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Before we start...

What do we know about matter?

Electron

Proton

Nucleus Neutron
Matter VT
: TON
Sarliios LERPTONS
All ordinary » | Etectron Electron neutrino | up Down
particles 2 Responsible for electricity Particle with no electric | Has an electric charge of Has an electric charge of minus
belong to and chemical reactions; charge, and possibly no mass; 0 | plus two-thirds; protons contain two, one-third; protons contain one, o
this group g it has a charge of -1 billions fly through your body neutrons contain one: neutrons contain two
every second
These % | Muon Muon neutrino Charm Strange
particles § A heavier relative of the Created along with muons A heavier relative of the up; A heavier relative of the down;
existed just a | electron; it lives for two- when some particles decay 0 found in 1974 found in 1964
after the § millionths of a second
Big Bang. g
Now they are > | Tau Tau neutrino Top Bottom
found only 2 | Heavier still; it is extremely | not yet discovered but Heavier still Heavier still; measuring
iIn COSMIC & | unstable. It was discovered | believed to exist 0 bottom quarks is an important
rays and £ | in1975 | test of electroweak theory
accelerators 3 A
Force
particles Gluons Photons Intermediate Gravitons
These Carriers of the Particles that \ vector bosons Q Carriers of ~,
parl-ci;:-s strong force make up light; Carriers of the gravity N
: i between quarks they carry the weak force =
RTINS electromagnetic Wil
four i £ T : ,'?d’
fundamental o9 = '/‘
forces =
of nature 0 %
although
grawtons Felt by: Felt by: Felt by: Felt by
hate a0 tr quarks quarks and charged leptons quarks and leptons all particles with mass
not been
discovered The explosive release of nuclear Electricity, magnetism and chemistry Some forms of radio-activity are the All the weight we experience is the

This is what we know about the particles that constitute our Universe. The only thing still missing WAS
the Higgs-boson that gives mass to all the particles. Plus everything that we still don’t know about...

energy is the result of the strong force

force
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are all the results of electro-magnetic

result of the weak force

result of the gravitational force
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CERN and the Accelerators Complex
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CERN Accelerators

(not to scale)
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LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator
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The CMS experiment

vacuum chamber

central detector
electromagnetic
calorimeter
==\ P — Y hadronic
Hﬁﬁi Q%S calorimeter
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Detector characteristics
Width:  22m j

Diameter: 15m
Weight:  14'500t
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CMS Slice
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Iron return yoke interspersed

Transverse slice with Muon chambers
through CWM5

D Barney, CERM, Febrscay 2004
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Atmospheric Showers

Pﬁmarycosrnicnays,
Something similar happens to the

hardons in the atmosphere
above us:

uon
Electron
Charged Hadron (e.g. Pion)
— = — - Neutral Hadron (e.g. Neutron)
—---- Photon
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Calorimeters Function and types

Function of Calorimeters:
e Measure the energy of a hadron (in most cases - jets of hadrons)
e Provide hermeticity, so that missing energy can be measured
Depending on their function and application, calorimeters can be of various kinds:
e Homogeneous vs. Sampling (structure)
e Solid vs. Liquid (medium)
e Scintillating vs. Cherenkov (signal)

e Compensating vs. Non-compensating (performance)
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Subdetectors

CMS

Qiafan Pinoaray (INBNE/RAC)
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HCAL barrel - installation in the magnet




HCAL barrel Sampling structure

Riilnarian Tearchare (CFRN (20 12) 11 Ctafan Pinearnv (INRNE/RARK)



TestBeam Setup

Calorimetric systems in CMS

Superconducting Solenoid

Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Hadronic
Calorimeter
Electromagnetic

Calorimeter Muon

Compact Muon Solenoid
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HCAL = Hadronic Calorimeter

ECAL = Electromagnetic Calorimeter
HB = HCAL Barrel

HE = HCAL EndCap

HO = HCAL Outer
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Calorimetric systems present on the
Testbeam 2004 table.

Pivot point corresponds to interaction
point in CMS. ECAL is a matrix of 7x7
prototype crystals.

HCAL Barrel modules are production
wedges readout with real front-end
electronics.
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TestBeam Setup Experimental table

Photo of testbeam area

MC Visualization

Beam from SPS.

Moving table allows beam to be sent into arbitrary eta/phi tower of HCAL.
ECAL crystals always stay in the beam.
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dout of the two HB wedges
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TestBeam Setup The H2 beam line instrumentation

WC AB,C ﬁ
: CK2 ™
R VLE setup ~
3 7801 GeV/c %
from SPS
wobbling | H4 S(.]_VLE :
| | é VLE tag S1-S4
' against
N n::' pgnchthrnugh E?g?er
w0
% ol counters
i N
400 GeV/c 10 GeV/c < p < 400 GeV/c 2-9 GeV/c tertiary Wire Chambers (WC A.B C):
primary protons | secondary hadrons/electrons single hit to I‘EjF:Ct ik
hadrons/electrons " . : i g
interaction in beam line
Available beam tunes: B
p1ons 2-300 GeV Cerenkov counter (CK2) - electron
muons 80/150 GeV Cerenkov counter (CK3) - pion / kaon / proton
electrons 9-100 GeV Scintillators (V3, V6, VM) — muon tagging
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TestBeam Setup

Cleaning

the beam

Example of beam clean-up possible in the Test-Beam
Run#29665: 5GeV pi+

14
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ECAL vs HCAL Energy in 3x3 towers EHbana_tot
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TestBeam Setup Geant4 simulation

All simulations done with Geant4 toolkit

%Trigger counters

v

Wire Chambers \
Foa ol

e
5
=
*Detailed HCAL geometry Ud\
with HB1&HB2 read-out =
schema.
*ECAL — PbWO, crystals, Al box

and Al block behind ECAL.

*Beam line - trigger %
counters and wire chambers I—HE:AL Endcapl

2N
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Understanding TestBeam data

Beam contamination

HCAL signal vs. ECAL signal - the "banana” plot

TestBeam data

HB1:ECAL 9GeV pi beam

HB1ECAL

HB1 [GeV]
N
7

10

Entries 56317
Mean x 2.147
Meany 4.382
RMS x  2.249
RMSy 3.789

6 8 10
Ecal [GeV]

HCAL (GeV)

- electron contamination in pion beam
- interactions in beamline
- muons from pion decay
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G4.6.2_p2 MC with noise
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Understanding TestBeam data

Beamline interactions

(MC) ECAL.vs.HB2 /9 GeV pim LHEP/

sim/dig: sim noise: nTB04 cuts: cutsTB04

ECALint: ANY vi_cut: vINONE Xtal: 7x7 [ |Meanx 24P

e h

Entries 100000

Mean y 4.234

sim/dig: sim noise: nTB04 cuts: cutsTB04

e h2
(MC) ECAL.vs.HB2 /9 GeV pim LHEP/ .\t Entries 100000
ECALint: ANY v1_cut: vINONE Xtal: 7x7 [ . |Meanx 24

¢ [Meany 4.234

L rMsx 213 )

(=]

RMS x 2136

| RMS y 3.879 :- : RMS y 3.879
514 .......... o] 3] of : .......... o] 370] o
T 0[99626 1 0]92264 -1
12 R .......... . o 3 ) 12 .......... ol 1 o
: : Integral 9.963e+04 : : : Integral 9.226e+04
O e e e e 10 AR T e e e 20
S Al AR e B B e e e
6 Y | e o ] S e R T L 10
4 gl e 1B A R e
DY - Cnaies - o RoRN R | | S Y - T 0
[P o Gpar  CETMEEREURT - AR IR § | MY e R R, -
-2 Tt T e R T R R e R T [ [ -10
11 1 | 11 1 | 1 11 1 | 11 1 | 1
10 12 10 12
ECAL (GeV) ECAL (GeV)
[MC) ECAL+HB2 / 9 GeV pim LHEP/| Esum [(MC) ECAL+HB2 / 9 GeV pim LHEP/ +cuts| | ESum2
6000:_ ........................................................ Mean 6.688 6000_ H Mean 6.845
5000 :_ Underflow 0 5000 ________________________________________________________ Underflow 0
4000:_ Integral  9.999e+04 4000 --------------------------------------------------------- Integral  9.631e+04
3000:_ .................................................................... B000| = -ieveeeeedemmees]ommeeiidire e
2000:_ ................................................................... 2000 i
1000:_ .................................................................... 1000 oo fee e
O_I 1 i 1111 i 111 i 1111 L' L1 | i 1111 i 1 0 L1 1 i 111 1 i 1
0 5 10 15 20 25 30 25 30
GeV GeV

Riilnarian Teacrchare () (CFRN (2N 12)

Calorimeter-based cuts
necessary to clean up the
beam-interacted

are

particles.
introduce systematic

errors, but are the only way to
enable comparison with the TB
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TestBeam results

pion response

. energy spectra

pi 300 GeV

TB data

0.07

0.06
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TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT

1111111111111111

Mean 286.3
RMS 34.94

LHEP

Mean 284.4
RMS 32.88

QGSP

Mean 288.1
RMS 31.61

05100 ~150 200 250 300 350 400
Energy [GeV]
pi 7 GeV TB data
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0.07 LHEP
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0.05F- LHEP
C Mean 45.89
0.04} RMS 9.013
r QGSP
0_03; Mean 45.59
r RMS 8.737
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12 14 16
Energy [GeV]

10

pi 10 GeV TB data
Mean 7.819
0_07: RMS 2.96
r LHEP
0'06» Mean 7.709
0.05* RMS 2.983
i QGSP
0.04( Mean 7.74
0.03* RMS 2.938
0.02f
0.01F
0% 5 10 15 20

Energy [GeV]

Good agreement with data.
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TestBeam results pion response: linearity

Comparison of Test-Beam data and Geant4 Linearity of Response

TestBeam Setup Geant4 Simulation
G4:9.2.b01 Response (MCideal calib.: ele50)
o F DR e
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Simulation with Different versions of Geant4 Shower Profiles

Longitudinal Shower Profiles —o— LHEP G462 pim 300
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Summary

Calorimeters play a crucial role in detecting hadrons

They can be of various kinds, depending on their application
e Their MonteCarlo simulation is very expensive in terms of CPU power

e CMS calorimeters have been studied in TestBeams in great detail before installing them in the
experiment
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