
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Some examples of scintillators

Scintillator
composition

Density
(g/cm3)

Index of
refraction

Wavelength
of max.Em.

(nm)

Decay time
Constant

(µs)

Scinti
Pulse

height1)

Notes

NaI(Tl) 3.67 1.9 410 0.25 100 2)

CsI 4.51 1.8 310 0.01 6 3)

CsI(Tl) 4.51 1.8 565 1.0 45 3)

CaF2(Eu) 3.19 1.4 435 0.9 50

BaF2 4.88 1.5
190/220

310
0,0006
0.63

5
15

anorganic scintillators

HS 2010                                            Measurement Techniques in Physics                                      Urs Moser LHEP 

BGO 7.13 2.2 480 0.30 10

CdW04 7.90 2.3 540 5.0 40

PbWO4 8.28 2.1 440 0.020 0.1

CeF3 6.16 1.7
300
340

0.005
0.020

5

GSO 6.71 1.9 430 0.060 40

LSO 7 1.8 420 0.040 75

YAP 5.50 1.9 370 0.030 70

1) Relative to NaI(Tl) in %; 2) Hygroscopic; 3) Water soluble
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Photomultiplier tube (PMT)

Typical gain 106 . In 200 ps

Photo-cathod

Dynodes

Anod

photon

Light signals are readout by
Photomultiplier-tubes (PMT):

Photon (from fiber) absorbed in 
cathode -> emits photoelectron (p.e.)
QE~12%  for green light

p.e. accelerated in E field -> hits
dynode with sufficient energy to
break out several electrons

γγγγ

secondary e- accelerated to 2nd dyn.
Important feature (2):
measure tiny amounts 

1p.e.

2p.e.

3p.e.

4p.e.

<2p.e.>0p.e.

gain

secondary e- accelerated to 2nd dyn.
and so on…

After 12-15 dynodes, e- avalanche is
a ‘sufficiently’ large electric signal
collected at anode
amplification (gain) O(106)

Important feature (1):
linear up to  > 100p.e.
-> PMT allows to measure the 
amount of light at cathode

measure tiny amounts 
of light

300km

1 photon

per second

Thomas Wälchli, Ph.D. Presentation, Bern, Nov. 3, 2005HS 2010                                            Measurement Techniques in Physics                                      Urs Moser LHEP 

Analog signal

Digital signal

ADC

electron
HV
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Some examples of PMTs…

HS 2010                                            Measurement Techniques in Physics                                      Urs Moser LHEP 
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FOUR ANODE PHOTOMULTIPLIERS
FOR THE CMS FORWARD HADRON CALORIMETER

New PMTs advantages

• Higher quantum efficiency that 
enables better energy resolution and 
long term use.

• Multi anode improve the event 
selection.

• PMT Hit signal recovery based on 
multi-anode hit information.

• Thinner window will produce lesser 
Cherenkov photons in the case of a 
PMT hit.  
(Background/nose elimination)

• Has more protection surface 
surrounds the PMT.
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Hybrid photodiodes (HPD)

• The�lightͲsensitive�surface�of�a�HPD�is�called�
the�photocathode,�which�converts�light�into�
electrons�by�the�photoelectric�effect.�

• Inside�the�HPD,�these�lowͲenergy�electrons�
are�quickly�accelerated�across�a�narrow�gap�of�
a�few�millimetres onto�a�silicon�diode�target.

HS 2010                                            Measurement Techniques in Physics                                      Urs Moser LHEP 

HS 2010                                            Measurement Techniques in Physics                                      Urs Moser LHEP 
HPD’s are replaced by SiPMs in HCAL 
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Silicon Photomultiplier (SiPM)

the microcells are read in parallel, 
generate signals within a dynamic range from a single photon to 1000 photons 
for a device with just a square-millimeter area.

• attractive candidates for the 
replacement of the conventional PMT 

• high gain with low voltage and fast 
response, they are very compact and 
compatible with magnetic resonance 
setups. 

• Gain (G) is also similar to a PMT, being 
about 106
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Sampling calorimeters: 
Absorber+sampler

HS 2010                                            Measurement Techniques in Physics                                      Urs Moser LHEP 

HS 2010                                            Measurement Techniques in Physics                                      Urs Moser LHEP 
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Overall Design Depends on:
–Number of particles
–Event topology

–Momentum/energy
–Particle identity

Global Detector Systems

Fixed Target Geometry Collider Geometry

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

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

}
No single detector does it all…

® Create detector systems



33

Ideal Detectors

An “ideal” particle detector would provide…

•Coverage of full solid angle, no cracks, fine segmentation (why?)
•Measurement of momentum and energy
•Detection, tracking, and identification of all particles (mass, charge)
•Fast response: no dead time (what is dead time?)

However, practical limitations: Technology, Space, Budget

End products
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Individual Detector Types

Modern detectors consist of many different pieces of 
equipment to measure different aspects of an event. 

Measuring a particle’s properties:
! Position

! Momentum 

! Energy

! Charge

! Type
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Particle Decay Signatures

Particles are detected via their interaction with matter.

Many types of interactions are involved, mainly electromagnetic.
In the end, always rely on ionization and excitation of matter.
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Modern Collider Detectors

• the basic idea is to 
measure charged 
particles, photons, 
jets, missing energy 
accurately

• want as little 
material in the 
middle to avoid 
multiple scattering

• cylinder wins out 
over sphere for 
obvious reasons!
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CMS calorimetry: ECAL & HCAL
ECAL: see Damir Lelas presentation



38

A typical event

24

How to identify the top quark

SM: tt pair production, Br(t&bW)=100% , Br(W->lv)=1/9=11%

dilepton (4/81) 2 leptons + 2 jets + missing ET

lepton+jets (24/81) 1 lepton + 4 jets + missing ET

fully hadronic (36/81) 6 jets

b-jets

lepton(s)

missing ET more jets
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• measurement of hadron jets and neutrinos
exotic particles resulting in apparentmissing ET
• Counting jets, Measuring jet energies and angles
• Use jets to estimate SM backgrounds , Vetoing events with jets
• Measure missing transverse energy,

• Searches for SUSY including the
high multiplicity of jets

• “Simple” jet kinematics, such as the jet Et spectrum or Dijet mass
spectrum provide windows into the highest energy scales at the LHC

• Weak Boson Fusion production of the Higgs boson, where jets
must be detected and well measured in the forward region of the
detector and vetoed in the central region of the detector.

Fundamental elementary particles in the Standard Model, their detection 
 in particular detector subsystems and a signature allowing for particle identification 

 in those subsystems. 
 
Particle Signature Detector 

, ,u c t W b® +  
, ,d s b
g

 

Jet of hadrons 
( )ol  

Calorimeter 

,e g  Electromagnetic Shower 
( )oX  

Calorimeter (ECAL) 

, ,e

W
µ t

µ

n n n

µ n® +
 

“Missing” transverse  
energy 

Calorimeter 

,
Z

t µµ t µ n n

µ µ

® + +

® +
 

Only ionization interactions 
/dE dx  

Muon Absorber 

, ,c b t  Decay with 100c mt µ>  Silicon Tracking 
 

Only Barrel region in this picture!!
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z-y view of CMSCMS CalorimeterCMS Calorimeter

HB    Brass Absorber (5cm)  + Scintillator Tiles (3.7mm) Photo Detector (HPD)   |η|  0.0 ~ 1.4

HE    Brass Absorber (8cm)  + Scintillator Tiles (3.7mm) Photo Detector (HPD)   |η|  1.3 ~ 3.0

HO   Scintillator Tile (10mm) outside of solenoid           Photo Detector (HPD)   |η|  0.0 ~ 1.3

HF    Iron Absorber + Quartz Fibers                              Photo Detector (PMT)   |η|  2.9 ~ 5.2

CMS Calorimeter (ECAL+HCAL) -  Very hermetic (>10λ in all η,  no projective gap)

HB+HB-
HE+HE-

HF+HF-

HO0 HO+1HO+2HO-1HO-2

EB+EB-

EE+EE- Tracker

Super conducting coil

Muon

chambers

Return

yoke

proton proton
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HF (Forward Hadronic Calorimeter)

Absorber

Concrete Shielding

Steel Shielding

Polyethylene Shielding

Steel Plug Shielding

Light GuidesReadout Boxes

P
o
ly

e
th

le
n
e
 S

h
ie

ld
in

g

Figure 1: The cross section view of the HF calorimeter shows that the sensitive area extends from 125
to 1300 mm in the radial direction. The absorber in the beam direction measures 1650 mm. Bundled
fibers (shaded area) are routed from the back of the calorimeter to air-core light guides which penetrate
through a steel-lead-polyethlene shielding matrix. Light is detected by PMTs housed in the readout
boxes. Stainless steel radioactive source tubes (red lines) are installed for each tower and are accessible
from outside the detector for source calibration. The intersection point is at 11.15 meters from the front
of the calorimeter to the right. All dimensions are in mm.

Table 1: The tower sizes, number of fibers, bundle sizes and the percentage of photocathode area utilized
are listed below for each tower. The air-core light guides are tapered to better match the photocathode
area for towers 1, 2 and 3.

Ring No (rin, rout) �⌘ �� Nfib Abundle
Abundle

Aphotocathode

[mm] [degree] [mm2]
1 (1162-1300) 0.111 10 594 551 1.14
2 (975-1162) 0.175 10 696 652 1.33
3 (818-975) 0.175 10 491 469 0.96
4 (686-818) 0.175 10 346 324 0.66
5 (576-686) 0.175 10 242 231 0.47
6 (483-576) 0.175 10 171 167 0.34
7 (406-483) 0.175 10 120 120 0.25
8 (340-406) 0.175 10 85 88 0.18
9 (286-340) 0.175 10 59 63 0.13
10 (240-286) 0.175 10 41 46 0.94
11 (201-240) 0.175 10 30 35 0.71
12 (169-201) 0.175 20 42 52 0.11
13 (125-169) 0.300 20 45 50 0.10

Five multiwire proportional chambers (indicated as WC-A through WC-E) were located at 1.0, 2.2, 12.7,
14.7, and 15.7 m from the HF wedge. These chambers were used to reconstruct each incoming particle’s
track. The space resolution was better than 0.5 mm with over 90% track reconstruction e�ciency.

3

Cherenkov light

particle

Interaction
point
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Some pictures ..

ME - CSC

Si tracker

HCAL brass absorber and slots 
for sampling calorimetry active 
layers (scint)

HF PMT’s

HCAL

DT
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HCAL energy resolution

EB energy (GeV)
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Figure 20: Energy observed in the HB vs the EB module for 20 GeV/c pions. The dashed lines show the
cut limits which were imposed to remove muon and electron contamination in the beam.

to the raw data and no correction is made for the large e/h value of the electromagnetic calorimeter.
The appropriate corrections will be made on data sets taken in 2006 when the beam cleanliness was
greatly improved, when the beam momentum was extended down to 1 GeV/c and when a production
CMS EB module became available for test. In this paper, we establish agreement with GEANT4 within
the systematic errors and the available beam momentum range. The quoted energy resolutions are used
to compare to the GEANT4 model and should not be taken as the ultimate performance of the combined
CMS calorimeters. Figure 21 shows the energy resolution as a function of pion energy, and Figure 22
illustrates the non-linearity in response. The vertical bars are the statistical and systematic uncertainties
added in quadrature. The comparison with GEANT4 is discussed in the next section.
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OSCAR245-GEANT452 (TB02)

LHEP-3.6

OSCAR245-GEANT452 (TB02)

QGSP-2.7

TB02 Data

Figure 21: The measured energy resolution (solid circles) with fit (solid line) (�/E) = 115.3%p
E

� 5.5%
compared to two di↵erent tunes of GEANT4 (open squares and stars). The symbol � implies that two
terms are added in quadrature.

8 Comparison with GEANT4
The CMS Collaboration developed the Object oriented Simulation for CMS Analysis and Reconstruction
(OSCAR) framework [20], based on the GEANT4 tool kit, to describe the detector geometry and the
passage of particles through the detector material. GEANT4 uses either parametric (LHEP) or microscopic

14
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comments in HCAL

Primary purpose of HCAL is to identify the 
jets from quarks and hadrons.

More than just single particle response!
1/3 of the hadronic shower is in EM energy 
because of pi0 decay to 2 photons.

Want a “compensating” HCAL.

Only stable hadrons and muons reach the HCAL
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“Compensating” Calorimeter

Due to isospin, roughly half as many neutral pions
are produced in hadronic shower than charged 
pions.

However, only charged pions “feed” the hadronic
shower as pi0 immediately decay to di-photons, 
thus creating an electromagnetic component of 
the shower.

Resolution is best if the HCAL system has similar 
energy response to electrons as charged pions.
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CMS HADRON CALORIMETER (HCAL)

• Central Barrel (HB) is 9 meters long,
one meter thick and 6 meters in the

outer diameter, consisting of two half
barrels of 18 wedges each made of brass

and scintillator, with WLS readout.
The two End Caps (HE) are also made of brass

and scintillator, with a diameter of 0.8 to 6.0 m.
and a thickness of 1.8 meters.
• HB and HE are inside the 4-tesla
solenoid coil and have a η-ф segmentation
of 0.087× 0.087, except near η = 3.0,
where the size of the segmentation is doubled.
The depth segmentation for HB is one unit while
for HE from one to three.
• The two forward calorimeters (HF)
are made of quarts fibers imbedded in iron
cover the η range of 3.0 to 5.0.
• Central shower containment in the region
|η| < 1.26 is improved with an array of

scintillators located outside the magnet in the outer barrel hadronic
calorimeter (HO).
• ~10K channels, Hybrid PhotoDiode readout for all but HF (PMT)

• 100 “Calotower” for 0.5 Jet cone radius

HB

HE

HO
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HCAL tower mapping (before upgrade) 

A schematic view of the tower mapping 

in r-z of the HCAL barrel and endcap regions.

Numbering scheme for the tiles in 
adjacent scintillator trays.

The r- φ  view of an HF wedge (at z = 11.2 m)

-x axis is horizontal, pointing south to the LHC center. 
-y axis is vertical pointing upwards. 
- z axis is horizontal pointing west. 
-sign of eta=- sign of z. 
theta=0 is +z axis, theta=pi is -z axis 

phi=0 is +x axis, phi=pi/2 is +y axis, phi=atan2(y,x) 
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Nov 19, 2008

HB: 9072 channels
18 wedges (200) 
à 1 RBX {4 segments (50)}

4 depths 
(except 
16.)

plots	of	Q(Co60)	distributions	for	D1-D4

19	May	2021 P.	de	Barbaro,	University	of	Rochester
4

D1:	Q=	1.6	ADC D2:	Q=	9.1	ADC

D3:	Q=	13.3	ADC D4:	Q=	11.6	ADC	

D1:	9mm	scint/3	(NDF)	=3mm	BC408

D2:	4*3.7mm	scint=14.8	mm	SCSN81

D3:	5*3.7mm	scint=20.5	mm	SCSN81

D4:	4*3.7mm	scint=14.8	mm	SCSN81

Need	to	account	for	geometrical	effect,
Larger	tiles	in	back	layers	see	more	flux	!

upgrade
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HO Layout

I HO is located in all 5 barrel wheels of
CMS and is split in 30 i⌘ sections along
the Z-axis (beam-pipe).

I In the transverse plane HO consists of 12
sectors à 6 trays and is split thereby in 72
i� sections.

I Each i⌘� i� tile is read-out by a separate
channels making 2160 physical channels.

I In addition, some readout modules [RM]
have several ”dark” channels for noise
measurements and calibration.

) Each of the 2376 channels has to be
tested.

3.1 Specification
HO is physically divided into 5 rings in conforming to the muon ring structure. The rings are numbered ,
, , and with increasing . Each ring of the HO is divided into 12 identical sectors (numbered 1 to

12 counting clockwise starting from 9 O’clock position) and each sector has 6 slices (numbered 1 to 6 counting
clockwise) in . The slices of a layer are identical in all sectors. The widths of the slices along are given in
Table 1. In each slice, there is a further division along . The smallest scintillator unit in HO thus obtained a
called a tile. The scintillator tiles in each sector belong to a plane. Perpendicular distance of this plane from the
-axis is 3.82 m for layer 0 and 4.07 m for layer 1. The tiles in each slice of a ring are mechanically held together
in the form of a tray (details in Section 3.3).

Ring Layer Width along in mm
Tray 1 Tray 2 Tray 3 Tray 4 Tray 5 Tray 6

0 0 274 343 332 327 327 268
0 1 300 364 352 347 347 292
, 1 317 366 354 349 349 406

Table 1: Dimension of tiles along for different trays. Each tray corresponds to one -slice in a sector.

Both layers of ring 0 have 8 -divisions (i.e. 8 tiles in a tray): , , , , , , , . Ring 1 has 6
divisions: 5 10 and ring 2 has 5 divisions: 11 15. Ring and ring have the same number of divisions as
rings 1 and 2 but with ve indices. The -dimensions of any tile with ve tower number is the same as the one
with ve number. Tile dimensions along for the towers are shown in Table 2.

Tower # Length (mm) Tower # Length (mm)
Ring 0 Layer 0 Ring 0 Layer 1

1 0.087 331.5 1 0.087 351.2
2 0.174 334.0 2 0.174 353.8
3 0.262 339.0 3 0.262 359.2
4 0.326 (248.8) 4 0.307 (189.1)
Ring 1 Layer 1 Ring 2 Layer 1

5 0.436 391.5 11 0.960 420.1
6 0.524 394.2 12 1.047 545.1
7 0.611 411.0 13 1.135 583.3
8 0.698 430.9 14 1.222 626.0
9 0.785 454.0 15 1.262 (333.5
10 0.861 (426.0)

Table 2: HO tile dimensions along for different rings and layers. The tile sizes, which are constrained by muon
ring boundaries, are mentioned in brackets.

Figure 8: Layout of all the HO trays in the overall CMS detector

Figure 8 shows the final layout of all the HO trays in the overall CMS detector.Length of a full tray is 2510 mm
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installation of readout and service cables between UX5 and 
underground service cavern (usc55)

HBHE crate (in 
USC55)

Cavern (UX5)

HV LV module
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HCAL readout electronics

51

• analogue signal from the
HPD/SiPMs or photomultiplier
à digital signal by QIE
(Charge-Integrator and
Encoder)

• QIE àGigabit Optical Link
(GOL) at a rate of 40 MHz
and transmitted to the
counting house (USC55) à
HCAL Trigger Readout (HTR)
board, containing the Level-1
pipeline.

• The trigger primitives are
sent to the Regional
Calorimeter trigger (RCT) via
Serial Link Board mezzanine
cards.
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HCAL Trigger System

16 crates, each with 1 fanout, 2 DCCs, 13 HTRs

HTRs and TTC fanouts in thetrigger path
- Receive data from the FE and put it in a pipeline
- Generate a Trigger Primitive (TP) for the data and 

send TP along the trigger path
- wait answer from Global Trigger (GT).
- If it gets a L1A, send data to Data Concentrator 

Card (DCC)  
- Otherwise dump the event
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Triggered read-out
• Trigger processing requires some data 

transmission and processing time to make 
decision so front-ends must buffer data during 
this time. This is called the trigger latency

• For constant high rate experiments a 
´pipelineµ buffer is needed in all front-end 
detector channels: 
analog or digital
1. Real clocked pipeline (high power, large area, bad for 

analog)
2. Circular buffer 
3. Time tagged (zero suppressed latency buffer based on 

time information)

Electronics, Trigger, DAQ Summer Student Lectures 2010, N. Neufeld CERN/PH 59

ADC DAQ

Shaping C
hannel m

ux.

Trigger

Constant writing
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A Cosmic muon in HCAL    

HF
HE

HO

HF HBmagnet

DT's

muon

3.1 Specification
HO is physically divided into 5 rings in conforming to the muon ring structure. The rings are numbered ,
, , and with increasing . Each ring of the HO is divided into 12 identical sectors (numbered 1 to

12 counting clockwise starting from 9 O’clock position) and each sector has 6 slices (numbered 1 to 6 counting
clockwise) in . The slices of a layer are identical in all sectors. The widths of the slices along are given in
Table 1. In each slice, there is a further division along . The smallest scintillator unit in HO thus obtained a
called a tile. The scintillator tiles in each sector belong to a plane. Perpendicular distance of this plane from the
-axis is 3.82 m for layer 0 and 4.07 m for layer 1. The tiles in each slice of a ring are mechanically held together
in the form of a tray (details in Section 3.3).

Ring Layer Width along in mm
Tray 1 Tray 2 Tray 3 Tray 4 Tray 5 Tray 6

0 0 274 343 332 327 327 268
0 1 300 364 352 347 347 292
, 1 317 366 354 349 349 406

Table 1: Dimension of tiles along for different trays. Each tray corresponds to one -slice in a sector.

Both layers of ring 0 have 8 -divisions (i.e. 8 tiles in a tray): , , , , , , , . Ring 1 has 6
divisions: 5 10 and ring 2 has 5 divisions: 11 15. Ring and ring have the same number of divisions as
rings 1 and 2 but with ve indices. The -dimensions of any tile with ve tower number is the same as the one
with ve number. Tile dimensions along for the towers are shown in Table 2.

Tower # Length (mm) Tower # Length (mm)
Ring 0 Layer 0 Ring 0 Layer 1

1 0.087 331.5 1 0.087 351.2
2 0.174 334.0 2 0.174 353.8
3 0.262 339.0 3 0.262 359.2
4 0.326 (248.8) 4 0.307 (189.1)
Ring 1 Layer 1 Ring 2 Layer 1

5 0.436 391.5 11 0.960 420.1
6 0.524 394.2 12 1.047 545.1
7 0.611 411.0 13 1.135 583.3
8 0.698 430.9 14 1.222 626.0
9 0.785 454.0 15 1.262 (333.5
10 0.861 (426.0)

Table 2: HO tile dimensions along for different rings and layers. The tile sizes, which are constrained by muon
ring boundaries, are mentioned in brackets.

Figure 8: Layout of all the HO trays in the overall CMS detector

Figure 8 shows the final layout of all the HO trays in the overall CMS detector.Length of a full tray is 2510 mm
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Figure 2. HO tiles corresponding to HB
towers

The CMS HCAL group developed a drop-in replacement for the current front-end based
on silicon photo multipliers (SiPMs) as photo-sensors [3]. The main advantages of SiPMs
are the magnetic field insensitivity, relatively high photon-detection e�ciency, and high gain.
Also SiPM boards could easily fit into the limited space of the existing readout modules. In
this configuration each eta-phi segment is readout by a single SiPM corresponding to a single
electronics channel.

This upgrade design has been validated using laboratory measurements, test-beam data, and
on the detector itself. The upgrade took place during the first LHC long shutdown in 2013-
2014 - first, the existing readout modules (RM) were extracted from the detector, then, they
were refurbished with SiPMs, and burned-in in a test stand. After verifying that the RMs
were working properly, they were installed in CMS. Additionally, during the installation the
commissioning of the upgraded parts began.

2. Commissioning
Primary reasons for commissioning during the installation are to identify problems with the new
and existing hardware, to validate the installation, and, in case of malfunctions, to make repairs.
This is of critical importance, as the barrel part of CMS will be closed until the next extensive
upgrade.

The first commissioning step is a communication test with the readout system and the
verification of slow control operation and channel response. Then, the measurement and
optimization of SiPM operational variables is done as follows:

2.1. Temperature
The SiPM gain depends linearly on the temperature with a relative dependence of 8% gain shift
per �C at a foreseen operating point of 1.5 V over-voltage [4]. This temperature dependence
requires active control of the temperature of the SiPM with better than 0.1�C stability.
Therefore, the SiPM temperature is stabilized by a Peltier element mounted on the back of
the SiPM mounting board.

Instead of operating all SiPMs at the same temperature, it was chosen to fix the Peltier
voltage at around 0.3 V. This minimizes the power consumption while providing a large range
of cooling options.
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HCAL calibration works…

Figure 5. Trigger rate of each individual
channel.

ieta
-14 -12 -10 -8 -6 -4 -2 0 2 4

ip
hi

10

20

30

40

50

60

70

M
PV

 [A
D

C
]

0

20

40

60

80

100

120

140

160

180

200

220

Eta vs. Phi MPV
CMS Preliminary

Figure 6. Landau fit most probable values
(MPV) of individual channels

40 fC in 1 TS; if two channels from di↵erent quadrants are above threshold the trigger fires and
the event is written to a disk. A time delay of 1 TS between the top and bottom quadrants is
required to account for the time of flight through a diameter of approximately 8 m.

Trigger rates of all individual HO channels, obtained with this coincidence trigger
configuration, are shown in figure 5. At the time of data taking, only 3 rings covering ieta -15
to +4 had been upgraded with SiPMs, but the ieta = 0 white stripe is due to HCAL coordinate
system and not a physical gap in the detector. The empty spot at ieta -5 corresponds to the
magnet chimney, where HO is not instrumented.

The highest rates are observed in the horizontal tiles (iphi = 15-25, 55-65) in the wheels
under the shaft (YB-2: ieta -15,-11; YB-1: ieta -10,-5). The gap between the moving wheels
and the central YB0 (ieta -4,4) is more than 5 m, so the drop in the rate around the edge at
ieta -5 is considerably high. The fine structure of outliers along iphi lines is due to the di↵erent
scintillator tiles sizes, which also leads to di↵erent light collection e�ciencies. So ieta -15 shows
lower rates because these tiles are half as big as the neighbours.

3.1. Muon calibration
For the muon calibration, the MIP value for each channel had to extracted. Theoretically, a
MIP would give a Landau signal distribution for a thin layer, but because of the thickness of the
scintillator the signal is smeared. Each channels’ pedestal subtracted signal spectrum (where
the signal is summed over 4 TS = 100 ns) is fitted with a Landau⌦Gauss convoluted function
and the most probable value (MPV) is taken as the MIP value. In case of noise contamination
in the signal region, the tail is fitted with an exponential to improve the signal fit.

Figure 6 shows the MPV values for all individual HO channels. The MPV values are not
uniform due to several factors:

• Ring 0 has 2 scintillator layers, while rings 1 and 2 have 2 layers.

• Altered light coupling of the fibers to the SiPMs in di↵erent rings.

• Di↵erent sizes of the scintillators lead to varying light detection e�ciency.

• Fibers connecting SiPMs and tiles vary in length depending on the distance between
scintillator and readout module. For YB-1,2 the readout is located between these rings
(between ieta -11,-10) and for YB0 it is on both edges of the ring (ieta ±4).

• Variation in iphi because of sector alignment and cosmic ray muon track path-length in the
scintillator (track vs. tile angle): the lowest MPVs are measured at top and bottom tiles.

Ph
i H

B

Phi DT

R43434, 100k events, all triggers
Track going thru inner and outer HB
E_HCAL(tower)> 8 ADC counts

Signal from 1 channel in 1 bx
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Another example:Cosmic Muons in HB
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ECAL/HCAL Performance

Commissioning and performance of the CMS calorimeter system Philippe Gras

Figure 1: p0 invariant mass reconstructed
from photon pairs accepted by off-line se-
lection obtained with 0.31nb�1.

The design goal of the ECAL channel-to-channel
calibration is 0.3% and will be achieved using electro-
magnetic decays of W and Z bosons. The off-site pre-
calibration conducted using cosmic muons provided a
precision at start-up of 1.5% to 2.2% in the barrel de-
pending on the pseudorapidity for every channel and
5% in the endcap. Nine of the 36 modules constitut-
ing the barrel were independently precalibrated with
an electron beam at a precision better than 0.5% [5].
A strategy was developed to select p0 and h mesons
with a dedicated trigger stream and use their decay
in two photons for calibration in the limited luminos-
ity start-up conditions (see Figure 1). With the first
250nb�1 the p0 in-situ channel-to-channel calibration,
combined with a f -symmetry calibration, reached a
precision of 0.6% in the central part of the barrel
(|h | < 0.785) [6]. This measurement asserted the validity of precalibration obtained off-site for
its in-situ use. Its accuracy is limited by statistical uncertainties and is getting improved while ac-
quiring new data and is expected to reach 0.5% in the barrel and 1 to 2% in the endcaps. Preshower
was calibrated with a precision of 2.2% already achieving the design goal. The first data showed
a very good matching with the Monte-Carlo simulation, without any tuning, as illustrated on Fig-
ure 2, demonstrating a good understanding of the detector.

Figure 2: Pseudorapidity distributions of the ECAL barrel chan-
nel with the highest reconstructed energy in 7TeV minimum bias
collision events.

The precalibration of HCAL
combined test beam calibration,
in-situ channel-to-channel calibra-
tion with a 60Co source, in-situ
cosmic ray events and “splash”
events (single beam shots sent to
closed collimator near CMS exper-
iment resulting in a large flux of
muon traversing the detector). The
channel-to-channel precalibration
has a precision of 5% to 12% for
85% of the barrel channels, 10%
for endcap channels, 12% for the
forward detector and 5% in the tail
catcher [7].

The precalibration and the good comprehension of the calorimeter response, allowed a start up
with an energy scale calibration obtained from Monte-Carlo with a fair precision of 10%+2% · |h |
for jet reconstruction using only the calorimeter information and 5% + 2% · |h | for algorithms
combining calorimeter and tracker information. The first 71nb�1 of data were used to assert the
validity of this precision. They support the quoted uncertainties as conservative numbers [8]. Fig-
ure 3 shows the resolution of the jet transverse momentum as measured with the dijet asymmetry

3

6

The light emitted in the crystals is converted to an
electrical signal using avalanche photodiodes (APD). Two
APDs (Hamamatsu S8148) are glued to the back of each
crystal. The rms electronics noise per crystal was found to
be about 45 MeV. A minimum ionizing particle deposits
about 250 MeV over the full length of the crystal [9,10].

The EB signal from the APD is amplified and shaped
before being digitized by the ADC clocked at 40 MHz. The
energy in the EB is computed as a weighted sum of sev-
eral time samples of the waveform. The choice of weights
and the number of samples are dictated by the desire to
minimize the noise which is measured with no input signal
(pedestal). In the test beam environment, the phase with
respect to the 40 MHz clock is random. Even though the
signal is about 200 ns wide, only six time samples (6⇥ 25
ns) from 7⇥7 crystals were used for energy reconstruction
with pedestal subtraction.

Fig. 1. Location of the ECAL and the HCAL detectors (quar-
ter slice-longitudinal cross section) in and around the CMS
magnet.

2 Test Beam Setup

The data were recorded during 2006 at the CERN H2 test
beam. Figure 2 shows a photograph of the moving plat-
form that held two production HB wedges plus a produc-
tion EB SM which was placed in front of the HB, and the
HO behind the HB. The HE module seen on the platform
was not used in this test. The placement of the compo-
nents is in the same geometric relationship as in the CMS
experiment. The two-dimensional movement of the plat-
form in the � and ⌘ directions allowed the beam to be
directed onto any tower of the calorimeter mimicking a
particle trajectory from the interaction point of the CMS
experiment. Four scintillation counters were located three
meters upstream of the calorimeters and a coincidence be-
tween a subset of the counters was used as the trigger.

Temperature stability is critical for the ECAL as both
the response of the crystals and the APDs change with
temperature. The temperature was stabilized by enclosing

Fig. 2. The ECAL and the HCAL modules on a moving plat-
form in the CERN H2 test beam area. The transporter table
which supported the wedges is designed to move in � and ⌘
directions, approximately 0 to 30� in � and 0 to 3.0 in ⌘.

the EB SM (except in the beam direction) in 5 cm alu-
minum plates with cooling water pipes embedded in the
plates. The entire SM was wrapped with a thermal blan-
ket and the temperature was stabilized at 21�C within
±0.05�C.

2.1 H2 Beam Line and Particle Identification

Because a tertiary beam was required to study low mo-
mentum (< 10 GeV/c) particles, considerable e↵ort was
made to clean up the beams and perform particle iden-
tification. Figure 3 schematically depicts the CERN H2
beam line. The beam line is designed to operate in two
distinct modes. In the high energy mode, various parti-
cles are produced when 450 GeV/c protons from the Su-
per Proton Synchrotron (SPS) strike a production target
(T2) 590.9 m upstream of the calorimeters, and particle
momenta range between 15 GeV/c and 350 GeV/c. In the
very low energy (VLE) mode, an additional target (T22)
located 97.0 m upstream of the calorimeter is used for par-
ticle production and the momenta of particles are limited
to  9 GeV/c. As shown in Figure 3, a dog-leg configu-
ration is utilized for the momentum selection of these low
momentum particles.

In the high energy mode, the T22 target and the VLE
beam dump were removed from the beam line. The max-
imum usable beam momentum was 100 GeV/c for elec-
trons and 350 GeV/c for hadrons. In the VLE mode, two
Cherenkov counters (CK2 and CK3), two time-of-flight
counters (TOF1 and TOF2) and muon counters (Muon
Veto Wall (MVW) of 100 ⇥ 240 cm2, Muon Veto Front
(MVF) of 80 ⇥ 80 cm2 and Muon Veto Back (MVB) of
80⇥ 80 cm2) were used to positively tag electrons, pions,
kaons, protons, antiprotons and muons.

Calibrating detectors with a 
well known particle in test beam

1 Introduction
The CMS calorimeters have distinct hadronic (HCAL) and electromagnetic (ECAL) systems. The central HCAL is
made of brass and scintillators [1] while the ECAL comprises lead tungstate crystals (PbWO4) [2]. The calorime-
ters are divided into the barrel (HB and EB) and the end-cap (HE, EE and pre-shower, ES) sections inside a cryostat
of 5.9 m inner diameter, containing a superconducting solenoid coil providing a 4 T magnetic field. The HB design
maximizes the number of interaction lengths (�I) inside the cryostat and is limited to 5.8�I at ⌘ = 0. The EB adds
⇠1.1 �I. The outer hadron calorimeter (HO) was constructed to sample the energy leakage outside of cryostat
[3]. There are also two very forward calorimeters (HF) made of iron and quartz fibers [4]. Figure 1 shows the
calorimeters inside and around the solenoid coil.

This paper reports the responses of the barrel calorimeters to beam particles. The measurements were performed
with production modules and front-end electronics as in the final CMS detector configuration. A special beam line
was constructed to measure the calorimeter response down to 2 GeV/c. This was necessary since a large fraction
of the particles reaching the CMS calorimeters at the LHC have energies below 20 GeV. More details on the CMS
calorimeters can be found in [1, 2].

Figure 1: Location of the ECAL and the HCAL detectors (quarter slice-longitudinal cross section) in and around
the CMS magnet.

Figure 2: The ECAL and the HCAL modules on a moving platform in the CERN H2 test beam area.

2
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CMS Global Runs

turning set of commissioned subsystems (HCAL, Muon, ECAL, Tracker)
into fully integrated detector
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DT track distributions (r43434, DT trigger, 10k events)
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Calibration with a Test Beam

9

The uncertainty in pion vs electron identification in
general does not exceed 0.5% in the VLE mode. This un-
certainty is larger and estimated to be 1.8% and 6% us-
ing the information from the calorimeter and Chenerkov
counters at 3 and 8 GeV/c.

Table 1. The first and second numbers in each column is the
fraction of the negative and positive charged particles respec-
tively in the VLE mode.

Pb (⇡�, ⇡+) (e�, e+) (p̄, p) (K�, K+)
[GeV/c] [%] [%] [%] [%]

9 73.0, 68.8 22.1, 20.8 2.7, 7.6 2.3, 2.7
8 56.9, 71.8 39.8, 19.1 1.9, 7.1 1.4, 2.1
7 61.8, 67.2 35.5, 23.8 1.7, 7.2 1.0, 1.7
6 57.7, 60.6 40.1, 31.3 1.5, 6.8 0.8, 1.4
5 53.2, 51.4 44.9, 40.7 1.2, 6.6 0.7, 1.2
4 40.9, 31.3 58.0, 62.7 0.9, 5.6 0.2, 0.4
3 25.9, 21.9 73.7, 73.5 0.3, 4.5 0.1, 0.1
2 10.6, 8.5 89.3, 89.2 0.1, 2.3 0.01, 0.01

3 Calibration of Calorimeters

Both the EB and HB calibrations were carried out with
50 GeV/c electrons. The HB calibration was performed
before the EB SM was mounted in front of the HB. The
electron beam was directed at the center of each tower.
Similarly, the EB calibration data were collected by point-
ing the beam to a selected set of crystals that formed a
tight grid pattern. The rms value of the linearity between
2 and 9 GeV/c is 0.5% and less than 1% for higher ener-
gies.

The reconstructed energy was determined to be the
sum of energies recorded by the EB and HB. We refer to
it as the raw energy throughout this paper. For the EB,
the signals from 7⇥ 7 crystals, and for the HB the signals
from 3⇥3 towers were summed. For pion showers the 7⇥7
crystals contained over 99% of the energy, and the 3 ⇥ 3
HB towers contained over 98% of the energy. In the case of
the HO, the total energy was estimated by adding signals
from 3⇥2 towers. In each case the energy is sampled over
6 time slices (6⇥ 25 ns) and pedestals subtracted.

The response of each HB scintillator tile of each layer
was also measured by using a 5-mCi Co60 moving wire
radioactive source [12]. The signal from a tower was cal-
culated by taking the average of all measurements from
the scintillator layers and weighting these averages by the
shower profile. During the construction phase, every scin-
tillator tile was tested with a radioactive wire source. This
procedure makes it possible to transfer the beam calibra-
tion constants for each tower that were not placed in the
test beam. The precision of tower-to-tower calibration was
measured to be 2% as derived by comparing the consis-
tency of the relative source and the beam data measure-
ments.

Figure 7 shows the beam calibration constants in GeV/fC
for four � segments as a function of ⌘ tower numbers.
The combined e↵ect of the light attenuation in the optical
fibers, loss in fiber connectors and the HPD gain di↵er-
ences are evident in the figure. The drop of the gain with
increasing ⌘ is due to the longer length of the optical fi-
ber. The ⌘ towers in a single � segment are measured by
a single HPD which has the same gain for each pixel.

Fig. 7. Calibration constants for the 4 � sectors (�� = 5o) of
the HB wedge used in this beam test.

At higher beam momenta (� 50 GeV/c) the longitu-
dinal energy leakage behind the EB+HB is noticeable. To
measure this leakage, the HO sampling layers were con-
structed and inserted in the barrel muon system to reduce
these fluctuations. The HO layers (see Figure 1) are placed
behind the CMS solenoid cryostat. The HO system is di-
vided into six sections that follow the division of the barrel
muon system. Ring 0 (+ and �) are in the central muon
system and are composed of two layers of scintillators one
immediately outside of the magnet cryostat and the other
layer after a 15-cm thick iron layer. Ring 0 in the muon
barrel system YB0 (the central part of CMS) covers the
|⌘| range of 0 to 0.35. Rings +1, �1, +2 and �2 are sin-
gle layer scintillators inserted in the muon barrel systems
YB1 and YB2 on both positive and negative sides of CMS
immediately inside the first muon iron layer covering the
|⌘| range of 0.35 to 1.2. In the test beam setup, the HO
was placed behind the HB covering 30� in � and the full
⌘ range. To mimic the magnet solenoid system, an alu-
minum block was inserted between the HB and HO. Also
inserted was a 15 cm thick iron block between scintillator
layers 1 and 2 of Ring 0 similar to the CMS detector to
contain the showers. Both the aluminum and iron blocks
had the same geometrical size and placement as in CMS.
The HO modules were first calibrated by 150 GeV/c µ�

beam. A clear µ peak beyond pedestal was observed in
Ring 0 and Ring 2. In Ring 1 the µ peak was measur-
able but not as cleanly separated. Next, the HO energy

2 Test Beam Setup
The data were recorded during 2006 at the CERN H2 test beam. Figure 2 is a photograph of the moving platform
that held two production HB wedges plus a production EB supermodule (SM) which was placed in front of the HB,
and the HO behind the HB. The two-dimensional movement of the platform in the � and ⌘ directions allowed the
beam to be directed onto any tower of the calorimeter mimicking a particle trajectory from the interaction point.

Temperature stability is critical for the ECAL as both the response of the crystals and the APDs change with
temperature. The temperature was stabilized at 21�C by enclosing the EB SM (except in the beam direction) in
5 cm aluminum plates with cooling water pipes embedded in the plates and by wrapping the entire SM with a
thermal blanket.

2.1 H2 Beam Line and Particle Identification
Figure 3 schematically depicts the CERN H2 beam line which is designed to operate in two distinct modes. In
the high energy mode (15-350 GeV/c), particles are produced when 400 GeV/c protons from the Super Proton
Synchrotron (SPS) strike a production target (T2) 590.9 m upstream of the calorimeters. The maximum usable
momentum was 100 GeV/c for electrons and 350 GeV/c for hadrons. In the very low energy (VLE) mode (9
GeV/c) , an additional target (T22) located 97.0 m upstream is used for particle production. As shown in Figure 3,
a dog-leg configuration is utilized for the momentum selection of these low momentum particles.

Figure 3: The CERN H2 beam line and the experimental setup.

In the VLE mode, two Cherenkov counters (CK2 and CK3), two time-of-flight counters (TOF1 and TOF2) and
muon counters (Muon Veto Wall (MVW), Muon Veto Front (MVF) and Muon Veto Back (MVB)) were used to
positively tag electrons, pions, kaons, protons, antiprotons and muons. CK2, which is filled with CO2, was used
to identify electrons in the VLE mode. CK3 was filled with Freon134a [5] and its pressure was set depending
on the desired discrimination between electrons, pions, and kaons. At lower beam momenta, (Pb  3 GeV/c), it
was set to tag electrons. At higher momenta (Pb > 4 GeV/c), CK3 was used to separate pions from kaons and
protons. Time-of-flight counters (TOF1 and TOF2) were separated by⇠55 m. The time resolution obtained by this
system was ⇠300 ps. Protons were well-separated from pions/kaons up to 7 GeV/c with the TOF system alone.
Pions and kaons have ±1� TOF overlap at 5.6 GeV/c, while kaons and protons overlap at 9.5 GeV/c. Figures 4
and 5 display the identified particles in -3 and -8 GeV/c hadron beams. Energetic muons were tagged with MVF
and MVB counters as well as the MVW counters. MVF and MVB were large (80⇥80 cm2) scintillation counters
and were placed well behind the calorimeters. To absorb the soft muon component in the beam, an 80-cm thick
iron block was inserted in front of MVB. MVW consisted of 8 individual scintillation counters, each measuring
30⇥ 100 cm2, placed closely behind the HB. In addition, six delay-line chambers, four scintillation counters (S1-
S4) and four scintillation beam halo counters (BH1-BH4) were used. The resolution afforded by the delay-line
chambers was ⇠350 µm in both the x- and y-coordinates. The beam trigger typically consisted of the coincidence
S1·S2·S4 which defined a 4⇥4 cm2 area on the front face of the calorimeter. The S4 counter pulse height was used
to eliminate multi-particle events off-line since it gave a distinct distribution for single and multi-particles in the
beam (see Figure 6). BH counters, each measuring 30⇥100 cm2 in size, were arranged such that the beam passed
through a 7⇥7 cm2 opening. These counters were positioned 17 cm downstream of the last trigger scintillator S4

3

e, muon or pion beam

Figure 4: The distributions of the time of flight between TOF1 and TOF2 are shown for different particles.

Figure 5: The same as Figure 4 but for a -8 GeV/c hadron beam. The solid blue and purple lines indicate fits to
data.

and were effective in vetoing the beam halo and large-angle particles that originated from interactions in the beam
line.

In the high energy mode of the beam line where the data were taken with negative beams, there was no p contam-
ination. If the beam line was configured for positive particles, at 350 GeV/c, the beam consisted almost purely of
protons. At 20 and 30 GeV/c, the proton identification in the ⇡+ beam was possible when CK3 was pressurized to
1.7 bar of CO2. The particle content depends on the momentum, Pb. At the higher end, pions dominate. At lower
momenta, the beam consists mostly of e�s. The beam consisted of 31% pions, 0.4% kaons, and 5.6% protons at
+4 GeV/c, and the rest were e+s. At +8 GeV/c, the beam contained 72% pions, 2% kaons and 7% protons, and
the remaining were e+s. In the negatively charged beam, the particle mixture was approximately the same but the
p fraction was much reduced compared to that of the p in the positive beam. To enrich the hadron content of beam
triggers at low energies, a S1·S2·S4·MVF trigger was employed.
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Particle flow
Particle flow

56

Use xbest measurementy of each component
Charged tracks = Tracker
e/photons = Electromagnetic E calorimeter
Neutral hadrons from HCAL: only 10% 

Critical points: 
Very fine granularity 
Confusion due to shower overlaps in calorimeter
Very large number of channels

Q Successfully used for ALEPH experiment and  
now by CMS experiment (in both case rather poor 
HCAL ) CMS real data !

Using “best measurement” of 
each component 
Charged tracks = Tracker
e/photons = Electromagnetic E 
calorimeter
Neutral hadrons from HCAL

Critical points:
Very fine granularity
Confusion due to shower 
overlaps in calorimeter Very 
large number of channels 
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