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Tracking detectors
Particle interactions, gaseatsslicorivertex detectors

Calorimeters
Electromagnetithadron, photon detection

Particle identification

particle signatures, hadron identification This is the most technically

Data taking o | applied of the lectures:
Trigger, data acquisition, analysis for those working on theory,

you could treat this as

Lecture 3: LHC physics hlghllghts broadening your scientific

culture, to understand how

Lecture 4:Looking beyond experiments actuallyvork
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Introduction

A We wish to reconstruct as fully as possitiie events, where particles
from the colliding beams have interacted, atygically many particles
emerge from the interaction point

A Trackingdetectors determine whether the particles are charged, and
(in conjunction with a magnetic field) measure the sign of the charge
and the momentum of the particle

A Vertexdetectors: asubset of tracking detectors that are very precise,
mounted close to the interaction point, to measure the vertex structure
of the event: e.g to see if there are shoiltved decays

A Calorimetersdetect neutral particles, measure the energy of particles, and
determine whether they havelectromagnetior hadronicinteractions:
typically with separate suldetectors for the two interactions

A Particle identificationdetectors determinevhat type of particles were
produced: most experiments have muon detectors, asd information
from theirtracking detectors such dee amount of ionization
Others have dedicated suietectors forthis, such aRRICHletectors
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Interactionwith matter

A Particles can only be detected if they deposit energy

In the material of the detector ol
A The crosssectionfor a particle with chargeto
S}

Interact elasticallywith a target of nuclear chargé

62’—(7(6’)=422'1"2 me) 1 Rutherford formula
dQ “\ Bp ) sin*0)2 L
A But scattering does not lead to significant energy lo:
(nuclei are heavy) S~ T
A In a sufficiently thick layer of material a particle will Optane

undergoMultiple Scattering relevant to tracking:

A Final displacemeris resultof many random scatters pA
[bhGaussian distribution (by the central limit theoren

&

gl | L xr dNJ-MLGAMSya‘
° p\X, ofthe medium :

p
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lonization

A Energy is deposited through discrete collisions with

the atomic electron®f the absorber material
(collisions with nuclei not important for energy loss) o

A BetheBlochformula for energy loss by ionization
dE dx depends only on velocity =v/ c of particle:
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1. Tracking detectors

A Wire chamber place an anode wire at HV

cathode

In a gas/olumec electronsliberated by geg
ionization drift towards the anode wire .
| .
A Electrical field close to the wire sufficiently o/

high (above 10 kV/cm) for electrons to gain
enough energy to ionize furthébhavalanche
exponential increase of number of electron
lon pairs to several thousand

[hsignal becomes detectable with electronics

A Simply repeat the cell using multiple wires
b a dxWirgé Rroportional Chamber

to reach the wirdh RS U S NI A
position more accurately
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Micro-Pattern Gas Detectors

A Wires are not the only way to provide the accelerating field required

A Modern versions of gaseous tracking detectors use MPGDs:
allow higher precision, operate at a higher rate, survive longer

A GEM(Gas Electron Multiplier) use holes in a foil

@ 5670 pm

Drift cathode

|\ Drift 3mm

GEM 1 mm= :{!H‘;Q-I-II-IIII
fl‘ {'\} Transfer 1 1mm

GEM 2 ---“I e

Y |

i \M{ Transfer 2 2mm

s sssssEEEs

[ i .

oY Induction
/A

Amplifier

particles
| \ drift electrode

Amplification gap

100pm
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Time Projection Chamber

A The ultimate gaseous detector: move the detection planes (wire chambers
or MPGDs) to the endplates and drift the ionization across the full volume,
measure its arrival time to determine the longitudinal coordinate

R\

!Illlléé‘-

HV electrode (100 kV)

field cage

readout chamber

RN
N o
| / 510(:

A Limitationsof gaseous detectors: &l Pb-Pb5.36 TeV
Small primary signal needs amplificatiq Q) [ C2speried
[bageing, rate limitations ALICE 16:52:47 303
Limited resolution (~ 100 um); ALICE TPC readout replaced with MPGDs

require massive frames, HV, gas flow as part of its upgrade for Rund3a ! [ L/ 9
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Silicon trackers

A Silicon trackers address some of
those limitations, and are at the
heart of many modern collider
detectors

A Need to be radiation hard and
low mass, to minimize multiple
scattering of detected tracks

A Trajectories reconstructed from
consecutive measurements as
particles traverse detector volume
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Solidstate detectors

A Semiconductors such as silicon crystals are doped with impurities to alter
their band structurgn or p-type, typically using phosphorus or borpn

i 100 i
R . ::::::::::
R RS E =l R B SR & S & S
COTIT@ e @@ e
A i = SN [ . .
::::::elgct(r:;n ::::::::: Bringing two doped regions
S O incontactfth RS LJ S U A Z
n-type p-type Resulting electric field
charge carrier negative charge carrier positive separates any newly created

A implant features with different doping to bulk "cc charges bsignal current

Applying external reverse voltage pen junction
depletes the bulk material of free charges

— 1 —— __—— = ground
E p+/

+
n\ n

— \/
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Silicon strip detectors

A Can choose the implants to Ineicrostrips
with pitch~50>mThH I OO dzNJ i S
measurement of one coordinate

readout

P+ Aimplagt

Few|[100 V

150um - 500um

+ = n-substrate
e n+ implant
+ —
1
A The other coordinate can be rr)easured
gAOK adNXLIA 4G | R

passed where the hit strips cross

A At high occupancy this can lead to
ambiguitiesiTbmove to pixel detectors

11
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Readout electronics

A The signals are readout via dedica#®8IG
(ApplicationSpecific Integrated Circuits)

Pulses are small: 80 electrtwole pairs pemm O Nt
X 150mm-thick detector = 12,000 electrons @ T e

ADC count
] o o
‘
—‘

Amplification — integrator with return-to-baseline (details
|| vary; not shown)

A Measure the timeover-threshold or
justthe presence of charge (bingry n_

Buffering (store hits while waiting for

l\ trigger decision)
A LHC bunch crossing rate of 40 MRy signalin >—L
time between successive buncheg25ns Vi Fesho,d 7
Analog-to-digital conversion

Fast electronics is therefore required et ot conver
Shaping time < ~ 25 ns to avoid overlapping (1 VeV n_/em/y)
events from previous bunch crossing - =

A Electronicsalso needs to beadiation resistant:
Dose from pp collision products is high,
especially in forward region > ¥h/cm? over
10 yeard hdeep submicronchip technology
(0.25mm CMQOS, or now smaller feature siges

| | H L
100 200 00 400 500 600 700
. Z{cm)
ATLAS neutron fluencies
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Magnetic field

A Experimentsuse a magnetic field to separate L )
charges of particles and measure their momenta ,
The choice of magnet configuration determines C\
the overall experiment layout y
A In a uniform magnetic field, charged particles ) ) C)
TN

follow circular trajectories in the transverse plane C
R=p;/0.3 B using units [m], [GeV], [T] J
|

In 3D the trajectories arbkelical

A The tracks of charged particle are measured using
particle detectors with given spatial precisiofx) o(pr)
To measure to higher momentum, need to increase py
field Bor lengthLthat track is measured over

A Generalpurposeexperimentsat the LHGvere designed to measure
muons out to 1TeV use highesavailable fieldsuperconducting magnets,
up to 4 T) but still need to be very larde;y O(20 m)

A The type of magnet construction dominates their appearance

neas.

o o(x)- Pr
BI*?
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Magnets

ATLAStoroidal field

CMS solenoidal field

IB] (T)

- R =
2 Flux return

e c— A — —

Solenoid L AR ATYIRTAT

X axis (m)

Solenoid O AR

——*—_
S Flux return

\ ; : '- o y
density (4Thmore compact

A Standalone muon measurements Higher f|u

Og‘CkYe”dCdadPS. olonoid GONI RAGAZ2YEEE RSAA
equires additional solenold  ~ /ey heavy (iron for return yoke)

for central tracking Y . 7 .

Limited space for calorimeter inside coill
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Track parameters

Aln projection helical tracks give circular segmentsyj or sinusoidsy 2
M 9 a i NJ A I Kpgtrackd iy l@gitudingl pNlan& df tAekbeam axis

y lem] e Two projections of the | 7
same tracks in a Z decay "*""
: (constant Bfield alongz) I .
] = 1/curvature
0 « azimutha f '
’ angle @ If
—150 — g\ l'i‘
beam into page F LN
RN X [Cm] I‘H‘
— Helical trajectory mp
cmj zo0 | .
’ defined by 5 track
E . R-z view
100 ;— parameters-
aq | 2 impact parameters
N\

75: " | (do’ ZO) ™, polar angle 8
2 angles(, . ) v S\
e + curvature’ 1/p; .

longitudinal impact

parameter z,

-200 |-
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Central tracking

A The CMS tracker h&4.0 n? of silicon
detectors!

A Thousands of wafers all have to be
carefullyalignedto each other
e.g. using tracks that pass through
overlap region

A Tracks are seeded with hits in the
vertex detectorthen aKalmanfilter
Isused for track extrapolation, with
subsequent fit to helical trajectory

A Remember: () ;.

Pr

and J(x)‘m oc @, o 1
p
SO contribution to -
resolution from o(p)
multiple scattering:  pr

= constant

S(p)p

o

r""lll.r
total error G meas.
Sty
o

L

S@)p"

B
L

P
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A

Number of hits / 6 um

Tracking performance

Measuring the resolution: refit the track after removing a hit, and
O2YLI NB (UKS GNBaARdzrté¢ RAAGI YOS

' CMS simulation CMS simulation
Y TTTT[TTTTTTTTTTTT TTTT[TrTT

:\; L 1"“:1:"‘]1';'6'] ] ’E'~ AR RARRS LR RRRN RRRRN RRRRRRAREE RN
< [ o p5p_=1Ge = L R
T = . =1GeV
S o [0 s p,p =10 GeV o ~10°|- D P 10 GeV -
= t p =100 GeV T m T L W, p =10 e
L ] B OWSP.E e c = =100 GeV
ﬂ o =g . . £ i 5 P = e q
o H O (@) ;
_ £ 10" " D] 5 L L.Jor‘uu S o Q
4107 Vs=13TeV. S i U 5 R o T e X
F Barrel Pixel L = . = ., of ® =
s CMS Tt Rescae. | - 2 I s | S
© Preliminary 2017 i Q o 2 %000, o I
70} Generic reconstruction tudent-t function fit 0 X 10°F "‘“m... 138
F . 1 =-0.07+0.04 um Q " ~ O
solTrackp > 12 GeV r m q ol
E T 6,=34.91:0.05 um = A i
5ok MS=43.35 pm F o O
E ; M, PANANAANNANDANNS o 8;
0 1 ,..“ A“ . . E&“““Mn Akdy aAa AAA“A““jﬁ .‘, ©
30 6:' 6. u H E’I‘H
20:
10; : :
E RS NN FENEE SRR AN ENE SRR SNNT SR TN SR RNE NR! P I B S I B O B
et L Lo b Lo g o | .
50 100" 50 "0 50 00 150 25-2-15-1-050 05 115 2 25 -25-2-15-1-050 05 115 2 25
Residuals r-¢ direction (um) n n

Harder to measure curvature of straighter (highmomentum) tracks
Harder to extrapolate lowemomentum tracks:scatteringin material matters

For CMS: magnetic fieBl=3.8 T
tracker radiud.=1.2 m
number of measurementsl >10

curvature multiple scattering
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Vertex detectors

A Silicon pixel detectors are used for the
precise vertex detectors

A Two major varietieshybrid (with
separate sensor and electronics chips)
or monolithic(where on same Si wafer)

A Example of LHOBELO 55>m x 55>m
pixels, bumpbonded to readout chip
Approach to a few mm from the LHC
beams with complex motorized system
to retract detectorwhile beams injected

£ =0T 13
E £ 3
: = 90F  LHCb simulation
‘E SOE_ =
5 70F 3
o VE
S 6ok old
% 605— E
h" SOE- _,,—,-f"
& 40F s
30F /:Jpgrade 3
20Fs 2> 3
10f 3
N PR BT T B s | e S SN

-40 -20 0 20 40 0 1

2 3
x ] p_[GeV’ ']
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VELO in its vacuum tank y /

s y W

—

Hadronic interaction vertices

‘”\’HT‘H =
0 1 ;
SR
Primary va& um
RF foil &

A St - '
) 30, f - + - N e
| = — &Y . ~ )
E= . .
TN Mﬁ N

B Incident with vacuum system (Jan 2023):
(s RF foihas beerdeformed by ~ 1 cm

' Will have to be replaced at end of the ye:

W
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Monolithic Active Pixel Sensors

A ALPIDE chip of ALIOBIsan example of a
monolithic vertex detector: each chip has
15 x 30 mn¥ area with over half a million pixels
organised in 1024 columns and 512 rows

A Sensitive volume is a 25 Ythick layer of
high-resistivityp-type silicon (> 1 aem) grown
epitaxiallyon top of a standard CMOS wafer

A Radiationtolerance to beyond.0'3 n/cm?
(1 MeV equivalentsufficient for ALICE

Beam pipe

ALICE ITS
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epitaxial layer P-

substrate P++

n-well transistors n-well
diode  NMOS PMOS diode

pwell  n-well p-well

deep p-well

S diffusion
NA ~ 10 cm™3

NA ~ 108 em™

=+ Vpst

=+ Vg

102

[N

o
N
|

—-
o
|

pointing resolution (um)

ALICE

ITS 1 (data)
ITS 2

1071

1 10
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2. Calorimeters

A Calorimeters measurenergy in a thermodynamics Bomb Calorimeter
lab the temperature change of a known volume of >

water can be measured tdetermine the energy ... A T
released in a reaction, sharing the reaction energy 1 [

with many molecules evenly to determine its total

A HEP calorimeters convert the energy of an incoming

single particle into manlpwer-energy particles 2300 L
Count the number of particles to determine the i ]‘
total original energy Tompincios S Wi

A Basic properties:

Use dense material to cause particles to interact
Active material to produce measurable quantiignizationcharge or light
Thick to completelgontainenergy in calorimeter

A Calorimeters complement the magnetic spectrometers

They also measure the energlyneutral particles
Energy resolutiommproveswith energy while track resolution degrades
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Electromagnetic interactions

_ electrons PDG
A Electronsare stable particles and 200 [y 7
have low massn{, = 0.51 MeV) X2 1286 ¢ cm? 7=
. 100 L E;=19.63 MeV g7amm
When passing through matter they . N7
produceBremsstrahlungadiation N 3 Ross: v/
Yoo SmmmEy O
;f | DE" 1/m? S S .
. F / onization
Dominatesover 3s SR *
. lonization forelectrons . / promemionsstor ]
Nucleus . P ’ —
< Wlth E> 100 Mev ’ ’ Eléftron en:rogy (MeV)SO o e
: . _ photons

A Scales with radiation lengtl, of material . —

= mean distance to reduce energy b\e L , |
e = base of natural logarithmgR.718 /g/

. ) Photoelectric effect
A Photonsinteractwith

material viavarious g @ *
processes, dominating s
at different energies Compiogscaltaring.«

,_.
=

“ross section (barns/a

{a) Carbon (7 - E
ORayleigh '

¥ + nucleus —> e'e

T
Knu

4 | —

¢ at highenergy they % |
produceet*e pairs ‘

y+e—y'+e 0eV  TkeV | MeV
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Calorimeter showers

A Put those effects together at high energy: A Electromagneticshowers:

1g- 2e- 2g- n SDBoshowerof particles pair production + radiation
A Calorimeters convert the energy of incoming AT
particle into many loweenergy particles until y L
reach critical energfz. at which showering stops <" ™1 <
. . . MT.T e+
A Eventually, lonenergy particles deposit their IR
Kinetic energy by ionizing or exciting absorber EX__,.,

et

A Basic principle is to determine total number of
particles produced in the shower, proportional
to position of the peak of the energy deposit

A Hadronicshowers:
due to nuclear reactions

Depth [Xo] binding energy
0 5 10 15 20 25 30
E a Energy deposit of electrons as a function of depthina
e 10 / \U\ 1 GeV block of copper; integrals normalized to same value
G s . .
= [} B | Incident Nuclear
= 8 / _A_\.IU GeV Depth of shower maximum increases F:‘"é‘;[j dlsmtegratlons
7] / RS . logarithmically with energy particle
g : "xs’\. 4 100 GeV trmax o In(Eo/E.) .
2 6 f /, \.:":\,,_‘“ i e B
=2 ! /- / L AN ,,““'\I Tev 4 I T MIP + neutrinos
G 4 LA N NN 1 [ + v
/ / f‘/ kY -\ ’\i .\‘\. | £ l-l' e
2 / AR N N Y y! Y Electromagnetic
/ /7 Ln, .. Ly = t et e
8] 4 /..-(" i ."E:és:..‘- ——t ey oo— 3
0 10 20 30 40 50 *Nucleon: proton or neukron

Depth [cm]
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Calorimeteltypes

A Homogeneous:a single medium serves
as both absorber and active detector . A
Plastic scintillators or glass produce ligf
that is read out by photodiodes or
photomultipliers¢ expensive

A Sampling: reduce cost, layers of cheap,
dense passive absorbd?ly Cu, Fejor ——
shower developmenalternatedwith

active detector layers (silicon, scintillators
or liquid argon) for signal measurement

A Scintillatorsare materials that convert -
ionization energy into light, typically by e e PLOBIES
excitation of molecular energy levels: ionizaton ——71 "= 1 et

—_—

energy
\ ngh t gLII de S, - triplet states ]
optional) s, radiaive -
i i— D
M :I;‘?F-E:gzn:e E‘:‘Sfih eeeeeeeee
fast %
scintillator \ photodetector slow
S
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Energy resolution

A Electromagnetic showers scale with the
radiationlength X, e.g. =1.8 cmfor Fe
Hadronic showers scale with timeiclear
interactionlength< e.g. =17 cmfor Fe

Simulation of showers

A < >>X, so hadronic showers are longer - m
and hadron calorimeters are placeehind i
the electromagnetic ones

|
1 |
"
| 3pant fi5 %858
A VLT TN 3
LRl ELEi | |
T ¥
AT L
Y 1
,k‘

——

A General expression for energy resolution:

Hadronic EM componentcharged hadrons

@ N @ b @ < note the less uniform energy deposition
EM component comes fron?- g decays

- _/‘E ! BN

Stochastic term:; Constant term: Noise term: electronic noise,

fluctuations in the inhomogeneitiesbad radioactivity, pileup
number of signal  cell intercalibration,

processes non-linearities . :
(Moliere radius):

Example:E,= 100 GeV in lead glass Positionof shower max ¢__

E=11.8 MeMbtF  Wp=21.8 -XF @M C for EM calorimeters
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Shower transverse sizeRy; =

21 MeV
E
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In2
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Electromagnetic calorimeters

A CMS uses scintillating crystabivQ)

Verygood energy resolution:
e/E=28 KEsKO.3%s 0.128GeVE
but no longitudinal segmentation

1200m 61700 barrel crystals

A ATLAS usessamplingalorimeter:
Pbplates embedded in liquid argon ,
to collect charge produced in showers

" /E~ 10% KE

~ 80,000 crystals required g, T
g‘* 12:— Resolution in 3x3 -

W crystal 704 ]

°© 5=283+/0.3 (%) 3

C N=124 (MeV) ]

0.8 c=026++00¢0%) |

0.6 E

0.41- i |

02- cms ECAL

_I 111 I 111 | L1101 | 1111 I 111 1 |_
% 50 100 150 200 250
E (GeV)
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Hadron calorimeters

A Due to the large size hadron calorimetarg usuallysampling to saveost
Example of the ATLAS HCAL.: iron plates interleaved with scintillator
Wavelength shifting fibers trap the light via internal reflection and transport
It to photon detectors that convert it into electrical signals

s/E~50% IOEA 0.03
~100% for CMS

A In general the hadronic componerit)(of a hadron shower produces a
smaller signal than the EM componen} 6oe/h> 1
Compensatindpadron calorimeters seek to restoeth = 1 toachieve
better resolution and linearity e.g. usidéfU as absorberfissionreleases
additional neutrongdone in ZEUS and .8y dual readoutwith different
fibres (scintillating/Cherenkov)discussed for future colliders
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Particle Flow

A At borderline between tracking, calorimetry and particle ID: in a typical jet

60%of jet energy is from charged hadrons n
30%is from photons (mainly from°) AN \ﬁfm
10%is from neutral hadrons (n and% : -:»_ )
%
A The traditional approach to jet reconstruction: g ﬁh‘ o
Measure all of jet energy in calorimeters A
b~ 70%o0f energy measured in HCAL Eit =Eccn +Eyea
HCALimits jet resolution: DE/E~ 60% CE 1

A Particle Flowapproach:

Charged particles well measured in tracker . éti-*

Photons in ECAL s .,,;-:”"

Neutral hadrons (only) in HCAL e[ ._-_%:....
MHONly10 % of jet energis takenfrom HCAL D

DE/E~ 30% CE canbe achieved Ejet = Eack +E +E,
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Particleflow calorimeters

A The main remaining contribution to the jet energy resolution comes
from the confusion of contributions, from overlapping showers etc.

A Most important is to have higgranularity of calorimeters to help the
(complicated) pattern recognition

A This is the approach being studied for detectors at a fugfeecollider
Higgs Factory (e.g. IL@ill return to this in the &' lecture

Simulated event in an ILC detector Similar technology (8V) has been
e adopted for the CMS forward

calorimeter upgradeHGCAJfor

HL-LHC; with 6 million channels

Iy NSy
WQM%% W@M‘Mﬁ

Si wafer
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Photon detectors

A Photon detection necessary for many detectors
performing calorimetry or particle identificatior ::..::'m
Requirementshigh efficiency, goodpatial
granularity, singleohoton sensitivity (for RICH)

Photomultiplier

A Incident photon isonverted to arelectron by ...
photoelectric effect in ghotocathode typically
formed out of alkalmetalse.g. SENaK-Cs —

A Photoelectron signal needs to be amplified to
give a measureable electronic pulse

Achieved in traditiongbhotomultiplier (PM)
by dynode chaiffbcharge multiplied at each H8500
dynode: e.g. if number of electrons triples at ea
stage of a 12 dynode chailGain = %~ 10

A Multianode PM: amarvelof miniaturization
up to 64 pixels in a single tube, eacP?2 mnv
Dynodes formed from stack of metal foils
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Photon detection efficiency

A Quantum efficiency probability that an QE curves for tubesith
iIncident photon produces a photoelectron multialkaliphotocathode

Peak value is typicalB0c30% B PEE—

A Needs to be multiplied by theollection |
efficiency efficiencyfor detecting the
photoelectron(typically80¢90 %)

QE, rlq(A,) %
=

A Photocathode type is chosen according to
the desired spectral sensitivity

Reduced

il S =4
—e—4b -5

6 7

8 -9
—x—10 —a—11
—a—12 +—13
—14 ——15
—+—16 —a—17
—*—18 —>—198

2 21
-2 —4—23
—-—24 —a—25
—o—Expected ¢ Min Spec
A Typ Spec

Dip Reduced IR

Response

(mostly near tovisible light E,= few eV)

0
150

Photoemission threshold W, of various materials

GaAs
TMAE,Csl Ultra Violet Visible Bialkali | Infra Red <=
D (V)% @ (R) Multialkal
TEA < i i <
12.3 4.9 3.1 2.24 1.76 145 E[eV]
I I I % I I _
I 49 e
I I I i I I -
100 250 400 550 700 850 A [nm]
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Wavelength, A / nm

Remember:E = hd/l
| [nm]° 1240 E [eV]

Wavelength
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Other photon detectors

A TimeOf Flight detectors need fast

timing precision afpicosecond10'?s) level
1 ps® 0.3 mm for a relativistic particle
[brequires small featursizes

A MCP(micro-channel platephoton detectors | e
use electron multiplication in small (~ dn)  MCP /Lo o

glasspores as used in image intensifiers e
Timing precision of ~ Ijisachieved wif e

-+ 0V=5V
©0V=6V
-+ 0V=8V
-+ 0V= 10V

A SiPM Fully solidstate photon detectors are

a very active field of development i |

Use ao-njunction in Geiger modébove the o
breakdown voltagelblarge gain, binary signal,SipM ™5
longrecoveryg an array of 100 such elements e Subpieel

are combined to make ua single pixel

Advantages very compact, high QE
Disadvantageshighnoise,neutron damage
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3. Particle identification

A Detectors arranged in successive layers, moving out from interaction point

Trackingdetectors closest to beam pipe to minimize multiple scattering
of tracks before they are measuréthdetect charged particles

Followed byElectromagnetic calorimeter (e,g) produce showers
Then aHadron calorimeter (p, K, p, n) produce showers
Finallymuon detectors

A Neutrinos escape undetectddhymissing energy

Tracking Electromagnetic Hadron Muean
chamber calorimeter  calorimeter chamber

Enough informatiomprovided

photans to separate albf the particle
et types, except the charged
oS hadrons p, K, p)t for this
— K. p require specializedetectors
’ Will now briefly review how
n . .
— the different particles are seen

Innermeost Layer... ¥ .. Outermost Layer
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Electrons & photons

A Return to the event display shown in
1stlecture: ALEPHXxperiment at LEF
C can now recognize the detectors

A Display is a fiskye view in the plane
transverse to the beams: use these
aaAYLI Se¢ SISy Ulua
different particle types are identified

A Electrons& photonsgive similar

showersin the ECAL
(electromagnetic calorimeter)

Distinguished by the existence
(or not) of an associateack

A For electronsE(energy in the = —
ECAL) and (momentum from the . iy
tracker) should be equaE/p=1

T not the case for other particles

g =|s
R
2B o|a
IxEgs

11111111

. . E/p
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Muons

A Muons act like heavier versions of
the electron, with mass 105.7 MeV

A They decay to electrons - e n.n,,
with (proper) lifetimet ,= 2.2ns
= mean of their exponential decay distribution

A Distance they travel (on average)
before decay:d=b ¢,
wherevelocity b =v/c .

boost g=E/m= 1/Q(1- b?)

A So a 10 GeV muon flies ~ 60 km
before decay >> detector size
[Heffectively stable

A Since mass is large, Bremsstrahlung
radiation is small, and as a lepton it
does not feel the strong interaction

bmost penetrating charged particle
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M u O n d ete CtO rS See lecture of Georgdikenberg

A Since they are sited on the outside of an experiment, muon detectors
tend to dominate their appearance

A Tracking for muons covers an area of ~ 10,08@hrthese detectors!

Muon Detectors Electromagnetic Calorimeters
N

Forward Calorimeters l \I L} \S

Solenoid

A They must be inexpensive, low granularity
but precise enough fgpo measurement
e.g. wire chambers with long drift volume
(crosssection of a CMS chamber shown)

__lonization /| "

< 40 mm
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Tau leptons

A Tau isheavier stillm, = 1.78 GeV

A Heavy enough that can decay to
many final statest- - mn/,,

pn, ppon, pppnz X
A Lifetimet, = 0.29ps soa 10 GeV
tau flies~0.5 mm

A This is typically too short to be seen
directlyin the detectors

A Insteadthe decay products arseen:
t2¢ YdzZft GALX AOAGeE

A Accuratevertex detectors can detect
that they do not come exactly from
the interaction point (i.e. measure
their impactparametel

Roger Forty Collider Experiments 2: Detectors & data 37



N e Utrl n OS See lectures of RenaaukanovicH-unchal

A Neutral (i.e. no track) and only weak interactiBypass though matter easily

A Interaction length ., = A /¢ s N,), crosssections ~ 1038cn?3 E[GeV]
bha 10 GeV neutrino can pass througyrer amillion kmof rock

A Neutrinos are usually detected in HEP experiments thrauggsing energy
(applyingEconservation to rest of the event) the transverselanek,)

A Nevertheless their interactions can be detected if you produce enough of
them, and the detector is sufficiently massive

> 1kton of
instrumented
target mass!

DUNE will be
even bigger,
aiming for 40 kton
of liquid argon
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