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Signature examples

Some predicted and “desired” signatures we want to verify/discover :

The Brout-Englert-Higgs boson Possible SUSY event in LHC with
discovery channel (two photons) jets, leptons and missing transverse
momentum



Which particles are detected ?

1. Charged leptons, photons and
hadrons: e, u, v, T, K, p,n ... (maybe ‘ ’ ‘ e .

<
\Y \Y \Y

new long-lived particles, 1.e. particles
that enter detector) e Quarks
e n T Leptons

2. B (and D) mesons and T lepton have o ———
ct ~0.09...0.5x10-3 m large enough H T @ uig:s
for additional vertex reconstruction

. . Only e, p and vy of the fundamental Standard
3. Neutrinos (maybe also new partICIeS) Model particles are directly detected

are reconstructed as missing
transverse momentum

4. All other particles decay or hadronise
in primary vertex (top quark decays
before 1t hadronises)

Heavy particles like Z and W decay immediately



The detected particles and ...

1. Photon makes photo effect, compton scattering and pair production.
It has no track but an electromagnetic cascade 1n the calorimeter.

2. Charged particles makes scattering, ionisation, excitation and
bremsstrahlung, transition and cherenkov radiation. They produce
tracks.

3. Electrons make electromagnetic cascades (clusters) 1n the
calorimeter.

4. Hadrons also interact strongly via inelastic interactions, €.g. neutron
capture, induced fission, etc. They make hadronic cascades (clusters)
in the hadronic calorimeter.

5. Only weakly interacting particles are reconstructed via missing
transverse momentum (““missing energy’’)

... their observables
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The CMS example

Typical 4 cylindrical onion design

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 ym) ~16m* ~66M channels

Overall length  :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A
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MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
: Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

Superconducting
Solenoid

Hadron
Calorimeter

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

Electromagnetic
Calorimeter

Neutral Hadron (e.g. Neutron)
Silicon
Tracker
)

Charged Hadron (e.g. Pion)
= = === Photon

Muon
Electron

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Transverse slice
through CMS

Key:

Left : CMS Detector. Right : CMS slice showing subsystems, particles and their
detector objects (hits, tracks, clusters, vertices and missing transverse momentum)
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The ATLAS example

Typical 4 cylindrical onion design

Muon chambers
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Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

LAr eleciromagnetic calorimeters
Solenoid magnet | Transition radiation tracker

Semiconductor tracker




Reconstructed properties

From the hits, tracks, clusters, missing transverse momentum
and vertices we reconstruct the particle properties:

. Momentum from curved tracks

. Charge from track curvature

. Energy from full absorption in calorimeters and curved tracks
. Spin from angular distributions

. Mass from invariant mass from decay products

. Lifetime from time of flight measurement

~N O O A W N =

. Identity from dE/dx, lifetime or special behaviour (e.g.
transition radiation)



Detector design constraints I

Desired constraints from physics:

1. High detection efficiency demands minimal cracks and holes, high
coverage

2. High resolution demands little material like support structures,
cables, cooling pipes, electronics etc (avoid multiple scattering)

3. Irradiation hard active materials to avoid degradation and changes
during operation

4. LLow noise

5. Easy maintenance (materials get radioactive)
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Detector design constraints 11

Environmental constraints, 1.e. from LHC design parameters.

1. Collision events every ~25 ns

2. Muons from previous event (, Comnony”
still in detector when current -~ Rt
event enters tracker

:‘f‘" g 7 TeV Proton Proton

3. High occupancy in inner

colliding beams

(")‘ i - Bunch Crossing 4107 Hz
detector © )
‘ Proton Collisions 10°Hz
4. Pile up (more proton proton < s S
o o . T~ New Particle Production 105 Hz LoD e— Ly et
collisions 1n each bunch (Higgs, SUSY, ... e 5

CI'OSSiIlg) Selection of 1 event in 10,000,000,000,000

5. High irradiation
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2.
Magnet systems
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Magnet principle

Use Lorentz force to curve tracks

F=gE+qvxB

Electric Magnetic
force force

Max E 1s about 50 MV/m in high vacuum, thus B field used
(5 T gives ~103 stronger force)

Curvature or radius : qvB = mv?/T = p=gBR
At least three hits needed to reconstruct a unique R of a track
Remember the solenoid resolution :

(ApT/pr)solencid ~ (As /L°B) pr

(in GeV with s in um L in cm and B in T. Large B 1s good
against high occupancy)
13



Frequent magnet designs

Solenoid (A)
Deployed in ATLAS and CMS
(dp/p)solencid ~ p cos theta / BR?
cost ~ LR2?B?

Toroid (B)
Deployed in ATLAS
(dp/p)toroid ~ p cos theta /
BinRin In(Rout/Rin)
Dipole (C)
Used in fixed target / forward experiments.

Deployed in ALICE and LHCb.
(dp/p)dipote ~ p / BL.

Fig. 1. Solenoid coil (A), toroid coil (B) and dipole coil {C).
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Size and field
examples

ATLAS barrel toroid
205kA,39T

Table 1
Main parameters of some HEP detector magnets (solenoids).

CDF CLEO-II ALEPH ZEUS H1 KLOE BaBar Atlas CMS

B(T) 15 1.5 1.5 1.8 1.2 06 1.5 2.0 4.0
R(m) 1.5 1.55 2.7 1.5 28 2.6 1.5 1.25 3.0
L{m) 438 3.5 6.3 245 52 39 3.5 3.66 12.5

The magnet layout i1s a major constraint for the rest of the detector !

See A. Gaddi, A magnet system for HEP experiments, NIMA 666 (2012) 10-24
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3.
Tracking Detectors
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Tracking principles //

Exploit physical processes of moving charged particles e
in a magnetic field :

1. Tonisation (Bethe-Bloch) 1s the main detection
process for heavy particles (m > me)

* Collect the charges with an electric field -> hits

« Reconstruct hits to tracks in B field -> pr,
vertices, 1solation

2. Bremsstrahlung is the main process for e’+ above
some 100 MeV

3. Multiple scattering (unwanted, degrades the
resolution)

4. Irradiation damage (unwanted; degrades efficiency)
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p=vlc,y=(1-pH

Bethe-Bloch formula

Describes stopping power of heavy charged (heavier than electron) particle
in matter [MeV g1 cm?]

dE , ,Z 1

— —— =4nNsrimec?z* = =

dx

Aﬁz

 The energy loss depends only on charge z and velocity [3 of the particle

* Rest 1s material dependent: I = mean 1onization/excitation energy [MeV],
0 density effect correction, Tmax 1S maximum energy transfer in one
collision.
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Bethe-Bloch Radiative
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100 1000 10000
Py=p/Mc
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1.0 10 100 1000

100 Muon momentum (GeV/c)

1.0 10 100 1000
Pion momentum (GeV/c)

0.1 1 10 100 1 10 100 | 1 10 100

[MeV/e] [GeV/e] [TeV/c]

10 100 1000 10000
Muon momentum

Proton momentum (GeV/c)

Right figure :
« Atlow [ : dE/dx ~ 1/[32
* Minimum at Py ~ 3..4 ( )

At high 3 : dE/dx slowly increasing due to relativistic enhancement of
transversal E field. At very high P : saturation due to shielding/polarization
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Energy loss used for particle identification
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Silicon detectors

Semiconductor with following advantages:
 High resolution for track reconstruction, 1.e. pr and vertices

« Low excitation energy = 3.6 eV for one electron-hole pair (~30 eV 1n gas)

Possible to change band gap by doping

In industrial production (CMS has more than 15k modules)

A natural oxide with high abundance

Figure : ATLAS silicon
strip module in transport
frame (about 10 cm).

Typically some hundred
um thick to have enough
hole-electron pairs.
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Silicon detectors - principle

Pre-amplifiers/ pn-junction: Either strip
or pixel-like:

Particle Shapers

Implant, Metalisation
p-type |

Strip pitch, P

L AV
[Sece ]

Implant width 'I E
"

clcctrons.o 2 ~Bulk,
e e n_typc

(typ. 300um)

Backplane, it - type silicon © .
P ype + Bias Voltage

With dE/dx_. = 1.664 MeVg-'cm?, density = 2.33 g/cm?and excitation
energy = 3.6 eV -> 10°electron-hole pair/cm. Must be higher than noise ->

typical thickness around 300 pm.
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 Transverse momentum resolution:

s=R - (R2- (L2)»)12

» Impact parameter do resolution (smallest distance from vertex to
interaction point) example from a two layer setup:

2 _ L2 2
O-do = OMs + Ggeom

with

2 2 Nscatt
O-éeom _ ( 01713 ) i ( 0271 ) and 0'12\/15 _ Z(RjA@j)z

r—n ra—n i1

There 1s a multiple scattering part and a geometrical part. Intrinsic
resolution from the silicon detector ox = strip pitch / (signal/noise) ~ 5 um
with ~25 um between strips.
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Make 1t IOW mass (aVOid Parameter (tracking systems)

multlple Scattering) Dimensions (cm)
-Radius of outermost measurement 101-107 107-110
-Radius of innermost measurement 5 44
Make ﬁrSt layer ClOse tO -Total active length 560 540
interaction point (IP) (low Bty B D 2, P
. Total power on detector (kW) 70 60
eXtr ap()latlon error) Total weight in tracker volume (kg) ~ 4500 ~ 3700
. 5 Total material (X/X 0)
~ -At 7 = 0 (minimum material) 0.3 0.4
Make lt large (dp/p p/BR ) -At = 1.7 (maximum material) 1.2 1.5
. . -At n=2.5 (edge of acceptance) 0.5 0.8
Make 1t hlgh B to I‘educe lOW p Total material (4/4, at max) 0.35 0.42
Silicon microstrip detectors
tr aCkS -Number of hits per track 8 14
-Radius of innermost meas(cm) 20
. -Total active area of silicon(m?) 60 200
Make lt redundant and -Wafer thickness (microns) 320/500
. . . . -Total number of channels 9.6 x 10°
lrradlatlon reSIStent (may -Cell size (um in R¢p x cm in z/R) 80/120 x 10
consider 3D design, see student | elAR Il and 120/18025
" . -Number of hits per track (|| <1.8) 35
seiminar p resentathn) -Total number of channels 350,000

-Cell size (mm in R¢ x cm in z) 4 x 70 (barrel)
4 x 40 (end caps)
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Detector example - ATLAS ID

Figure : ATLAS Inner detector (
(SCT) silicon and transition radiation (TRT) detectors. The length is
about 5.5 m.

3 layers of pixel
modules 1n barrel

« 2x5 disks of
forward pixel disks

* 4 layers of strip
(SCT) modules in
barrel

« 2x9 disks of
forward strip
modules

) in LHC run 1 with pixel and strip
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Detector example - ATLAS ID

ATLAS inner detector

R =554 mm
R=514 mm

R =443 mm
R=371Tmm

R =299 mm

R =885 mm

R=1225mm = Pixels
Pixels - —
R=50.5mm

R=0mm
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Transition Radiation (TR) Tracker

Combine tracking with particle identification (PID)

« Charged particles radiate photons R
when crossing material borders
 e7*radiate x-rays more than TR Cathode (HV-)
. . increases
heavier particles .\signal
« Use this for particle PID, i.e. U
wire (HV+)

distinguish e+ from hadrons

« ATLAS has a TR detector in the
inner detector. It uses gas for
detection.

¥ Charged particle

27



Outside the Inner Detector

we place the calorimeters
(Next Lecture)
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Muon Detection
/
Gas Detectors
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Basic considerations

Muon has electrical charge, m, ~ 106 GeV ~ 200 me, no
strong charge, life time T =2.2 us, LHC p,~ 5 .. 1000 GeV :

» Curves in magnetic field (charge and momentum)
« Makes track in inner detector / silicon
« Penetrates the full detector, “stable” wrt detector size

* Energy loss described by Bethe-Bloch formulae

Assume (curved) tracks outside the calorimeters to be muons.
That means :

» Large detectors, 1.e. usually gas

Negligible processes :

« Match with tracks from inner detector
° OBrems ¢ E / m2 fOI‘ IOW E
* Watch out for non muon punch through

, * Multiple scattering my, >> me
from calorimeter
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Triggering muons

Design LHC bunch spacing 1s 25 ns, 1.e. need for fast detectors
« Resistive Plate Chambers (RPC)
* Thin Gap Chambers (TGC)

Large surface chambers with thin (mm) gas layers for fast
detection (ps to ns)

Readout strips

esistive

S A ") 1L, 2 1111 02 in ATLAS

Electrode .
lavers
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Measuring muons

For high precision position measurements :

cathode

* Drift tubes with gas, position from drift time (ATLAS,
CMS)

 Array of 104 tubes, 1 - 10 cm?2, up to 10 m long

* 50-100 pm and some ns resolution
« Deadtime 20-100 ns

» Cathode Strip Chambers (ATLAS, CMS, LHCb)
« Multiwire gas chamber with strip read-out

« Micro Pattern Gas Detector (LHCD)

» Time Projection Chamber (ALICE)

A module with 2x4 layers of
drift tubes (ATLAS)
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Muon systems (1/4)- arvas,cms

ATLAS MDT chambers

Resistive plate chambers

TGC Doublets (7273 L Barrel toroid coil} ‘
. { 1 \\ \
TGC Triplet /7y \\ v \ #cAvort Aane

Thin gap ¢ ' \ /71, Fane
chambers \ . . \,\

TN ] [ l ]‘
4 ‘7
End-cap [ —
toroid
1 - _
Cathode strip | // { ‘ i

chambers A
I

10
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Table 32.1: Typical resolutions and deadtimes of common charged particle
detectors. Revised November 2011.

Intrinsinc Spatial  Time Dead
Detector Type Resolution (rms) Resolution Time

Resistive plate chamber <10 mm 1-2 ns —_
Streamer chamber 300 pm“ 2 s 100 ms
Liquid argon drift [7] ~175-450 pm  ~200ns  ~ 2 us
Scintillation tracker ~100 pm 100 ps/n? 10 ns
Bubble chamber 10-150 pm 1 ms 50 ms®
Proportional chamber 50-100 pm¢ 2 ns 20-200 ns
Drift chamber 50-100 pm 2 ns® 20-100 ns
Micro-pattern gas detectors 30—40 pm < 10 ns 10-100 ns

Silicon strip pitch/(3 to 7)/ few ns? < 50 ns?

Silicon pixel <10 pm few ns? < 50 ns?
Emulsion 1 pm — —
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Summary ?

We have been looking at tracking (at hadron colliders)

1. Which particles arrive in the detectors and what “objects” do we reconstruct ?

2. Magnet systems

How does momentum resolution depend on B and L 1n a solenoid ?
3. Tracking detectors
1. Solid state (mostly silicon) detectors (inner detector systems)
2. Gas detectors (mostly for muon systems)

4. Can you draw a photon, electron, proton, neutron and anti-muon into a slice
of the CMS detector ?

Next comes calorimetry (hadron and electromagnetic)
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Draw the particles into this slice !

n

tron

tral Hadron
rged Hadron

Photon, electron, neutron, proton, anti-muon.
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Should look like this !

Om

Muon
Electron

~== Charged Hadron (e.g.Pion)
Neutral Hadron (e.g. Neutron)
Photon .
AT { ots ;‘ .:-' s .

Silicon
Tracker

i \ Electromagnetic
% | Calorimeter

Hadron Superconducting

Calorimeter Solenoid
Iron return yoke interspersed

Transverse slice with Muon chambers
through CMS
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Additional Slides
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LLHCDb Detector

Muon Delecior

Bending Plane
Shield Magnei

m Tracker

f _---"\_-_-

T

1 ..\

}
I J

E'HH ||||| “i‘

TI T2

‘ |
wii
Verlex
bocalor I i ‘

Most of the B mesons go forwards/backwards. LHCb 1is thus located to

the right of the interaction point (in this picture) close to the vertex

detector. No need to have it on both sides, there 1s data enough on one.
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ALICE Detector

TRACKING
CHAMBERS

MUON

ALICE has its muon system only on one side (here to the right).
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