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Content (and Disclaimer)

This lecture will give an overview of how to assemble detectors into experiments at Colliders.

ﬁ Er)(epsir;]r:fg;zg;tgﬁt;ecent past and Experiment: assembly of detectors
:é_j_ Fixed target geometry Collider Geometry
: Goal of Ideal experiments: measure “Magnet spectrometer” “47 multi purpose detector”
5
—| A Characteristics of ALL charged and traget  tracking  muon filter
’ neutral articles |\ e
A Characteristics of a full Event P \\ \

(topology & much more) T b, | }}
.............. A\

: : 1
This cannot be done by a single f T barrel T
detector beam magnet calorimeter endcap endcap

(dipole)

Y integrate several detectors
Y experiments

I Limited dW+ easy access I I ~FulldW+ ~no access I
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the barrel (large angle / largep; / large h)
cylindrical and cceaxial with the beam axis

the end-cap (forward / backward part)
it consists of disks that are
perpendicular to the beam line.

The experiment (== assembly of
many detectors) -sho'

A[Be capable of measuring known physics processes but also unexpected new phys;ids

A Be capable of identifying particles (mass and charge)

A Reconstruct primary and secondary vertices

A Have excellent triggering performance and sustain the
rate of interactions;

A The position of all the different detectors should be know
with high accuracy.

A Be as hermetic as possible;

A Measure momentum of all charged particle¥ B field

A Measure energy of all hadrons and electrons;

A Filter muons using a large amount of material and
measure its momentum,;

Is this possible at all? Yes but with caveats and limitations.
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Bending in the transverse
plane

Large homogenous field
inside coll

weak opposite field in return
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Size limited (cost)

rel. high material budget

Bending in the longitudinal
plane

Rel. large fields over large
volume

Rel. low material budget (air
toroid)

non-uniform fieldY
measure!

complex structure



Solenoids VsToroids

solenoid A Large homogenous field inside coil A Size limited (cost)
A weak opposite field in return yoke A rel. high material budget

o Type Experiment B-Field Cold/ Diameter (m) Length (m)
3 (T) Warm
E S | DELPHI 1.2 C 572 7.4
E s |L3 0.5 W 11.9 11.9
g s |cwms 4.0 c 5.9 12.5
. S | ATLAS (ID) 2.0 C 2.5 5.8

T | ATLAS (m barrel) 0.5 C 9.4/20 24.3

T | ATLAS (m end-cap) 1.0 C 1.7/10.7 5

A Rel. large fields over large volume A non-uniform field
A Rel. low material budget A complex structure



Time Laps of Physics

SM predictions in different Higgs

A Higgs events for different masp simulate@i ecav channels vs Hiaas mass

ALHC Experiments designed to det|
masses®

A modern experiment should be capable of ®© unex
G
The Higgs case @ LHC experiments. g - .
= I JLdt=301f = ttH (H — bb)

. — . b= (no K-factors) A H - 22" = 41
5 Hi ggs = New Physics |<§ 2O01Pras ©H - WWY S v
g = ot " qqH - qq WW"
a) . . & = - 4 qqH — qqmr
= A SM: couplings versus (unknown) mass knowrY Cross 2 i Total significance
2 section and decay rates known _
g
S

10

A good / excellent discovery potential for some models beyond l !

SM (SUSY).

Where is the problem? 100 120 140160 180 - 200
mH(Gerc}
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A modern experiment at a collider should be capabl
new physics (generally i1 ndicated wi"
~20 years between the conception /design and operation . Pre-LHC situation : simulation
(~10 years of project ~10 years of construction(Find the money!) £ fLac=som™ | o s
_________________________ %E (no K-factors) s H - ZZ‘*,:*._} 41
I What if arfdteur n hpoi-mto® s o me ri gw,.dilsieYvel y ?qlg’_}’f‘:q“@aﬁlve o
' development changes the landscape? E 4 qqH — qqm
b e e e e e e e e e e e e e e = = I = ____ Total significance
1 SM predictions in different Higgs
The design cannot change much | decay channels vs Higgs mass
Yrisk of a -poor® experiment. —
10
However.
A Modern experiments extremely versatile- very large detection . R N SR
potential
Apast indicates that New Physics |[~me ma s s
A Look for high energy leptons, jets, missing eneigs

180 200 |
m, (GeV/c’)

160



Time Laps of Technology (199G 2000)

Table 1. Typical detector characteristics. Table 28.1: Typical resolutions and deadtimes of common detectors. Revised
September 2009.

Resolution Dead Resolution Dead

Detector Type Accuracy (rms) Time Time Detector Type Accuracy (rms)  Time Time PDG ) ~20 10 ed Itlon
Bubble chamber 10 to 150 pm 1 ms 50 ms® g&::ﬁeihjﬁﬂa?ﬁg or I%goszgm ;E: 150(:)?::
Streamer chamber 300 pm 2 ps 100 ms Proportional chamber 50-100 pmb< 2 ns 200 ns . .
Proportional chamber > 300 pmb'“ 50 ns 200 ns Drift chamber 50-100 pm 2 ngt 100 ns Comp arison between typ'Cal
Drift chamber 50 to 300 pm 2 ns? 100 ns Scintillator — 100 ps/n¢ 10 ns L. .
‘2 cintillator - ns mulsion m — —
g Scinillat - 150 ps 10 Bnlon 1 e detectors characteristics in
g 2 " e et G m e 2= 1990 and 2010
e Silicon strip pitch/(3 to 7) ¢ g
= .. . . h g g
PDG. 1990 edition 2um
(@]
& Accuracy (mm) Time Resolution
(@]
'_ . -
Streamer Proportional : Micro-pattern
»  Year P Drift chamber RPC X
@ chamber chamber gas detectors
— QO
2 1990 300 >300 50 ns 50-300 - -
(Q\
t 2010 300 50-100 2 ns 50-100 10 nm <10ns 30-40 10 ns

Detectors designed~ 10y < data taking

A Detectors at the frontier of technology or (more often) detectors in R&D phas¥ optimise while constructing

A Expected duration of future experiments > 30 years!

A Long term planning forupgrade and / or replacement of technologies (increase of luminosity, radiation damage)
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And of SC Magnets used In Experiments

Table 34.10: Progress of superconducting magnets for particle physics detectors.

Experiment Laboratory B Radius Length Energy X/Xj E/M

[T] m]  [m]  [MJ] [kJ/ke]
TOPAZ* KEK 1.2 1.45 5.4 20 0.70 4.3
CDF* Tsukuba/Fermi | 15| 1.5  5.07 30 0.84 5.4 1987 - 2011
VENUS* KEK 0.75 1.7 5.64 12 0.52 2.8
AMY* KEK 3 1.29 3 40 T
CLEO-IT* Cornell 1.5 1.55 3.8 25 2.5 3.7
ALEPH* Saclay/CERN 1.5 2.75 7.0 130 2.0 5.5
DELPHI* RAL/CERN 1.2 2.8 7.4 109 1.7 4.2 1989 - 2000
ZEUS* INFN/DESY 1.8 1.b  2.85 11 0.9 5.5
H1* RAL//DESY 1.2 2.8 575 120 1.8 4.8 1992 - 2007
BaBar* INFN/SLAC 1.5 1. 3.46 27 T 3.6
DO* Fermi 2.0 0.6 273 5.6 0.9 3.7
BELLE* KEK 1.5 1.8 4 42 T 5.3
BES-111 IHEP 1.0 1.475 3.5 9.5 T 2.6
ATLAS-CS ATLAS/CERN 2.0 1.25 5.3 38 0.66 7.0
ATLAS-BT ATLAS/CERN 1 4.7-9.75 26 1080 (Toroid)Jr
ATLAS-ET ATLAS/CERN 1 0.825-535 5 2x250 (Toroid)Jr
CMS CMS/CERN 4 6 12.5 2600 T 12
SiD** ILC 5} 2.9 5.6 1560 T 12
ILD** ILC 4 3.8 7.5 2300 T 13
SiD** CLIC 5 2.8 6.2 2300 T 14 > 2035
ILD** CLIC 4 3.8 7.9 2300 T
FCCH** 6 6 23 54000 T 12

—

* No longer in service
**Conceptual design in future
T EM calorimeter is inside solenoid, so small X/X( is not a goal

Radius of curvature of a charged particle in a B field p

Super-conducting magnets are used
for the momentum measurementof
charged tracks (curvature):

nh
N

0
0

U 4xBY 4 xresolution inpy
U Magnets are the largest structure
of an experiment

U You may replace (part of the)
detectors

U Magnets in experiments have to
last for ~30 to 40 y
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A 4p hermetic experimentis inaccessible, like a ship in a bottle.

Interventions at the LHC are planned since the construction andpening / intervening / closing back takes ~ 2y

and the
Long Shutdowns.

coor di

LS Long Shutdowns :

LS2 2019

LS32024Y % 2026- Upgr ade

o, ]
| Expected data taking end ~ 2040 i

+2020

nated work of a | arge number of engin
B . .
LHC / HL-LHC QJ/ |
HL-LHC PROJECT
|
LHC HL-LHC
Run 1 | | Run 2 I | Run 3 ‘ Run4-5
LS1 EYETS LS2 LS3
13 Tev - 14 TeV 14 TeV energy
g7y eplice consoldation POESTOR DR ACE oyl o Rominal
_7 TeV — bun;;;::g;:::ors 11T dipole & collimator ','égﬁ’,fsm" installation Juminosity
Civil Eng. P1-P5
2011 2012 ‘ 2013 2014 b 2015 ‘ 2016 ‘ 2017 2018 2019 2020 ‘ 2021 ‘ 2022 \ 2023 ‘ 2024 2025 2026 ,|||HH| 2038
-
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 x nom. luminosity 2.5 x nominal luminosity upgrade phase 2

-Upagr

2010

P h a%¥gs2 ®

nominal It

ALICE - LHCb

nominal

»/—

adeg,  Phase

PDR PREPARATION

2011 2012 2014 2016

2013

2015

ASSESS & TDR

upgrade

2017 2018 2019

2020 2021 2022 2023

2038 !
itegrated

1 ® MAJOR CIVIL WORKS TECHNICAL INFRASTRUCTURE
MAIN ACCELERATOR COMPONENTS PHYSICS
CONSTRUCTION AND TEST INSTALLATION

2024 2025 2026 2040



General Overview

\| Barrel semiconductor tracker

Barrel fransition radiation tracker
End-cap transition radiation tracker

¥ End-cap semiconductor tracker

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Tile extended barrel

Tile barrel

Pixel detector
LAr electromagnetic calorimeters

: Middle Y

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker
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LAr hadronic
end-cap (HEC)

Thin-gap chambers (TE&C)

INO  A9PISU| WO

Cathode strip chambers (CSC) Ar electromagnetic

LAr electromagnetic
barrel

- OutsideY
Barrel foroid M u O N

Resistive-plate
chambers (RPC)

\ ;\*“m Spectrometer

Monitored drift tubes (MDT)

{t




General Overview

. Detector component Required resolution 7] coverage

Measurement Trigger Non destructive
Tracking . /pr =0.05% pr 1% +2.5 measurements

EM calorimetry og/E =10%/vVE ©0.7% +3.2 +2.5
Hadronic calorimetry (jets) Destructive
barrel and end-cap ot /E = 50%/E ®3% +3.2 +3.2 measurements
forward Or/E =100%/vE®10% | 3.1<|n[ <49 |3.1<In|<4.9 ~ mived
Muon spectrometer Op,/pr=10% at pr =1 TeV +2.7 +2.4 measurements
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General Overview

Position Name Purpouse

Innermost  Vertex Detector charged tracks close to beam pipe; primary ( + secondaryertices of

decaying particles) (smallDRadiusY no momentum!)

Inner Tracking Detectors  charged tracks with a large DRadius

Middle EM Calorimeters Measure the energy ofelectrons and photons

Middle Hadron Calorimeters Measure the energy othadronic particles

Outer Muon Spectrometer Measure the momentum of penetrating particle¥Y muons
Position Name Hadronst Hadrons® Photons

Innermost Vertex Detector

Inner Tracking Detectors

Middle EM Calorimeters

Middle Hadron Calorimeters

Outer Muon Spectrometer Penetration limit
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Basic Measurements: Summary

Type of Measurement

Quantity measured

Detector

Position in Experiment

Non destructive (~light
detectors in ~vacuum or in

gas)

Trajectory of charged
particles close to
interaction point

Vertex detectors, Si
detectors (excellent spatial
resolution & radhard)

Cylinders with radii ~ 10/20
cm

Radius of curvature of
charged particles in
magnetic field

Inner Detectors, typically Si
or gaseous detectors

Cylinders in barrel, disks in
end-caps. Radially out of
Vertex Detectors

Destructive (detectors
made of heavy materials)

Energy ofem particles
(electrons & photons)

EM calorimeters ~ Lead
sandwiched with energy
detectors

Cylinders in barrel, disks in
end-caps. Radially out of
Inner Detectors

Energy of hadronic particles
(charged & neutral)

Hadron Calorimeters:
Fe/Cu sandwiched with
energy detectors

Cylinders in barrel, disks in
end-caps. Radially out of
Inner Detectors

Mixed

Radius of curvature of
charged particles emerging
from EM & HCAL
calorimeters

Muon detectors: tracking
detectors, typically gaseous
detectors

Cylinders in barrel, disks in
end-caps. At the outmost
position




Glossary

Definition Measurement Comment
Efficiency probability that a detector gives a measured using a beam of
signal when a patrticle traverses it known particles or using
simulation

:B; Response time time that the detector takes to form Test beams during this time, a second
§ an electronic signal after the arrival event may not be recorded
= of the particle
S Dead time time between the passage of a Test beams The length of the signal,
= particle and the moment at which the electronics used, and
= the detector is ready to record the the recovery time of the

passage of the next particle detector influence the

dead time

Spatial resolution precision with which the passage of Test beams
a particle is located in space

Energy resolution possibility of a detector to test beam° The energy resolution is
distinguish two close energies of known energy the halfwidth of the
energy distribution




Charged Particles Detectors

Particle Data Group: https:/pdg.Ibl.gov2024/reviews/contents_sports.htmi

Table 35.1: Typical resolutions and deadtimes of common charged par-
ticle detectors. Revised September 2023.

Intrinsinc Spatial  Time Dead

Detector e Resolution (rms) Resolution Time

48 |Resistive plate chamber 50 pm 50-1000 ps* 10 ns
" Liquid argon TPC 0.5-1 mm?  0.01-1 psd —
= Scintillation tracker ~100 pm 100 ps/nll 10 ns : : :
=1| Bubble chamber 10-150 pm 1ms 50 ms** <j Typical detectors in modern colliders
2 Wire chambers
S . - tt 20— 1
-'g roportional and drift chambers) 50-100 pm 5-10 nstt 20-200 ns
= | | Micro-pattern gas detector 30-40 pm 5-10 ns'™ 20-200 ns*
Silicon strips/pixels <10 pm%  few nsTI H < 50 nsH

*LHC: ~2mm gap, ~1ns. HL-LHC: ~1 mm gap, ~350ps. Timing RPC: ~50 ps
'Limited by amplifier and discriminator bandwidth, usually around 100 MHz
'Detector geometry dependent
S$Using the scintillation signal
No deadtime for medium
In = index of refraction.
**Multiple pulsing time.
" For fast particles
HDepending/limited by the amplifying electronics [8]
§§Depelclding on electrode pitch, best values around 24 um have been achieved
T9Resolutions < 100 ps are reached in dedicated pixel developments



Combined Measurements

Complex observables need the combination ddifferent detectors

A E,,=Total event energy,p,; = event momentum balance;
A (Ecy 2 Eg) = energy carried by invisible particles

A (ﬁ N ) gives the direction of invisible particles

% A Total momentum only in the transverse plane (&, is not known in hadronic colliders)
8 A Muons (Inner Detector + Muon Spectrometer)
5 A EM and Hadron calorimeters to distinguish hadrons from electrons and photons
S A Associate showers with charged tracks extrapolated to the entrance of calorimeters
= A showers not associated to any charged particleY neutral EM or hadronic particle)
= A Reconstruct jets
p of Energy of  Identify Identify  Associate Jets Eiot & Pio
charged all photons muons tracks &
fracks particles  electrons showers
ID
EM-calo
H-Calo
L-Spec
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Tracking Detectors
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Curvature of a trajectory in B field ¥
Non-destructive measurementY ionizationenergy losses (det.elements) areL 1)

Tracking detectors are ~perpendicular to the trajectory of the charged track

A Multiple position measurement along the trajectory the curvatureY momentum

A
A
A



Measurement of Momentum p

Measurement error *
of single pointdx
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0 ¢’ N \,"\ r

il
Q

Momentum is determined by measuring the radius of curvature in magnetic fieffi® m
Measuring $R®hd ssagiptotsasi-bl e & si mpl e met
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%
%

High pr Y smallsagitta &

—
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Low p; Y large sagitta

S

@

5| =
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Measuring Physical Quantities

The componentp; perpendicular to the direction of B is given by o E(b Y T Tt _j Al (@
G q

P p
D " &0 g™

N g o | noadm mwed ¢m4mw{>

with units GeV, Tesla, metersr is the radius of curvature and is the position along the trajectory.

| f we consider thl®L-sancanmwgdae encl osed by -
write the relation

U e
"gAi(§ " ioi "gp Ai(9
Q¢ il & Govamon @I p —Ty
i "gp AI(§ T




Measurement of Momentum in B Field

I\ The example shown on this figure refers to a VERY low
i "dp Al ( a) " E—T momentum charged track, in practice thesagitta is always
5 much smaller than the radius of curvature
a a
— ; O l "’ ¢H b} )

2 alL L Measurement
5 _ inside the B field
= From the slide before ¥ points with
E b - p error s,
o D "d0i €@
= e
= ‘ .

, O gT@ g0 a

TN d

Two ways to measure thesagitta:

A Using measurementsinside the B field:Inner Detectors inside a solenoidy
circle that best passes through the measurementy fit

A Using measurements doneoutside the magnetic field in this case the direction
of the track before and after the B field region



Relative Error onp+

Simplified example measurement with 3 points; , »:

ol () O JT1¢ J[T¢4
8¢ ¢

I

A more general formula has been derived for N equidistant measurements
(R.L. Gluckstern, NIM 24 (1963) 381):

Relative Error onp+ I ) ’ . z_ forN ~10

A on the precision of the single measuremenand

A linearly onp+ it worsen with increasing momentum. This is qualitatively intuitive if one considers that the curvature
becomes larger (and thesagitta smaller) whenp+ increases.

A On the inverse of square root of thenumber N of measurements

A On the dimension of the measurement aredb

Toni Baroncelli: Detectors

Important effect: the multiple scattering.
Charged particles undergo a large number of small deflections when passing through matter
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The deflection ofa charged particle,
Opiane » after Jiof a material with X ~

D QW —-
gurhs

6(Y" (a) H OQjw gow o

Y

\\\\\\ v A
\\\\\ e Yplane
splane\\\\' = \
$ Oplane

A

Figure 27.8: Quantities used to describe multiple Coulomb scattering. The particl
is incident in the plane of the figure.

Y Material of Inner Detectors (walls, cables and services ) has an impact qi.

The relative effect is ~

quadratically):

OPn

0~ Bc03[B(0)dl

The two effects (detector resolution and effect of multiple scattering have to be combined

o0

14 MeV

4

|

1N

R

Xo

}1}2

Y nop;
dependence

Element | Z |Rad. Length (expt.)
[g.cm2]
H 1 63.04
He 2 94.32
C 6 42.7
N 7 37.99
0 8 34.24
F 9 32.93
Ne 10 28.93
Na 11 27.74
Mg 12 25.03
Al 13 24.01
Si 14 21.82
P 15 21.21
S 16 19.5
Cl 17 19.28
Ar 18 19.55
K 19 17.32
Ca 20 16.14
Ti 22 16.16
Cr 24 14.94
Fe 26 13.84
Ni 28 12.68
Cu 29 12.86
Zn 30 12.43
Ag 47 8.97
Pt 78 6.54
Au 79 6.46
Pb 82 6.37
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|deal Situation

Cross-over

Constant term

s@ip"

p

Example:
pr=1GeV,/b- 1m, B=1T, N=10,s, = .2mm

1n
L m® b
el

Assume the detector to be filled with atmospheric
pressure Argon (gas), % = 110m

— S ™ b

Note: calorimeters
filter ALL particles
but Muons !

Segment-Tagged Muon
—
Calo-Tagged Muon




(Muon) p; Resolution in ATLAS

More effects (in the Muon system  —~ 12

after traversing calorimeters!): S 11 ;_ ¥ Tube resolution and autocalibration Total Resolution
- - @ Chamber alignment
A Alignment of detector elements '(..53 10 = g g:giplelggzt;ﬁjgﬁat'ons
— I
| A Energy losseswhenacharged 3§ 9 £ A Totalgy @ Detector Resolution
5 i n —
g partlc!e (muon) traverses O g [
@ material. S = Il <1.5
= ~ 7 = :
é At a p; of ~10 GeV the dominant 5 s E Chamber Alignment
=8 contribution is % and = =
Sl multiple scatterin o 5
g Y [ For muons! = - 10 GeV
- 4 —
S 3 | =
At a p of ~ 300 GeVmultiple 3 = Multiple Scattering
scattering and detector resolution 2 =
are equally important ’ =
At a p; of ~ 1 TeV detector resolution 0 & — —

IS most important effect 10 10 . 10

pr (GeV)



=), Calorimetry

Calorimetry




Energy Measurement in Calorimeters

A A destructive measurement a large number of nuclear and/or EM processes in a dense medium.
A Showers; Shape depends on material and on particl¥ identify!

Convert signal into energy of
primary particleY
calibration

There are two types of calorimeters:

Detector to collect signal
of segment

A Homogeneous calorimeters:
A A transparent material (scintillating crystals or high density glasses
emitting Cerenkov light) absorbs the energy and measure it.
A All charged particles in a shower seer¥ best energy resolution.
A Uniform response in all points.
A Costly, can be hardly segmented ¥ total energy, not shape).

A Used for electrocmagnetic calorimetersY electrons and photons Detector to collect Slgnal
of segment s

Toni Baroncelli: Detectors

A Sampling:
A Sampling between dense material and detectors.
A Often sandwich type structure (absorber / detector) but also fibres.
A _Limited cost, segmentation.

A However only a fraction of enerqy is detected lower resolution.
"Q O IO Generally used for both electrons & hadrons




Dimensions of Calorimeters

A characteristic parameter {Y used material) determines the development of showers

A electrons/photons: Radiation Lengthd (EM interactions)

A hadrons showers thelnteraction Length_  (Hadronic interactions)
Aimt [cm] | Xo [em]
S - : Transverse Size
g : Longitudinal Size (95% o :
3 _ 79.4 42.2
8 Typical Length containment) (95 Y0 Scint
3 containment)
5 Radiation Length LAr 83.7 14.0
15 EM Showers | ®x — "Q"Q0 ©° 15t0 20 ® ~2®
Ox pxd Fe 16.8 1.76
Hadron interaction length
Showers x § * ( 6to9_ N 1 Pb 17.1 0.56
Jo_0679_ 1T ®
) . . U 10.5 0.32
Y Hadron calorimeters much longer than EM calorimeters.
A The length of showers ~ log(primary energy) 1 1
A Y Calorimeters contain showers in large range of energies C 38. 8.8
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The Shower Development

Energy deposit per cm [%]

Depth [Xo]
0 5 10 15 20 25 30
T T T T |
- - Energy deposit dgf electrons as p function of depthina 4
/ o 1 GeV block of copp&TT megre alized to same value
-oP [EGS4* calculation] |
/ \ ,\IO GeV Depth of shower maximum increases |
- © \ -\ s logarithmically with energy |
/. X° e %100 GeV tmax o In(Fo/E.)

‘_’L\_‘y_’ "\ TeV 1
m/5t 15'\cm for\.a -

j: attgr wohln\ene(gy - :

0\ .

} ./ A/ // O\D\o\ .\“ \A\A\A \\A\‘\‘\ |
2’1{“" 3 ' R .%I° ““::*q.m”:ﬁm:.nm::“““‘-‘1,. '

0 10 20 30 40 50

Depth [cm]

In the end all type of showers (Had &
EM) degrade most of the initial energy
by ionization losses

altitude above sea level [km]

250 GeV proton 250 GeV photon
20
250 GeV 250 GeV
proton photon
15 /// ; \ s
: A\
B\
\\
'\ PUNE
10/ ‘: \ \\ =
i \
N
: ' | \
"% EM shawers much
Sk -
| narrower and better
d| diﬁned
5 0 +5 5 0 +5

lateral shower width [km]

lateral shower width [km]

Simulated hteral development of

showers |

nair



Calorimeters & Test Beams

A calorimetersignal Smeasured® number 0 of nuclear interactions® energy O.
Y £ 0 WA Qi O wOFEDE ¢ |

| converts the calorimeter signal into energy. has to be determined.

5
2 One method is based on test beam(s).
(@]
g Mimic the same setup of the experiment
(] —
3 _ Virtual ATLAS 1P E E \
5 Beam of known particles of known energy 3 =
S 5 S
S1 S \\= 14 & p=
— -

3
IN | 1]
7/ 7/ I I l —
|_| | |_| S4 |.| |-| / %n 0.6
BCl1 BC2 €3 BC4 1 3X, lead

Same distance as in the experimen

iron

[ g ol

A You measure the proportionality constant at different
incoming energies and check if it does depend on
energy (should not!)Y linearity

A You measure the spread of the signal for a given
energy Y resolution

n=0

Rotating LAr EM calorimeter
prototype of ATLAS



Energy Response

%
& 2500 .\“““*'“‘:"”'”j:éf'mﬂ T T T T T T T T ]
< - Slope = 12.0 ADC/GeV / w  F! sampling=28.6 +-0.1 .
. . > 2000~ , o 408 120 _ : B
A The figureY the response of a g - Residuals <0.5% \(\6%\0"' [8 b Constant = 3.60 +/- 0.02 E
calorimeter to beam particles of % 1500 @g\,x‘ ) § o N E
" different energies is linear 3 1000l @*Q’Q,-"" E - TN E
= . . . . @ - . . 1 2 B - ]
3 A The distribution of the signal at a S N S 1 4 VI I -
3 given energy giveg ®®he” -resolution®,. E
8 052040 60 80 100 120 140 160 180 200 0 50 100 150 200
= Beam Energy [GeV] Beam Energy [GeV]
[ . ‘a1 : : : 5 10 20 40 " 80 150 500 oo
= The signal of a shower is linear with energy, the resolution decreases with . S , "
| energy "o =
10 Q0 V6 wétio g o
O 0 0 \/6 D : yl 5 s
ecreases with ener =
: . : J i . ATLASLAr
In real life the resolution is subject to several effects, and they have to be 2 calorimeter
. . ¥ . . . 3t
combined quadraticallyY a more complex parametrisation is normally used: 5 .
M 2F
" ” + ” + + ” i o ‘:";--.__ Se
0 e N
’ 0.5 0.4 03 .2 0.1 0
7 = Q ~—1/VE




Dead Material: how to Measure It?

— 5001
| | es E |
.. vVia photon conversion et E wo \}
Selection: o0
A Two oppositely charged tracks '
S with pt > 0.5 GeV Detectdr. laver 2000 kit 8 60
< A Small distance between tracks y . -~ 40
=8 A Good vertex; zero opening angle _ : == o
£ A Well reconstructed tracks > | Data y
8 3 B000-7506-1000 500 0 500" 1000 7500 2000 5 [mm]
E 500;; | 1 ATLASPrellmlnary 1 ?52 <nl<l I1I304_;
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... Via secondary vertices
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Radiography of the Detector
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TABLE 5 Evolution of the amount of material expected in the ATLAS and CMS trackers
from 1994 to 2006

ATLAS CMS
S Date n=0 n =~ 1.7 n=~0 n~1.7
% 1994 (Technical Proposals) 0.20 0.70 0.15 0.60
§ 1997 (Technical Design Reports) 0.25 1.50 0.25 0.85
S 2006 (End of construction) 0.35 1.35 0.35 1.50

l The numbers are given in fractions of radiation lengths (X / X{.}.}\Iute that for ATLAS, the reduction in material from 1997
to

at 7 =& 1./ 15 due to the rerouting of pixel services from an integrated barrel tracker layout with pixel services
along the barrel LAr cryostat, to an independent pixel layout with pixel services routed at much lower radius and entering
a patch panel outside the acceptance of the tracker (this material appears now at n = 3). Note also that the numbers for
CMS represent almost all the material seen by particles before entering the active part of the crystal calorimeter, whereas
they do not for ATLAS, in which particles see in addition the barrel LAr cryostat and the solenoid coil (amounting to
approximately 2 Xg at § = (), or the end-cap LAr cryostat at the larger rapidities.
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Pattern Recognition

ATLAS

Invisible by eye!

Simulated event:
Ho Y bb

Toni Baroncelli: Detectors

S,

:\.“:21111;-‘.;_ _____________________________________ \ ’l You see by eye!
@ Desy 1980Y 1990, . o

i 2N s v D

(*) One possible set of track parameters:
QM e T (or tangent of the angles)



Toni Baroncelli: Detectors

In modern Experiments, already at theéime the
experiment is designed, you need to
consider/know

Invisible by eye!

A How different detectors contribute to the
analysis of one singldeature
(=characteristic)
Simulated event: A How your analysis programs will solve the
H, Y bb problem of very crowded and complex
topologies

A Y itis more and more difficult to think in
terms of single/isolated detectors

A Y itis more and more difficult to separate
hardware and analysis programs

One Experiment = undistinguishable ensemble of many detectors and of analysis programs




Toni Baroncelli: Detectors

How to finc{ which measurements (*) (hits) make a tradk a[1d have to be fitted to compute a trajectory’}

In some cases you may arrange your detector Il n some other cases you may

to give you anindicationY u,v geometry

Strips

. o sensor hit
L Real pop _
module hit
|1- T X
\.\ S g * hole
'-S? u ® ambiguous hit

> 4 combinations!

X Correct combinations

(*) One possible measurement: (impact parameter, direction and momentung) hx e i 1M



Toni Baroncelli: Detectors

Feature Space

Three tracks are defined They appear like this in
by tan(g) and X, your detector
]

The goal of Pattern recognition is going from
Pattern Space to Feature Space

Templates are checked with increasing granularity

templates: if a limited set of topologiey create a

-road® and compare It v
correct -road® wi |l | N
points. Works for simple and few topologies




Hough Transform

D.16

Toni Baroncelli: Detectors

fan “lhl ' o

Hough transform.

Join all possible pairs of points with a line characterised by tag)(and X, .

each pair of hits in two dimensions becomes a line;

real track, Y many aligned pointsY sametan@)andxY peak in the -Feature S

Wrong associations ~flat distribution. )
Y one peak indicates one trackY look for peaks

Too oo To To
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Definition of ~cChli $Bguared=: :"’Qd t 3

: )
Physical meaning: distance between fit function and hit normalised to measurement error

A measured pointsa =+ 3;(at positionw ) @ of a track have been correctly identified in theattern recognition
step.
A trajectory of a particle is described by an analytic expressioif) .

U nis the set of parametersY the momentum in B field is one parameter
i Q¢ A isthe coordinate predicted by the functionfmight be a circle in a solenoid or a straight line)

Find the set of parameterqs) that minimises thew
Meaning: you find which is the trajectory which minimises the differentbetween all measurements and trajectory

+LZ (AEQ—E)Z

loss O Eloss

Better approach: include alsomultiple 5 Z T2 cas "‘Z 02 a; n (Sin Ojoc)? O2 ut
scattering and energy losses X o2 o2 2

meas ~ MEas scat scat O scat

i 1 Qi "QQ6 IO @INDO'A 1 QAMdEEom 0 QE &



(~Modern) Pattern Recognition

|l n past experiments the track reconstruction consi
A Pattern recognition
A Track fit

In modern track reconstruction, finding + fitting a track at the same time
no clear distinction between pattern finding and track fitting.

Toni Baroncelli: Detectors

As a consequence, the full chain of pattern recognition and track fitting will be a single unit.

The ATLAS / CMS track finding / fitting currently consists of three sequences
S
1. the main inside-out track reconstruction (start with a seed defined by the beam spot and the innermost hits of
the vertex detector)
2. Followed by a consecutive outsidan tracking (recover ~unused / unassigned hits)
3. As a third sequence, the pattern recognition for the finding of \Wertices, kink objects due to bremsstrahlung
and their associated tracks follows



Toni Baroncelli: Detectors

The w method is not always convenient:

1. You need to have all points attributed to one trackefore the fit

2. ltis expensive in terms of computingime: a large number of
points have to be handled in theC? fit: # measurements X #
parameters of each measurement

3. to be repeated for many tracks! 0 g0 @

Y use pattern recognition methods which are based otrack
following where it is not clear apriori the right hit combination

track following == the path is not clear gpriori Y the direction becomes clearer as you follow the trajectory
Y Kalman filter technique

The Kalman filter proceeds progressively from one measurement to the next, improving the knowledge about the
trajectory with each new measurement.

With a traditional global fit, this would require a time consuming complete refit of the trajectory with each added
measurement.



Kalman Filter in a Cartoon

Goal: compute X, observable using a sequence of measurements

1 (2 hits) (k=1,2a indicates successi v

Kalman filter is an iterative procedure

-t
L™ e
A L

g . A Starts from a seed (2 hits)
< ‘/ , 4 A
= @ _4(5 hits) Extrapolates and includes next hit; accounts for
£ material, multiple scattering, energy loss
@ A Recalculates track parameters, refines extrapolation)
s S
Hits left?
Yes No :>
2 (3 hits) \ / - - :
A Y does not require handling of all k+1 hits, only one W O ¢00

measurement (~1 hit) + parameters of state befor& very

_ W -state®1lat
fast algorithm. O
w:

- Transf e

A Y Random trajectory perturbations, (multiple scattering or
-new Ssta

energy loss) can be accounted for efficiently. \_




Kalman Filters

Kalman Filter approach consists of two steps:

A The prediction step extrapolate current trajectory (state vector) to next measurement from th¥ discard noise
signals and hits from other tracks.
A The transfer step which updates the state vector

System state vectorat the time kincludes k-1 measurements and contains the parameters of the fitted track, given
the position of the K" hit (including hits before!)

The corresponding measurement errorsovariance matrix(contains measurement errory by G,..

The matrix F, describes the propagation of the track parameters from the (k 1)t to the K" hit.

Toni Baroncelli: Detectors

Example: planar geometry with one dimensional measurements and straiglime tracks

t, = tan U the track slope in thexz plane, F. = transfer matrix W O ¢00
State vector W p A A W State vector
measurement k|| « |~ ( ’ ' ) . @ measurement k1
@ 0/% \m D 0
Yo o oéd a )
YO o099 O 0o



Propagation of States

The extrapolation from one state to another (in page before) is valid in general:

o [0 o Error on track
parameters
0 The transfer matrlix"O transports A 6 is the error matrix extrapolated from the stated
g the statew  (at easurement (generally called Covariance Matrix). It contains errors on
é poi ALt®)- k o t haeatn & x § mdasuter@ents (diagonal terms) but also the correlation
3 measurement point k among different terms.
3
% . Anewtermappears Qi s due to -random@
Emapo\a“(_)_; ________ "* New state particle trajectory (mostly) multiple scattering
______ Y ~ exact knowledge of material distribution
_______ f Measurement k

Measurement k1

1. We extrapolated the statew from measurement k1 to state w at measurement point k
2. We haveto include new measurement k. The formalism is a bit complicated and can be found in reference (*)

A KalmanFilter approach is used in modern collideesperiments
(*) Pattern Recognition and Event Reconstruction in Particle Physics Experiments: R. Mankell



https://arxiv.org/abs/physics/0402039v1
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Vertices in Events Produced at LHC

The recording of one event is started by the -1tri
that detects -interesting characteristics®
Y primary vertex

Y during the time window of the trigger more than one @ primary vertex
interaction takes placeY Pile-up vertices (next slide) m pile up vertex

.. secondary vertex
Collision event: o

A One primary vertexfrom the hard inelastic collision

A Several pileup vertices (pp interactions, superimposed YV N
to the triggered primary vertex)

A Secondary verticesare produced due to

proton bunc

V Decay-chain: decays of longlived b-particles Beam Spot
decaying into cparticles (tertiary vertex)
V ) Decays of neutral particles (like photon

conversions into electron pairs © Q Q)




¢y (00& WEOQI OOPKEDDQ Pile-up

ATLAS Online, 13 TeV det=146.9 fo !

2015: <u>=13.4
2016: <u> = 25.1
2017: <u>=237.8
2018: <pu> = 36.1
Total: <u> = 33.7

The luminosity ¥ intensity of ATLAS Online 2018,13TeV  [Ldt=60.6 fbo”

the beams at LHC) is so high
than MANY interactions occur
during the same bunch
crossing. ~ Only one (at most)
is interestingY hard inelastic
collision)

B <p>=36.1

Recorded Luminosity [pb /0.1]
Recorded Luminosity [pb/0.1]

[8))
o

uoneiqQIED 612

FILTER EVENTS! ) 20 40 50 60 70 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing Mean Number of Interactions per Crossing
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g
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SATLAS 78 interactions in CMS
_g EXPERIMENT 2018 2015: <u> = 13.4
o o 2016: <> = 25.1
Evenitnw;tre?/ Féi(l)e‘ﬁsg?gfsrtices e L. oS e e e . 201 7 <U> = 37_8
\ 2018: <> = 36.1
Total: <u> = 33.7

Timey Pile-up ¥




&) One simulated event with 88 reconstructed vertices

o ATLAS
A visualisation of EXPERIMENT
simulated ddquark pair
production in a pp

collision at
14 TeV HL-LHC

The simulated event

includes approximately

A 200 pileup
interactions in the
same bunch crossing

A 88 primary vertices
(blue balls)
reconstructed along
the beam line.

Toni Baroncelli: Detectors



Vertex Finding and Fitting

Q Q0 0 &ENE QAMNAN | E£XDTIOVD® D Qi O v . Qi 1 &8Q
3D distances Vertex fitting: identification of a vertex and computation of its
3D position. It is based on the use of

distance of minimum approach between good quality tracks
to the vertex (impact parameter).

:5; o 1. Start with a seed (beam spot of interaction region)
< Es 2. Compute distances of all tracks from vertex) and weight
= ~ distances with a weight computed using formula
: ooy exp(—x;/27T)
- / wi (i) exp(—x7/2T) + exp( 2/2T)
X I A W A =7 3. Minimize
Beam axisY z axis 1 08
5> d(v)/o}
2 -
i—1 Y utlayea
find newv 2 II ------------ B N
. » )0 2 2o4 naern
What counts is the ratioQ 7, 4. Vertex v 7 = Y -
iNoY Lower T ﬂr Yes | 02f[- - -T1=10 \
—T=1
No improvement during last step, vertex found. Remove tracks 1 M
incompatible with vertex (v, <0.5) and use them for a secondary vertex ’ ' andudized dlstancex Q T :







