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PREFACE

The plan:
[ will give 2 lectures on detectors and reconstruction at the LHC

Then you will hear from Sezen on analysis techniques and physics
results

Caveat 1: my expernience 1s in ATLAS/CMS style reconstruction, so I
will focus on that, with a few special topics for heavy 1ons and b-
physics.

Caveat 2: More CMS results mostly because | know where to find those
plots more easily — but most everything [ will say will be generic
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Courtesy: Rick Cavanaugh



PARTICLE IDENTIFICATION
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RECONSTRUCTION BASICS 11

Detectors are built in layers to DETECTORS ARE LIKE OGRES
detect different species of

(semi-) stable particles

neutral
___hadron

Goal: determine momentum,
energy, charge, mass

Techniques:

Energy loss (dE/dx)
Total Energy (Edep)
Velocity (8)

Curvature (1/ 0)

MuDet: muon detectors

TrDet: trace detector + vertex detector
EMCal: elekcromagnetic caloriméter
HCal: hadron caloriméter



BIG PICTURE GOALS

Introduce the basic way we 1dentify particle types and measure
particle properties

Important: the resolution effects associated with performance of that
reconstruction

Next:
Explore the complementarity of those measurements

Build up those objects to get to more complex objects

Goals:

Understand why we have all these different layers of detector and
how they complement each other!

Understand reconstruction strategies, from the simplest to the most
complex objects, and the physics concepts behind them

12



1. BUILDING BLOCKS AND DETECTORS

Tracking, Timing, Calorimetry, Particle ID

15



PARTICLES IN MATTER

Charged (heavy) particle energy loss in material via 1onization
(e.g. muon, pion, protons)

material modeled as a free electron cloud to leading order
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MIPS AND PARTICLE ID
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MULTIPLE SCATTERING

- X .
-« x/2 e
\\\\\\ A
\\\\!\ \Pyplane $
» Particles undergo multiple interactions as Splane  ~ - —
they pass through tracking detector $
material (and air or other material)

A bigger effect for lower momentum tracks
Multiple scattering limits resolution at low p
Tracks no longer follow a Helix

» Probability that after passing through a
thickness x of a material with radiation
length X, a particle is deflected by an

angle 0 is a gaussian distribution with
sigma

0.0136 €T
On = 7
V Bep (GeV /e \/XO




BREMSSTRAHLUNG

For lighter charged particles (1.e. electrons), bremsstralung

(braking radiation) dominates
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BREMSSTRAHLUNG 18

For lighter charged particles (1.e. electrons), bremsstralung
(braking radiation) dominates

Energy loss 1s proportional to the
e(E,m.) v energy of the incoming particle

Compare to Ionization which 1s flat in Energy

e(E',m.) Energy loss proportional to 1/m2

of the incoming particle

Muons radiate much less than electrons via

/y///\

Bremsstrahlung

|dE / dm|brems ~ I / X() X0 1s the Radiation length which

1S a characternistic of the matenal
183 ) The incoming particle energy will decrease to

2
(o ) Z(Z +1)a’'n, log( Eoe-1 after traveling through one X of

71/3
maternal



TRACKING

Charged particles 1n a strong magnetic field follow a helical
trajectory with curvature proportional to momentum

Determine track parameters:
- pT
- theta, phi |
- 1mpacts parameters: d0, dz




TRACKING CHALLENGE

Om m 2m im
Key:
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Electron
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Calorimeter Solenoid

Transverse slice
through CMS
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Precise, high-granulanty
silicon pixel and strip detectors
are the workhorse

Iron return yoke interspersed
with Muon chambers

i
D Bamaey, CERN, Febriwuy 2004

Drift Tubes

Muon trackers have to economically
cover a lot of ground! Example are
gaseous drift tube detectors

<0



SILICON PIXEILS

» Areverse bias is applied to the diode
which extends the depleted region

»  When a charged particle passes
through a silicon diode, many
electron-hole pairs are created in the
depleted region

Silicon is dense
Energy loss 3.8 Mev/cm

The energy to create an e-h pair is
much lower than the ionization energy

3.6eV compared to 10’s of eV for
loniztion

~9000 e- created in each 100um
thickness of Silicon

» The electrons drift in the electric field
to the end of the detector where they
create a signal which can be read out

Charge sharing between neighboring
pixels or strips allows us to achieve a
better single hit position resolution

Low mass, radiation hard

A. Tapper

f17 - pixel implants

i
7

%

» electrons

g Silicon
(P-type)

® B-Field (4T)

)

depleted w\
E>0

v

undepleted E~ O

A< ---\—)k

Typical Pixel
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SILICON STRIPS

» Can’t build an infinitely
large pixel detector

Too many channels
Too expensive!

» Strip detectors can cover
a larger area with less
readout channels

Strips are placed
separated by ~100um
Metal of strip ~15um

They are typically around
10cm long

Only a 2D resolution

possible
Some 3D possible with
“Stereo” layers
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MUON DETECTOR EXAMPLE: RPC A. Tapper

Resistive plate chambers (RPC) fast gaseous detectors
Relatively inexpensive to cover a large area

RPCs consist of two parallel plates

Detecting Strips === 7 e
a positively-charged anode and a negatively-charged
cathode, Vroas P T

Plates are made of a very high resistivity plastic material / [
and separated by a gas volume. :

lonizing muons cause an avalanche of electrons Roseine
very high field means avalanche starts immediately

The electrodes are transparent to the signal (the
electrons), which are instead picked up by external
metallic strips after a small but precise time delay.

RPCs combine a good spatial resolution with a time
resolution of just one nanosecond. —
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TRACKING STEPS R5

Tracking in the inner tracking volume 1s an important and

compute intensive task
A constant challenge and one of the big bottlenecks in the
reconstruction chain
Combinatorics are huge!

4 Basic Steps:
Seeding: 1nitial candidate from a few hits
Finding: extrapolating from seeds with Kalman filter
Fitting: smooth trajectory and fit params
Selection: apply quality cuts

o g =
3 : . g ~
J:." > J,; J'_; ,‘J; ‘) > .;‘)

Seeding

lavers

Cf. Silicon detector lectures from C. Mills




FITTING FOR MOMENTUM 26

To get the p'T' of the track, we f1t for its curvature Lorentz Force
Useful formula: F,=q-vxB
Centripetal Force
2

pGeV/c] = 0.3 x B[T] X r[m] F=mv/

The full momentum is related by the polar angle p=q-B-r

p — pT < - >
SinA
y [ _>> 3




The transverse momentum resolution 1s dniven by:

MOMENTUM RESOLUTION

Curvature measurement and hit resolution

Multiple scattering

curvature

N

Q7

op
p

0.0136

1

JAA

5

X
Xy

0.3BL

N

S(p)/p

total error

———————————————————————————————————————————————————————————————




MOMENTUM RESOLUTION

CMS sir'nulation
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VERTEX RECONSTRUCTION [Z]
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-6 -4 -2 0 6 8

CMS Experiment at LHC, CERN

Data recorded: Sun Oct 23 07:45:55 2016 CEST
Run/Event: 283876/ 570269675

Lumi section: 389

electron
pr = 10.3 GeV
n =0.31
¢ = 0.96

pr = 14.0 GeV
n = 0.36
¢ = 0.81

00 _© 0O oo Soo®® //
f
AK4 jet

PTr — 31.0 GeV
n=—2.93
¢ = —2.84
AK4 jet
pr = 111.3 GeV
n = —0.96
¢ = —2.19
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Use Z position of the primary vertex to separate pileup
(much more on this later)




VERTEX RECONSTRUCTION [XY]

.

/

a——— . CERN
25 12:16:36 2016 CEST
6050730
AK4 jet

W pr = 37.8 GeV

n = 0.67

AK4 jet
pr = 103.6 GeV
n = —0.58

) = (0.30
AKA4 jet ¢

pr = 99.6 GeV

muon

pr = 27.9 GeV
n = 1.37

O = —2.42

Use impact parameter of the secondary vertex to i1dentify
displaced vertices




IMPACT PARAMETER RESOLUTION 31

The main dnivers of the vertex resolution are the position
measurement and the lever arm of the measurement (how far are
you away from the vertex)

For example: CMS simulation

® u*, Barrel region
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IMPACT PARAMETER RESOLUTION 32

The main dnivers of the vertex resolution are the position
measurement and the lever arm of the measurement (how far are
you away from the vertex)
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FOT example: CMS simulation
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PRIMARY VERTEX RESOLUTION

CMS \s=7TeV
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THE 4TH DIMENSION |

54

Precision fast timing has promise to be a powerful additional

piece of information for reconstruction

There are plans by ATLAS and CMS to include precision timing
detectors for HL-LHC upgrades

Resolution for charged
particles I1s around ~30 ps.

At ~30 ps

Neutral resolution 1s energy

dependent: ~30-300 ps for
100-few GeV

Time of flight can be used to disentangle the origin of
particles as well — particularly useful for neutral particles



TIMING DETECTORS, EXAMPLES Christian Pena 35

optical
photons

LYSO+SiPM

Few mm thick LYSO, high
light yield scintillator

- Anode
Ring

| ~100% efficient for MIPs
Use LGAD detector (low gain avalanche) for with good S/N

endcap — harsher radiation environment

Silicon sensor with special doped thin region Good radiation tolerance



VERTEXING WITH TIMING!

CMS Simulation: CRAB-KISSING beamspot - <NPU>=140

p— 0.6 | P | I 1 1 1 | S B T 1 1 | T 1 "__'
2 | | | | | | g !24 0
> 292+
g =
~04 20 =
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—18 g
0.2 16 8
14 15:5
0 12 %
10 'E,
-0.2 v
)
o

-0.4

O N B O @

055 10 5 0 5 10 15 20
Z\ertex [Cm]
In future conditions of ~200 pileup, timing can be used to
disentangle pileup vertices. Proton beam crossing spread out of z

and time!
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4D RECONSTRUCTION

CMS Simulation <u> = 200

Simulated Vertices
3D Reconstructed Vertices
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TIMING PERFORMANCE IMPROVEMENTS

# of pileup tracks/signal PV

40r
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CMS Slmulatlon prellm/nary 13 TeV
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CALORIMETRY

Om 1
Key: " am
Muon
Electron
Charged Hadron (e.g. Pion)
-~ = — - Neutral Hadron (e.g. Neutron)
----- Photon

.............
.......

Tracker s

' Electromagnetic
| )lt " Calorimeter

NI

Hadrc
Calorimeter

uperconducting
Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers
through CMS

charged & neutval
hadvowns

PYhotowns
Electvrons

Y

D Bamaey, CERN, Febrigury 2004
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PHOTON INTERACTION

Pair production of electron/positron
1S maln interaction mechanism

of photon

PYhotowns
Electvrons

Y

Characternstic scale also Xo

o= £(A/XoNa).
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NUCLEAR INTERACTION LENGTH

Interaction Length

Z D I/Z (1/p)dT/dx £ X A

g.cm” eV | MeV/g.em™ | MeV cm cm

C 6 2.2 12.3 1.85 103 ~ 19 38.1
Al 13 2.7 12.3 1.63 47 8.9 394
Fe 26 7.87 10.7 1.49 24 1.76 16.8
Cu 29 8.96 1.40 =~ 20 143 15.1
W 74 19.3 1.14 ~8.1 | 035 9.6
Pb 82 11.35 | 10.0 1.14 6.9 0.56 17.1
U 92 18.7 9.56 1.10 6.2 0.32 10.5

» Characteristic lengthy over which a
hadronic interaction will occur is A

similar to the radiation length for

EM showers

» Interaction lengths tend to be

much longer than radiation length

for the same material

» Hadronic showers are much less
uniform in their development than
electromagnetic showers

T

T

r—

Contribution
due to e.m.
- component

Number of measurements

10-GeV electron

r. T T T 1T 1T 1T T T T 717

2 4

Signal (in energy units) obtained for a 10 GeV energy deposit
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CALORIMETERS

42

Calorimetric
measurements

Sampling Calorimeters

Mix layers which can detect
energy deposited and
passive layers which act as
absorbers. Not all energy
IS detected

Homogenous Calorimeters

Absorber material is also
the detecting material

All energy deposited in the
calorimeter Is detected



CALORIMETERS
CMS Crystal Calorimeter

,';'.'-.

ATLAS LAr Sampling Calorimeter

CMS HGCal
T

Example:

W-S1 sampling calorimeter

Tungsten (W)
Xo =0.35cm
Moliere Radius = 0.9cm

Interaction length = 9.9cm

435



CALORIMETER RECONSTRUCTION 44

Cf. Calonimetry lectures from R. Wigmans
A reminder of the basics: energy resolution and characternstic
size of electromagnetic and hadronic showers

Resolution:

O
_EZE@L@C

. / f Constant term:
Noise term:

instrumental effect,

fixed vs. energy shower leakage, etc.

Typically important at Stochastic term:

low energies Erroris ~E-1/2, as a
counting error



ExXAMPLE: ATLAS EM CALORIMETER

Energy (GeV) —
N 10 20 40 80 150 500 oo

o Stochastic, o/E = 10%/VE
----- Noise, 6 = 280 MeV
— — Constant term, 0.35%

e TTotal resolution

’7._

Energy resolution (%)
N
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HADRONIC CALORIMETERS

Energy (GeV) -

Note the

10 20 50 100 500 oo
° 30 I e y ' ' DR . X 3 X T T
change 1n | S~ |
|} | ™
scale!! 25| . n
— e
O
S NN |
S - : \/OO o i
o | > >100 GeV
S 15¢ X
§ h N ®
'3 | A f ) b \ ’~0‘
o) i 0 )
> ; A .
&O | \A
¥ s
2] e ATLAS E+H [Aba 10]
- 4 ZEUS FCAL [Beh 90]

0.30 0.25 0.20 0.15 0.10 0.05 0
- 1/VE (GeV)
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SHOWER SIZE AND ENERGY RESOLUTION 47

Another important consideration in reconstruction are the size of

the showers
EM showers are much smaller, uniform
Hadronic showers are larger, less-uniform

—t)

716.4 g cm™ < A

Important concept Xy — e
F P ' Z(Z +1)In(287/VZ)

Xo, radiation length: characteristic length of a energy loss of

particles interacting electromagnetically
Moliere radius: transverse size of the shower 1s related to Xo

Rm = 0.0265 Xo (Z + 1.2)

A , Interaction length: characteristic length of particles interacting
with nuclel



NICE RESOURCE

http://pdg.lbl.gov/2017/AtomicNuclearProperties/

on

1Ps

1H sHe
JLi || 4Be sB [ «C [ N [ 4O |[ oF |[1oNe
nNa|;pMg 13A1 || 1451 || 15P || 165 [|17Cl]| 18AT
19K || 20Ca |[215¢|[ 22T1 || 23V || 24Cr ||25Mn || g6I€ || 27C0 || 2gN1 ([ 29CU || 3941 || 37Ga || 32Ge || 33AS || 3¢95¢ |[35Br|| 36Kr
37RD|| 3857 | 39Y || 4941 | 41ND ||42M0]| 43TC | 44RU | 45Rh | 46Pd || 47A8 | 48Cd || 49In || 5950 | 5;5b || 5pTe | 531 | 54Xe
55Cs|(56Ba |s7La| 72HI | 73Ta | 74W || 75Re || 760s || 77Ir || 7Pt |[79Au | goHg | g1T1 || 82Pb | g3Bi || g4P0 || gsAL|| ggRn
871" || 88Ra |g9AC |104R 1) 195Db/|10658 [107Bh [108HS |109MU 11005 [111RE |112C0| 113NN | 134F] |[135MC][316LV 11775 11808

sgCe|| s9Pr | goNd |[1Pm || 625m | g3EU || 64Gd || 65TD || 66DY | 67HO || 68Er || 9Tm | 79YD || 7710
S 90Th | 91Pa || 92U |193ND | 94Pu [|gsAm (ggCm

- -
P ol '

norganic compounds (Al through+Fe)
norganic compounds (Freon through Pu)'
norganic compounds (Potassium thru yttrium)
norganic scintillators (BaF2 through Y2Si05)
imple organic compounds

Polymers

Ixtures
Siological materials

D
ot

A

Freon through plutonium oxide

 Potassium iodide through water kg

Barium fluoride through Y2SiO5

cetone through Xylene

Aercgel through standard rock

Aluminum oxide through ferrous oxide

—ﬂ

Potassium iodide through water

l

I

A-mn-dimethyl_formamide through tissue-equivalent gas 5%

I
3

Atomic and nuclear properties of iron (Fe)

Nuclear collision length ||81.7 g cm™2
=———————> ||Nuclear interaction length || 132.1 g cm™2
Pion collision length 107.0 g cm™2
Pion interaction length  |[160.8 g cm™2
———— 5 |[Radiation length 13.84 g cm™2

For high Z matenals

Xo<< A
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PARTICLE ID A. Tapper 49

TRD

Energy loss spectra {experiment and MC) for piens {Xenon, 20 Gev)

—— Experiment

2l Ty e Monte Carlo

<

dN /dE, arbitrary units

»  When particle pass through a
region with a discontinuous ?
refractive index they can emit
Transition Radiation

» These are only emitted for
particles with a very high g (of
order 1000, so really only seen
for electrons)

»  The photons from transition
radiation have an energy of order
1 O Kev Energy loss {exp. and MC) for electrons, Fibre Raod. (Xenon, 20 GeV)

» |In the ATLAS TRT, these photons _ xperiment
are absorbed by the gas, and £ e,
give a larger signal than the
minimum ionizing signal.

Straws are packed in radiator T B S T A TR
mate rial p Energy, keV eIeCt ronS

Pions

its

—
o
I

dN/dE, arbit
al
[
i

» In each straw, look for larger hits
which signal a possible TR hit

» Can provide electron ID




SPECIAL TOPIC: LHCB RICH DETECTOR 50

Hadron ID 1s very important, particular in b physics

LHCb has a dedicated detector, RICH, for particle ID
RICH: Ring Imaging Cherenkov Detector

Cherenkov radiation: Particles moving in materal with index of
refraction greater than 1 travel faster than the speed of hght and

emit radiation at an angle B¢




LHCB REMINDER
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PARTICLE ID 52

By measuring the track

momentum and 6., one can
1dentify the particle type

Magnetic Detectors - 0. max
. “VE e s e O 242 mrad
Shield A — 242 mrac
259 m‘a . ,'\ \'l'-‘}.’\'l
Aerogel -1 ~_Spherical 200
~g 4 Mirror
LT CaF10 . %
P Beam pipe = 150
~ :
VELO / > Track = 100
exit window
C.F.,ea
Exit Window - Lo eree—] 53 rryad
i
// P vy 32 mrad
Plane [ I K Ch, pas
Mirror 0 . i il .

| 10 100
Momentum (GeV/e)

RICH1 = aerogel and CsFi0gas
RICH2 = CF4gas



PARTICLE ID

Magnetic
Shield

Aerogel

VELO /

exit window

Plane
Mirror

Photon
Detectlors

250 qnrad

o Spherical
/ Mirror

Beam pipe

Exit Window

LHCDb data
(preliminary)

Kaon
favoured

hypothesis

&~ pion
° : \:Iavoured'
ypothesis
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LHCB RICH EFFECT

Cherenkov Angle (rads)
o
o
H

0.025F
0.02

0.015

LHCDb
\s =7 TeV Data

Efficiency

0 ALLK-7)>0

B ALL(KK-7)>5

60 80 100
Momentum (MeV/c)
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LHCB RICH EFFECT
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MINI-SUMMARY 56

The different detector technologies and their intrinsic resolution

are complementary!
As one starts to get worse, the other starts to get better
Tracking has the best intrinsic spatial resolution

Representative numbers for the CMS case

Detector p.-resolution n/P-segmentation

Tracker 0.6% (0.2 GeV) - 5% (500 GeV) 0.002 x 0.003 (first pixel layer)
ECAL 1% (20 GeV) — 0.4% (500 GeV) 0.017 x 0.017 (barrel)
HCAL  30% (30 GeV) - 5% (500 GeV) 0.087 x 0.087 (barrel)

Vertexing numbers:

Primary vertex resolution: ~25-100 mm
Timing adetector resolution: ~30-300 ps



&. PARTICLE RECONSTRUCTION

Ex \:CR

pear + Tickle

57



Silicon
Tracker

. B
Electromagnetic™
Calorimeter

Hadron

Calorimeter Superconducting
Solenoid lron return yoke interspersed

with Muon chambers
Om Tm 2m 3m 4m 5m 6m 7m

Dave Barney



MUONS

59

Because of 1t’s long hfetime — the muon 1s a stable particle for our

r = 700m)

purposes (c

't does not feel the strong interaction, so it’s only minimum ionizing particle

. except at high energies where it acts like an electron (> 1 TeV)

—

Stopping power [MeV cm?/g]

_ | | | |
- u" on Cu -
. Bethe-Bloch Radiative -
-/ Anderson- ‘ rem -
P . Ziegler -
55 MIP 7 :
1055 e
SN S | |
- Radiative * Radiative -
- Minimum  effects / losses .
- ionization reach 1% S e =
 Nuclear N\ 7y 0 S| iae==T B
~ losses A - T L
* Y Without 5
1 | | | | | | | |
0.001 0.01 0.1 1 10 100 1000 104 10° 106
Py
| l J l | l J l l I
0.1 1 10 100, 1 10 100, 1 10 100 |
[MeV/c] [GeV/c] [TeV/c]

Muon momentum




MUON DETECTORS

RMS(A x) (cm)

0.6}

0.2}

CMS,Ns =7 TeV
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MUON ID

Muons are very penetrating and primarily interacts as a MIP
Very high ID etficiency!

Efficiency

Data/MC

—h
—h

1.05
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0.9
0.85

0.8
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1.02
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O
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MUON MOMENTUM RESOLUTION

The muon system should be very
etficient for 1dentifying muons

CMS momentum resolution

Momentum measurements important
at the tnigger level
And also for high pT muons

12 =
11 E_ ¥ Tube resolution and autocalibration
— — @ Chamber alignment
§ 10 = Multiple scattering
— E_ O Energy loss fluctuations
o I — A Total ;l'
S 8 :
[e) — nl<1.5 j
2 7E il f
o ' E /
@) 6 :_ !
= 5 E otandalone muons ; o Full system
L. — In ATLAS S v Last 4 tracker points
3 4E K = Muon system only
S 3 / O Inner tracker only
C — ]
8 2 ;— - Jﬁ, ! 111 ! L1 11 | |
1 £ X 10 10° 10°
o ELL -1 - X T . & 513 D [GeV/c]
10 10 10
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ELECTRONS

The problem with electrons...

They interact a lot more! Primarly through bremsstrahlung
Energy loss from bremsstrahlung:

(energy loss 1s proportional to energy) \
Electron

dEE. E ®
—_—— W

o -

y
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ELECTRONS

The problem with electrons...

They interact a lot more! Primanly through bremsstrahlung
Energy loss from bremsstrahlung:

(energy loss 1s proportional to energy) \
Electron

dE. FE °
—_—— W

- -

CMS simulation
lllllllllllllllllllllll|l Illll

L | L
2 5[ |Support Tube [ TOB B Pixel — }
- | |TEC B TIB and TID B Beam Pipe -

/X,

|

1.5}

Mind your matenal!
Important to consider the matenal
budget in the tracker detector design

0.5+




COMPLICATIONS WITH ELECTRONS

The tricky part of electron tracking is
accounting for radiation loss from
bremsstrahlung along the track trajectory

Electron undergoes brem ~70% of the time
Photon converts to e+e- pair 50% of the time

Recover brem particles along the ¢
trajectory of the track because of the
magnetic field

Tracking has to account for energy loss
Gaussian Sum Filter tracking = extension of
Kalman Filter algonthm with a sum of Gaussians
welghted by radiation probability

Pixels
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ELECTRON PERFORMANCE
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What vaniables go into the selection?
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PHOTONS 70

[dentifying prompt and 1solated photons important
Particularly for analyses like H(yy)
Primary variables for photon 1identification are shower-shape and

1solation (more on this later) varables
No matched track to separate from electrons

-1
19.7 fb' (8 TeV) 19.71b (8 TeV)
| .

™ | ! | ! | ! | | = T
(@) D
Si nal 8 - CMS‘ ¢ Data: signal (Z—uuy) %3 CMS ¢ Data: signal (Z—uuy)
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> ) _
LL = A3
i 1 10
photons from Barrel
ZUU 107
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10
background
Photons from 1
X O 2 | | | Q 1_5; ______________________________________________________________________________ T e
Jet q = 18 H++++H”+*ﬂ+ﬁﬂ ...... S : % { S R S
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[ CHARGED] HADRONS

Match tracks to hadronic clusters to form charged hadrons

Again, mind your matenals!

The tracker matenal acts as a hadronic preshower
(for both charged and neutral hadrons)

CMS simulation
lllll |Illl|llll|llllllllllllllllllllllll—

0 7/ Support Tube N ToB B Pixel i
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COMPLICATIONS WITH HADRONS ”

: : Map of nuclear interactions
Nuclear interactions often result P oo
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SUMMARY: CHARGED PARTICLE TRACKING

Muons Pions Electrons

CMS simulation CMS simulation CMS simulation
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ethiciency — this 1llustrates the challenge of tracker matenal for
charged hadrons and electrons



TAUS

Massive and relatively long hived
m(T) = 1.7 GeV
cT= 387 pm

40% of théime/
60% of the time

Leptonic tau reconstruction relies on
missing energy from the neutrinos

® ew

AY,
® 3nv

® pwv

® rnv+nm0
© 3rv+nm0
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HADRONIC TAUS

single
Hadron

Hadron + Strip

Three Hadrons

\

a, 2 TU T U
a, 2t
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TAU PERFORMANCE
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A NOTE ON ISOLATION

no, *Tn direction

“i

v R=0.5(0.3)

charged

neutral
=

PF Jet

)

dz <0.2cm
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So far 1solation has been mentioned 1n
many contexts

Isolation very important to identify
prompt muon, electron, photon, tau
signals

For example:

Prompt:
Hadronic Tau vs. jet
Photon vs. jet
Muon vs. b jet

Isolation: the extra amount of energy

around the object of interest

Often relative 1solation i1s the quantity of interest
W1ll come back to this later with pileup discussion




Tomorrow: Let’s get ADVANCED

Particle flow
Jets and MET
Jet substructure
Pileup and underlying event in HI

Exotic and beyond




