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PREFACE

The plan: 
I 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 experience is in ATLAS/CMS style reconstruction, so I 
will focus on that, with a few special topics for heavy ions and b-
physics.   
Caveat 2: More CMS results mostly because I know where to find those 
plots more easily ̶ but most everything I will say will be generic
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Part 1: Building blocks and detectors 
a. Charged particle tracking, vertexing 
b. Precision Timing 
c. Calorimeter hits 
d. Particle ID, e.g. LHCb RICH detector 

 
Part 2: Particle reconstruction 

a. Muons 
b. Photons/Electrons 
c. Taus, Hadrons  
e. Particle Flow 

Part 3: Composite objects and beyond 
a. Jets, MET 
b. Jet substructure 
c. Pileup Mitigation 
c.ii. special topic: Underlying event in heavy ions 

d. Displaced/Exotic objects
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I’m drawing a lot from 
different sources, but 
great references are 

lectures from previous 
HCPSS (Phil Harris and 
Rick Cavanaugh) and 
also from lectures by 

Alex Tapper



INTRODUCTION
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Physics process
Partons
Stable particles
Detector hits
Reconstructed quantites

(momenta, charge 
 energy, angles, ...)

List of ID’d reco. particles

Reconstructed partons
Physics process hypothesis

Particle Physics Detectors
Collision

(e’s, μ’s, γ’s, π’s, KL’s, etc)

Courtesy: Rick Cavanaugh
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RECONSTRUCTION BASICS

Detectors are built in layers to 
detect different species of 
(semi-) stable particles 

Goal: determine momentum, 
energy, charge, mass 

Techniques: 
Energy loss (dE/dx) 
Total Energy (Edep) 
Velocity (β) 
Curvature (1/ρ)
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BIG PICTURE GOALS

Introduce the basic way we identify 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
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1. BUILDING BLOCKS AND DETECTORS
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Tracking, Timing, Calorimetry, Particle ID



PARTICLES IN MATTER

Charged (heavy) particle energy loss in material via ionization 
(e.g. muon, pion, protons)  
material modeled as a free electron cloud to leading order 
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Figure 33.1: Mass stopping power (= È≠dE/dxÍ) for positive muons in copper as a function of
—“ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic energy).
Solid curves indicate the total stopping power. Data below the break at —“ ¥ 0.1 are taken from
ICRU 49 [4] assuming only — dependence, and data at higher energies are from [5]. Vertical bands
indicate boundaries between di�erent approximations discussed in the text. The short dotted lines
labeled “µ≠ ” illustrate the “Barkas e�ect”, the dependence of stopping power on projectile charge
at very low energies [6]. dE/dx in the radiative region is not simply a function of —.

33.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
by the “Bethe equation,”

=
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Eq. (33.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. Small
corrections are discussed below.

This is the mass stopping power ; with the symbol definitions and values given in Table 33.1,
the units are MeV g≠1cm2. As can be seen from Fig. 33.2, ÈdE/dxÍ defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl ÈdE/dxÍ, where fl is the density in g/cm3.

At —“ ≥ 0.1 the projectile velocity is comparable to atomic electron “velocities” (Sec. 33.2.6),
and at —“ ≥ 1000 radiative e�ects begin to be important (Sec. 33.6). Both limits are Z dependent.
A minor dependence on M at high energies is introduced through Wmax, but for all practical
purposes ÈdE/dxÍ in a given material is a function of — alone.
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33.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
by the “Bethe equation,”
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Eq. (33.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. Small
corrections are discussed below.

This is the mass stopping power ; with the symbol definitions and values given in Table 33.1,
the units are MeV g≠1cm2. As can be seen from Fig. 33.2, ÈdE/dxÍ defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl ÈdE/dxÍ, where fl is the density in g/cm3.

At —“ ≥ 0.1 the projectile velocity is comparable to atomic electron “velocities” (Sec. 33.2.6),
and at —“ ≥ 1000 radiative e�ects begin to be important (Sec. 33.6). Both limits are Z dependent.
A minor dependence on M at high energies is introduced through Wmax, but for all practical
purposes ÈdE/dxÍ in a given material is a function of — alone.
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MIPS AND PARTICLE ID 15
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Figure 33.2: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous helium, carbon,
aluminum, iron, tin, and lead. Radiative e�ects, relevant for muons and pions, are not included.
These become significant for muons in iron for —“ & 1000, and at lower momenta for muons in
higher-Z absorbers. See Fig. 33.23.

33.2.4 Mean excitation energy

“The determination of the mean excitation energy is the principal non-trivial task in the eval-

uation of the Bethe stopping-power formula” [13]. Recommended values have varied substantially
with time. Estimates based on experimental stopping-power measurements for protons, deuterons,
and alpha particles and on oscillator-strength distributions and dielectric-response functions were
given in ICRU 49 [4]. See also ICRU 37 [10]. These values, shown in Fig. 33.5, have since been
widely used. Machine-readable versions can also be found [14].
33.2.5 Density e�ect

As the particle energy increases, its electric field flattens and extends, so that the distant-
collision contribution to the logarithmic term in Eq. (33.5) increases as —2“2. However, real media
become polarized, limiting the field extension and e�ectively truncating this part of the logarithmic
rise [2–5,15,16]. At very high energies,

”(—“)/2 æ ln(~Êp/I) + ln —“ ≠ 1/2 , (33.6)

6th December, 2019 11:50am

Identifying particles by energy loss
! The shape of the Bethe-Bloch 

curve is the same for any 
incoming particle on a given 
target, but depends on the 
particle velocity

! Different particle species will 
have different velocity for the 
same momentum

! Measuring both particle 
momentum, and dE/dx gives the 
possibility of an identification of 
different particle species
! More effective at certain (low) 

momentum regions

15



MULTIPLE SCATTERING 16

14 33. Passage of Particles Through Matter

scattering distributions are well-represented by the theory of Molière [34]. Accessible discussions
are given by Rossi [2] and Jackson [35], and exhaustive reviews have been published by Scott [36]
and Motz et al. [37]. Experimental measurements have been published by Bichsel [38] (low energy
protons) and by Shen et al. [39] (relativistic pions, kaons, and protons).¶

If we define
◊0 = ◊ rms

plane = 1Ô
2

◊rms
space , (33.15)

then it is su�cient for many applications to use a Gaussian approximation for the central 98% of
the projected angular distribution, with an rms width given by Lynch & Dahl [40]:
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D

(33.16)

Here p, —c, and z are the momentum, velocity, and charge number of the incident particle, and
x/X0 is the thickness of the scattering medium in radiation lengths (defined below). This takes into
account the p and z dependence quite well at small Z, but for large Z and small x the —-dependence
is not well represented. Further improvements are discussed in Ref. [40].

Eq. (33.16) describes scattering from a single material, while the usual problem involves the
multiple scattering of a particle traversing many di�erent layers and mixtures. Since it is from a fit
to a Molière distribution, it is incorrect to add the individual ◊0 contributions in quadrature; the
result is systematically too small. It is much more accurate to apply Eq. (33.16) once, after finding
x and X0 for the combined scatterer.

x

splane
yplane

Ψplane

θplane

x /2

Figure 33.10: Quantities used to describe multiple Coulomb scattering. The particle is incident in
the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given approximately
by [34]

1
2fi ◊2

0
exp

Y
___[≠

◊2
space
2◊2

0

Z
___\ dœ, (33.17)

¶Shen et al.’s measurements show that Bethe’s simpler methods of including atomic electron e�ects agrees better
with experiment than does Scott’s treatment.
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Multiple scattering

! Particles undergo multiple interactions as 
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 X0 a particle is deflected by an 
angle θ is a gaussian distribution with 
sigma

23



BREMSSTRAHLUNG

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

17

Bremsstrahlung
! Energy loss is proportional to 

the energy of the incoming 
particle
! Compare to Ionization which is 

flat in Energy
! Energy loss is proportional to      

1/m2 of the incoming particle
! Muons radiate much less than 

electrons via Bremsstrahlung
! X0 is the Radiation length which 

is a characteristic of the material
! The incoming particle energy will 

decrease to E0e-1 after travelling 
through one X0 of material.X 0 =

716.4A
Z (Z + 1) ln(287/

√
Z )

[g/ cm2]

− dEdx = 4αNA
Z 2

A z2r 2E ln 183
z1/ 3

−
dE
dx =

E
X 0

E (x) =E0e− x / X0

r = e2

mc2
16

17 33. Passage of Particles Through Matter

Table 33.2: Tsai’s Lrad and LÕ
rad, for use in calculating the radiation

length in an element using Eq. (33.25).

Element Z Lrad LÕ
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15 Z≠1/3) ln(1194 Z≠2/3)

where a = –Z [43].
The radiation length in a mixture or compound may be approximated by

1/X0 =
ÿ

wj/Xj , (33.27)

where wj and Xj are the fraction by weight and the radiation length for the jth element.

Figure 33.11: Fractional energy loss per radiation length in lead as a function of electron or positron
energy. Electron (positron) scattering is considered as ionization when the energy loss per collision
is below 0.255 MeV, and as Møller (Bhabha) scattering when it is above. Adapted from Fig. 3.2
from Messel and Crawford, Electron-Photon Shower Distribution Function Tables for Lead, Copper,

and Air Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2, but we
have modified the figures to reflect the value given in the Table of Atomic and Nuclear Properties
of Materials (X0(Pb) = 6.37 g/cm2).
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BREMSSTRAHLUNG

For lighter charged particles (i.e. electrons), bremsstralung 
(braking radiation) dominates 
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Bremsstrahlung
! Energy loss is proportional to 

the energy of the incoming 
particle
! Compare to Ionization which is 

flat in Energy
! Energy loss is proportional to      

1/m2 of the incoming particle
! Muons radiate much less than 

electrons via Bremsstrahlung
! X0 is the Radiation length which 

is a characteristic of the material
! The incoming particle energy will 

decrease to E0e-1 after travelling 
through one X0 of material.X 0 =
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Z (Z + 1) ln(287/
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Energy loss is proportional to the 
energy of the incoming particle 
Compare to Ionization which is flat in Energy  

Energy loss proportional to 1/m2 
of the incoming particle  
Muons radiate much less than electrons via 
Bremsstrahlung  

X0 is the Radiation length which  
is a characteristic of the material  
The incoming particle energy will decrease to 
E0e-1 after traveling through one X0 of 
material  

20 33. Passage of Particles Through Matter

33.4.4 Critical energy

An electron loses energy by bremsstrahlung at a rate nearly proportional to its energy, while
the ionization loss rate varies only logarithmically with the electron energy. The critical energy Ec

is sometimes defined as the energy at which the two loss rates are equal [49]. Among alternate
definitions is that of Rossi [2], who defines the critical energy as the energy at which the ionization
loss per radiation length is equal to the electron energy. Equivalently, it is the same as the first
definition with the approximation |dE/dx|brems ¥ E/X0. This form has been found to describe
transverse electromagnetic shower development more accurately (see below). These definitions are
illustrated in the case of copper in Fig. 33.13.

The accuracy of approximate forms for Ec has been limited by the failure to distinguish between
gases and solid or liquids, where there is a substantial di�erence in ionization at the relevant energy
because of the density e�ect. We distinguish these two cases in Fig. 33.14. Fits were also made with
functions of the form a/(Z + b)–, but – was found to be essentially unity. Since Ec also depends
on A, I, and other factors, such forms are at best approximate.

Values of Ec for both electrons and positrons in more than 300 materials can be found at
pdg.lbl.gov/AtomicNuclearProperties.
33.4.5 Energy loss by photons

Contributions to the photon cross section in a light element (carbon) and a heavy element
(lead) are shown in Fig. 33.15. At low energies it is seen that the photoelectric e�ect dominates,
although Compton scattering, Rayleigh scattering, and photonuclear absorption also contribute.
The photoelectric cross section is characterized by discontinuities (absorption edges) as thresholds
for photoionization of various atomic levels are reached. Photon attenuation lengths for a variety
of elements are shown in Fig. 33.16, and data for 30 eV< k <100 GeV for all elements are available
from the web pages given in the caption. Here k is the photon energy.

The increasing domination of pair production as the energy increases is shown in Fig. 33.17.
Using approximations similar to those used to obtain Eq. (33.29), Tsai’s formula for the di�erential
cross section [42] reduces to

d‡

dx
= A

X0NA

Ë
1 ≠ 4

3x(1 ≠ x)
È

(33.31)

in the complete-screening limit valid at high energies. Here x = E/k is the fractional energy transfer
to the pair-produced electron (or positron), and k is the incident photon energy. The cross section
is very closely related to that for bremsstrahlung, since the Feynman diagrams are variants of one
another. The cross section is of necessity symmetric between x and 1 ≠ x, as can be seen by the
solid curve in Fig. 33.18. See the review by Motz, Olsen, & Koch for a more detailed treatment [54].
Eq. (33.31) may be integrated to find the high-energy limit for the total e+e≠ pair-production cross
section:

‡ = 7
9(A/X0NA). (33.32)

Equation Eq. (33.32) is accurate to within a few percent down to energies as low as 1 GeV, partic-
ularly for high-Z materials.
33.4.6 Bremsstrahlung and pair production at very high energies

At ultrahigh energies, Eqns. 33.28–33.32 will fail because of quantum mechanical interference
between amplitudes from di�erent scattering centers. Since the longitudinal momentum transfer to
a given center is small (Ã k/E(E ≠k), in the case of bremsstrahlung), the interaction is spread over
a comparatively long distance called the formation length (Ã E(E ≠k)/k) via the uncertainty prin-
ciple. In alternate language, the formation length is the distance over which the highly relativistic
electron and the photon “split apart.” The interference is usually destructive. Calculations of the

6th December, 2019 11:50am



TRACKING

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

Determine track parameters:  
- pT 
- theta, phi 
- impacts parameters: d0, dz 

19

Track finding                              arXiv:1405.6569

Charged particles in a strong uniform magnetic field follow              
helical trajectories with radius proportional to momentum
• Combinatorial Track Finder

• Iterates from simple Æ complex tracks,                                         

removing hits to reduce complexity

• 4 steps:

• Seeding: initial candidate from 2-3 hits

• Finding: extrapolate with kalman filter

• Fitting: smooth trajectory & fit parameters

• Selection: apply quality cuts

J. Hogan, Brown University, LPC HATS 2017 6



TRACKING CHALLENGE 20

Precise, high-granularity  
silicon pixel and strip detectors 

are the workhorse
20c. mills (UIC+FNAL)

Electron-hole pairs drift
• Charges drift under the influence of the E and B fields
® Lorentz angle = angle of charge drift relative to the E field
® Drift direction offset the same for positive and negative

! = #$ + #&×(

B out of the page
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“Lorentz Angle”

E -

n
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+
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trajectory

-
+
-

B

most signal on these 
2 strips/pixels

most signal on these 2 
strips/pixels

B parallel to E
typical of forward

Muon trackers have to economically  
cover a lot of ground!  Example are 

gaseous drift tube detectors



SILICON PIXELS 21Charged particles in Silicon detectors

! A reverse 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 

Ioniztion
! ~9000 e- created in each 100µm 

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 150µm

150µm

Typical Pixel
30

A. Tapper

Low mass, radiation hard



SILICON STRIPS 22Silicon strip detectors

! 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 ~100µm
! Metal of strip ~15µm

! They are typically around 
10cm long

! Only a 2D resolution 
possible
! Some 3D possible with 

“Stereo” layers

33

A. Tapper



23Building full size trackers

35



MUON DETECTOR EXAMPLE: RPC 24RPCs

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

! RPCs consist of two parallel plates
! a positively-charged anode and a negatively-charged 

cathode,
! Plates are made of a very high resistivity plastic material 

and separated by a gas volume.
! Ionizing muons cause an avalanche of electrons

! 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. 

79

A. Tapper



TRACKING STEPS

Tracking in the inner tracking volume is 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: initial candidate from a few hits 
Finding: extrapolating from seeds with Kalman filter 
Fitting: smooth trajectory and fit params 
Selection: apply quality cuts 

25

Cf. Silicon detector lectures from C. Mills 



FITTING FOR MOMENTUM

To get the pT of the track, we fit for its curvature 
Useful formula: 

The full momentum is related by the polar angle 

26Momentum Measurement

• Moving charged particles are deflected by magnetic fields
– In a homogeneous B field particle follows circle with radius r

Lorentz�Force

BvqFL
&&&

u� 

2
Centripetal�Force

– pt is the component of the momentum

r
vmF c
2� ][][3.0][ mrTBcGeVpt �� 
rBqp �� 

pt is the component of the momentum
orthogonal to B field

pt : transverse momentum
measurement of pt via
measuring the radius

– no particle deflection parallel to magnetic field 
– if particle has longitudinal momentum component,

the particle will follow a helix
ptrans p total momentum p to be

measured via dip angle O

tp

2nd Eiroforum School of Instrumentation (ESI 2011) – Tracking Detectors                       Michael Moll, CERN, 15 May 2011   - 8

plong
BO

Osin
tpp  

Momentum Measurement

• Moving charged particles are deflected by magnetic fields
– In a homogeneous B field particle follows circle with radius r

Lorentz�Force

BvqFL
&&&

u� 

2
Centripetal�Force

– pt is the component of the momentum

r
vmF c
2� ][][3.0][ mrTBcGeVpt �� 
rBqp �� 

pt is the component of the momentum
orthogonal to B field

pt : transverse momentum
measurement of pt via
measuring the radius

– no particle deflection parallel to magnetic field 
– if particle has longitudinal momentum component,

the particle will follow a helix
ptrans p total momentum p to be

measured via dip angle O

tp

2nd Eiroforum School of Instrumentation (ESI 2011) – Tracking Detectors                       Michael Moll, CERN, 15 May 2011   - 8

plong
BO

Osin
tpp  
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sinλ

Basics)of)measurements:)momentum)

 

Momentum can be derived from measuring sagitta: 
 
 
 
 
 
 
 
 
 
Error in measuring sagitta " error in measuring pT 
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MOMENTUM RESOLUTION 
The transverse momentum resolution is driven by: 
Curvature measurement and hit resolution 
Multiple scattering

27

26c. mills (UIC+FNAL)

Tracking performance at CMS

Harder to measure curvature of 
straighter (higher-momentum) tracks

For CMS: 
magnetic field B = 3.8 T
tracker radius L = 1.2 m
number of measurements N >10

Harder to extrapolate lower-momentum 
tracks: scattering in material matters

Momentum resolution

• The (transverse) momentum resolution is dominated by two contributions
– contribution from measurement error

p pT v
V

– contribution form multiple scattering
(remember)
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38 5 Track reconstruction performance
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Figure 15: Resolution, as a function of pT, in the five track parameters for single, isolated muons

in the barrel, transition, and endcap regions, defined by h intervals of 0–0.9, 0.9–1.4 and 1.4–
2.5, respectively. From top to bottom and left to right: transverse and longitudinal impact
parameters, f, cot q and pT. For each bin in pT, the solid (open) symbols correspond to the
half-width for 68% (90%) intervals centered on the mode of the distribution in residuals, as
described in the text.
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27c. mills (UIC+FNAL)

Side view

11/20/1727 Identifying particles and vertices

Use Z position of the primary vertex to separate pileup 
(much more on this later)
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Use impact parameter of the secondary vertex to identify 
displaced vertices



IMPACT PARAMETER RESOLUTION

The main drivers 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:

31

Impact parameter resolution

• Uncertainty on the transverse impact parameter, d0, 
depends on the detector radii and space point precisions.

• Simplified formula for just two layers:
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– Suggests small r1, large r2,
small V�, V�

� �

– But precision is degraded 
by multiple scattering….y p g

Example: LHCb (VELO )  
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V(IP)=�(�10�+�29/pT[GeV/c]�)�Pm [PoS VERTEX2010:014,2010.]

38 5 Track reconstruction performance
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Figure 15: Resolution, as a function of pT, in the five track parameters for single, isolated muons

in the barrel, transition, and endcap regions, defined by h intervals of 0–0.9, 0.9–1.4 and 1.4–
2.5, respectively. From top to bottom and left to right: transverse and longitudinal impact
parameters, f, cot q and pT. For each bin in pT, the solid (open) symbols correspond to the
half-width for 68% (90%) intervals centered on the mode of the distribution in residuals, as
described in the text.



IMPACT PARAMETER RESOLUTION

The main drivers 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:

32

Impact parameter resolution

• Uncertainty on the transverse impact parameter, d0, 
depends on the detector radii and space point precisions.

• Simplified formula for just two layers:
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V(IP)=�(�10�+�29/pT[GeV/c]�)�Pm [PoS VERTEX2010:014,2010.]

38 5 Track reconstruction performance
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Figure 15: Resolution, as a function of pT, in the five track parameters for single, isolated muons

in the barrel, transition, and endcap regions, defined by h intervals of 0–0.9, 0.9–1.4 and 1.4–
2.5, respectively. From top to bottom and left to right: transverse and longitudinal impact
parameters, f, cot q and pT. For each bin in pT, the solid (open) symbols correspond to the
half-width for 68% (90%) intervals centered on the mode of the distribution in residuals, as
described in the text.
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6.1 Primary-vertex reconstruction 49

each event to have a reconstructed jet with transverse energy ET > 20 GeV. The tracks in these
events have significantly higher mean pT, resulting in higher resolution in the track impact
parameter and consequently better vertex resolution. For minimum-bias events, the resolutions
in x and z are, respectively, less than 20 µm and 25 µm, for primary vertices reconstructed using
at least 50 tracks. The resolution is better for the jet-enriched sample across the full range of
the number of tracks used to fit the vertex, approaching 10 µm in x and 12 µm in z for primary
vertices using at least 50 tracks. The primary-vertex resolution for the minimum-bias data
from pp collisions has also been compared with simulated minimum-bias events (PYTHIA 6,
Tune Z2 [54]), and found to be in excellent agreement.

Number of tracks
20 40

m
)

µ
Pr

im
ar

y 
ve

rte
x 

re
so

lu
tio

n 
in

 x
 (

0

50

100

150

200

Jet-enriched data

  Minimum bias data

 = 7 TeVsCMS

Number of tracks
20 40

m
)

µ
Pr

im
ar

y 
ve

rte
x 

re
so

lu
tio

n 
in

 z
 (

0

50

100

150

200

Jet-enriched data

  Minimum bias data

 = 7 TeVsCMS

Figure 22: Primary-vertex resolution in x (left) and in z (right) as a function of the number of
tracks at the fitted vertex, for two kinds of events with different average track pT values (see
text).

The difference between the measured vertex positions, divided by the sum of the contributions
to the uncertainty from the fit, taken in quadrature, is referred to as the “pull.” The standard
deviation of the Gaussian function fitted to the pull distribution is roughly independent of the
number of tracks at the vertex and is found to be approximately 0.93 in data and 0.90 in simu-
lation, indicating that the position uncertainty from the fit to a vertex is slightly overestimated
for both. This is consistent with the slightly overestimated track uncertainties observed in MC
studies.

6.1.2 Efficiency of primary-vertex reconstruction

Given an input set of reconstructed tracks, the primary-vertex reconstruction efficiency is eval-
uated based on how often a vertex is reconstructed successfully and its position found con-
sistent with the true value. Neither the tracking efficiency nor the probability to produce a
minimal number of charged particles in a minimum-bias interaction is considered in the ex-
traction of the efficiency for reconstruction of the vertex.

Just as in the measurement of the resolution, the efficiency for primary-vertex reconstruction
depends strongly on the number of tracks in the cluster. The same splitting method described
in the previous section can be used to also extract the reconstruction efficiency as a function
of the number of tracks in the vertex cluster. In this implementation of the method, the tracks
used at the vertex are sorted first in descending order of pT and then split into two different
sets, such that two-thirds (one-third) of the tracks are randomly assigned as tag (probe) tracks.
The asymmetric splitting is used to increase the number of vertices with a small number of

~similar 
performance of 

the vertex 
resolution in 

x,y too



THE 4TH DIMENSION!
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

34

Time Measurement Precision? 

Si Xie 

Precision needed follows very basic logic : 

•  Particles travel at near speed of light 
•  1cm distance is traversed in ~33 ps 
•  To distinguish pileup vertices separated by 1cm 

in space, need time resolution of 30ps 
•  Typical collider beamspots are ~10cm in z  

 à rejection factor of 10 

1 cm 

Δt ~30 ps 

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

Resolution for charged 
particles is around ~30 ps.   

Neutral resolution is energy 
dependent: ~30-300 ps for 
100-few GeV
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1/9/2018 Cristián H. Peña | Searches for New Physics at CMS and Precision Timing Detectors

Barrel Timing Layer

21

• Use thin (few mm) scintillating crystals to generate 
light: 

  –  LYSO crystals provide a very bright signal to a 
single MIP (up to ~40000 photons per mm)  

  –  100% efficient to MIP with good S/N  

  –  Good radiation tolerance to HL-LHC conditions  
Light read-out using SiPMs:  

  –  Fast and compact devices  

  –  Vast experience (CMS HCAL) and testing for 
radiation hardness, collaboration with 
manufacturers,  

  –  Strong knowledge from R&D for TOF-PET 
scanners  

1/9/2018 Cristián H. Peña | Searches for New Physics at CMS and Precision Timing Detectors

Barrel Timing Layer

21

• Use thin (few mm) scintillating crystals to generate 
light: 

  –  LYSO crystals provide a very bright signal to a 
single MIP (up to ~40000 photons per mm)  

  –  100% efficient to MIP with good S/N  

  –  Good radiation tolerance to HL-LHC conditions  
Light read-out using SiPMs:  

  –  Fast and compact devices  

  –  Vast experience (CMS HCAL) and testing for 
radiation hardness, collaboration with 
manufacturers,  

  –  Strong knowledge from R&D for TOF-PET 
scanners  

Christian Pena

Few mm thick LYSO, high 
light yield scintillator 

~100% efficient for MIPs 
with good S/N 
 
Good radiation tolerance

1/9/2018 Cristián H. Peña | Searches for New Physics at CMS and Precision Timing Detectors

LGAD Time Resolution

24

• Time resolution of 30-40 psec  
demonstrated for fluences up to 1015 neq/cm2 

- Active R&D is ongoing to increase the radiation tolerance – 
Alternative dopants: boron, gallium, boron+carbon, gallium+carbon) 

• Time resolution of 30-40 psec
demonstrated for fluences up to 1015 neq/cm2

– Active R&D is ongoing to increase the radiation tolerance
– Alternative dopants: boron, gallium, boron+carbon, 

gallium+carbon)

Time resolution

6/29/17 A. Apresyan | Americas Workshop on Linear Colliders 201728

H.	Sadrozinsky @	
30th RD50	meeting FNAL	readout	board:	

4	pixel	HPK	sensor

Hamamatsu	2x2	LGAD	
array3x3	mm2 pixels

• Time resolution of 30-40 psec
demonstrated for fluences up to 1015 neq/cm2

– Active R&D is ongoing to increase the radiation tolerance
– Alternative dopants: boron, gallium, boron+carbon, 

gallium+carbon)

Time resolution

6/29/17 A. Apresyan | Americas Workshop on Linear Colliders 201728

H.	Sadrozinsky @	
30th RD50	meeting FNAL	readout	board:	

4	pixel	HPK	sensor

Hamamatsu	2x2	LGAD	
array3x3	mm2 pixels

1/9/2018 Cristián H. Peña | Searches for New Physics at CMS and Precision Timing Detectors

Endcap Timing Layer

23

•  Much harsher radiation environment in the endcap 
region

•    Silicon sensor with specially doped thin region that 
produces high electric field → produces avalanche 
providing signal 15-30 gain

•    Large community: RD50 collaboration, several 
manufacturers (CNM, FBK, Hamamatsu) 

• Key Challenge: achieve radiation tolerance up to 
2x1015 neq/cm2 at |η| = 3.0 for 3000 fb−1 Use LGAD detector (low gain avalanche) for 

endcap ̶ harsher radiation environment 
Silicon sensor with special doped thin region 
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HL-LHC Beam Spot 

Si Xie 24 

HL-LHC Beamspot is spread out along z and in time  
•  This implies: 

•  Time can discriminate between vertices even for 
particles pointing to the central barrel 

•  Time can discriminate between vertices even when 
they are very close in the z-coordinate 

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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z (cm)
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Simulated Vertices
3D Reconstructed Vertices
4D Reconstructed Vertices
4D Tracks

> = 200µCMS Simulation <
• With the track-time at 

distance of closest approach 
it becomes possible to 
cluster tracks in 2D into 
vertices

• This significantly increases 
the distance between 
vertices and hence makes 
them harder to confuse

• Expect 5-10x improvement in 
vertex merging rate 
(achieved 9x)

• Expect 3-5x reduction in 
track-vertex association 
false positives (achieve ~3x)

6/3/2017 Lindsey Gray | 4 Dimensional Trackers15

Using the Time-at-vertex in Reconstruction
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Figure 3.2: Number of tracks associated with pileup incorrectly associated with the hard pri-
mary vertex in tt (left) and Z ! µµ (right) events as a function of the pileup density, shown
with (4D vtx) and without (3D vtx) precision timing.
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Figure 3.3: Number of pileup tracks in Z ! µµ events incorrectly associated with the hard
primary vertex as a function of pileup density, shown without and with precision timing for
several different acceptance scenarios, considering tracks within the full Tracker acceptance
(left) and just in the central part (right) of the detector.
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PHOTON INTERACTION

Pair production of electron/positron 
is main interaction mechanism  
of photon 

Characteristic scale also X0

40

20 33. Passage of Particles Through Matter

33.4.4 Critical energy

An electron loses energy by bremsstrahlung at a rate nearly proportional to its energy, while
the ionization loss rate varies only logarithmically with the electron energy. The critical energy Ec

is sometimes defined as the energy at which the two loss rates are equal [49]. Among alternate
definitions is that of Rossi [2], who defines the critical energy as the energy at which the ionization
loss per radiation length is equal to the electron energy. Equivalently, it is the same as the first
definition with the approximation |dE/dx|brems ¥ E/X0. This form has been found to describe
transverse electromagnetic shower development more accurately (see below). These definitions are
illustrated in the case of copper in Fig. 33.13.

The accuracy of approximate forms for Ec has been limited by the failure to distinguish between
gases and solid or liquids, where there is a substantial di�erence in ionization at the relevant energy
because of the density e�ect. We distinguish these two cases in Fig. 33.14. Fits were also made with
functions of the form a/(Z + b)–, but – was found to be essentially unity. Since Ec also depends
on A, I, and other factors, such forms are at best approximate.

Values of Ec for both electrons and positrons in more than 300 materials can be found at
pdg.lbl.gov/AtomicNuclearProperties.
33.4.5 Energy loss by photons

Contributions to the photon cross section in a light element (carbon) and a heavy element
(lead) are shown in Fig. 33.15. At low energies it is seen that the photoelectric e�ect dominates,
although Compton scattering, Rayleigh scattering, and photonuclear absorption also contribute.
The photoelectric cross section is characterized by discontinuities (absorption edges) as thresholds
for photoionization of various atomic levels are reached. Photon attenuation lengths for a variety
of elements are shown in Fig. 33.16, and data for 30 eV< k <100 GeV for all elements are available
from the web pages given in the caption. Here k is the photon energy.

The increasing domination of pair production as the energy increases is shown in Fig. 33.17.
Using approximations similar to those used to obtain Eq. (33.29), Tsai’s formula for the di�erential
cross section [42] reduces to

d‡

dx
= A

X0NA

Ë
1 ≠ 4

3x(1 ≠ x)
È

(33.31)

in the complete-screening limit valid at high energies. Here x = E/k is the fractional energy transfer
to the pair-produced electron (or positron), and k is the incident photon energy. The cross section
is very closely related to that for bremsstrahlung, since the Feynman diagrams are variants of one
another. The cross section is of necessity symmetric between x and 1 ≠ x, as can be seen by the
solid curve in Fig. 33.18. See the review by Motz, Olsen, & Koch for a more detailed treatment [54].
Eq. (33.31) may be integrated to find the high-energy limit for the total e+e≠ pair-production cross
section:

‡ = 7
9(A/X0NA). (33.32)

Equation Eq. (33.32) is accurate to within a few percent down to energies as low as 1 GeV, partic-
ularly for high-Z materials.
33.4.6 Bremsstrahlung and pair production at very high energies

At ultrahigh energies, Eqns. 33.28–33.32 will fail because of quantum mechanical interference
between amplitudes from di�erent scattering centers. Since the longitudinal momentum transfer to
a given center is small (Ã k/E(E ≠k), in the case of bremsstrahlung), the interaction is spread over
a comparatively long distance called the formation length (Ã E(E ≠k)/k) via the uncertainty prin-
ciple. In alternate language, the formation length is the distance over which the highly relativistic
electron and the photon “split apart.” The interference is usually destructive. Calculations of the
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Figure 33.15: Photon total cross sections as a function of energy in carbon and lead, showing the
contributions of di�erent processes [50]:

‡p.e. = Atomic photoelectric e�ect (electron ejection, photon absorption)
‡Rayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
‡Compton = Incoherent scattering (Compton scattering o� an electron)

Ÿnuc = Pair production, nuclear field
Ÿe = Pair production, electron field

‡g.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [51]. In these
interactions, the target nucleus is usually broken up.

Original figures through the courtesy of John H. Hubbell (NIST).

“Landau-Pomeranchuk-Migdal” (LPM) e�ect may be made semi-classically based on the average
multiple scattering, or more rigorously using a quantum transport approach [44,45].

In amorphous media, bremsstrahlung is suppressed if the photon energy k is less than E2/(E +
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Interaction Length

! Characteristic lengthy over which a 
hadronic interaction will occur is λ 
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
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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
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CALORIMETERS 43CMS Crystal EM calorimeter

! Crystal calorimeters absorb all 
EM shower energy and re-emit as 
scintillation photons

! Photons are collected at the ends 
of the crystal

! For LHC require crystal with fast 
response, high density, tolerance 
to high radiation levels
! Lead Tungstate was chosen

! Crystals are cut to be about 1 Rm 
in size
! EM energy is contained in only a 

few crystals 
! >95% in 9 crystals
! Can cluster up to 25 crystals to try to 

catch all the shower energy
! Search for small dense clusters of 

energy in the crystals
! Can separate EM from Hadronic 

showers
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ATLAS Liquid Argon Sampling Calorimeter

! Stacks of Lead (1-2mm) with 
Liquid Argon gaps of about 4mm 
in between the lead plates
! Lead X0 about 5.5 mm
! Liquid Ar X0 14 cm
! 24 X0 of lead/LAr

! EM Showers in lead, electrons 
ionize the LAr and leave a signal 
which is proportional to the 
energy deposited
! Deposited charge is large so no 

charge multiplication is needed
! Accordion design to avoid dead 

areas, and cables running 
through the detection volume

! Resolution is slightly worse than 
crystals due to sampling 
fluctuations 
! 10% vs 3% Stochastic Term
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ATLAS LAr Sampling Calorimeter

CMS Crystal Calorimeter CMS HGCal

Example:  
W-Si sampling calorimeter 

Tungsten (W) 
X0 = 0.35cm 

Moliere Radius = 0.9cm 
Interaction length = 9.9cm



CALORIMETER RECONSTRUCTION

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

Resolution: 

44

August 11, 2014 HCPSS14: Calorimetry 1 (Mans)HCPSS14: Calorimetry 1 (Mans) 5

Why Calorimetry?
● Particles have high 

momentum and can be 
collected by calorimetry

● Poor targets for calorimetry : μ ν

● Particles do not have electric 
charge and therefore do not 
bend in magnetic fields or 
leave signals in tracking 
detectors

● Poor targets for tracking : γ n K
L
 ν 

σE

E
=

a

E
⊕

b

√E
⊕c

σ p

p
=a pNoise term: 

fixed vs. energy 
Typically important at  

low energies
Stochastic term: 
Error is ~E-1/2, as a  
counting error

Constant term: 
instrumental effect, 
shower leakage, etc.
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HADRONIC CALORIMETERS 46

Note the 
change in 
scale!!



SHOWER SIZE AND ENERGY RESOLUTION

Another important consideration in reconstruction are the size of 
the showers 
EM showers are much smaller, uniform 
Hadronic showers are larger, less-uniform 

Important concept  

X0, radiation length: characteristic length of a energy loss of 
particles interacting electromagnetically 
Moliere radius: transverse size of the shower is related to X0 
RM = 0.0265 X0 (Z + 1.2) 

λ, interaction length: characteristic length of particles interacting 
with nuclei
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NICE RESOURCE

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

48

For high Z materials 
X0 << λ
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TRD

! 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 β (of 
order 1000, so really only seen 
for electrons)

! The photons from transition 
radiation have an energy of order 
10KeV

! In the ATLAS TRT, these photons 
are absorbed by the gas, and 
give a larger signal than the 
minimum ionizing signal.
! Straws are packed in radiator 

material
! In each straw, look for larger hits 

which signal a possible TR hit
! Can provide electron ID
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Pions

electrons

A. Tapper



SPECIAL TOPIC: LHCB RICH DETECTOR

Hadron ID is 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 material with index of 
refraction greater than 1 travel faster than the speed of light and 
emit radiation at an angle θc
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14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 50Slide:
Date: R. Cavanaugh, HCPSS 201221

Considerations

Concept
cos θc =

1
βn
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1.1. Main specifications of the two RICH detectors

To provide particle identification over the full
momentum range, three different radiators are
used: silica aerogel for momenta up to 10GeV=c,
C4F10 gas for momenta up to 70GeV=c and CF4

gas for momenta up to 100GeV=c. The Cherenkov
angle as a function of the particle momentum is
shown in Fig. 1 for the three radiators. The
momentum thresholds and the saturated Cheren-
kov angles for various particles can be seen from
this figure.
For charged tracks in B0

d ! pþp" events, Fig. 2
shows the correlation between the polar angles and
momenta. At wide angles the momentum spectrum
is softer and hence two RICH detectors are
necessary. The first detector (RICH1) has 5 cm of
aerogel and 85 cm of C4F10 covering the full LHCb
acceptance of 300mrad (horizontal) # 250mrad
(vertical) and it is situated upstream of the LHCb
dipole magnet in order to catch most of the low
momentum particles. The second detector
(RICH2) has 196 cm of CF4 radiator and is
situated downstream of the magnet. It has an
acceptance of 120mrad (horizontal) # 100mrad
(vertical), where the high momentum tracks are
predominant.

1.1.1. Photodetectors and readout
The two RICH detectors will use Hybrid

Photon Detectors (HPDs), which are developed

in collaboration with industry.1 An extensive set of
tests have been carried out using prototype HPDs
in testbeams over the last few years [2,3]. Recent
results from the HPD tests can be found in [4,5].

The silicon pixels at the anode of each HPD are
bump-bonded to a readout chip [6], which is
manufactured using 0:25mm CMOS technology.
Signals from the silicon sensor are amplified,
shaped and then compared with a threshold stored
in the chip, resulting in a stream of binary output
data. An on-detector printed circuit board con-
nected to a pair of HPDs [7] converts these data
into optical signals and sends them via optical
links to the LHCb data acquisition system which is
located 100m away.

2. Technical design of the RICH1 detector

The engineering design [8] of the RICH1
detector is illustrated in Fig. 3, where the various
components can be seen. The optical configuration
is such that the Cherenkov photons generated by a
charged track in the two radiators are reflected by
the spherical and flat mirrors, traverse the quartz

ARTICLE IN PRESS

Fig. 1. Cherenkov angle as a function of particle momentum
for the LHCb-RICH radiators.
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RICH-2

Fig. 2. Polar angle vs. momentum of charged tracks in B0
d !

pþp" events. The regions covered by the two RICH detectors
are indicated by dashed lines.

1Delft Electronische Producten (DEP), The Netherlands.

S. Easo / Nuclear Instruments and Methods in Physics Research A 553 (2005) 333–338334

By measuring the track 
momentum and θc , one can 
identify the particle type

RICH1 = aerogel and C4F10 gas 
RICH2 = CF4 gas
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Figure 14: Reconstructed Cherenkov angle as a function of track momentum in the C4F10

radiator

ring does not overlap with any other ring from the same radiator.
Figure 14 shows the Cherenkov angle as a function of particle momentum using information

from the C4F10 radiator for isolated tracks selected in data (∼ 2% of all tracks). As expected, the
events are distributed into distinct bands according to their mass. Whilst the RICH detectors
are primarily used for hadron identification, it is worth noting that a distinct muon band can
also be observed.

5.3 PID calibration samples

In order to determine the PID performance on data, high statistics samples of genuine K±, π±,
p and p̄ tracks are needed. The selection of such control samples must be independent of PID
information, which would otherwise bias the result. The strategy employed is to reconstruct,
through purely kinematic selections independent of RICH information, exclusive decays of
particles copiously produced and reconstructed at LHCb.

The following decays, and their charge conjugates, are identified: K0
S → π+π−, Λ →pπ−,

D∗+ → D0(K−π+)π+. This ensemble of final states provides a complete set of charged particle
types needed to comprehensively assess the RICH detectors hadron PID performance. As
demonstrated in Fig. 15, the K0

S, Λ, and D∗ selections have extremely high purity.
While high purity samples of the control modes can be gathered through purely kinematic

requirements alone, the residual backgrounds present within each must still be accounted for.
To distinguish background from signal, a likelihood technique, called sPlot [23], is used, where
the invariant mass of the composite particle K0

S,Λ, D
0 is used as the discriminating variable.

The power of the RICH PID can be appreciated by considering the ∆logL distributions for
each track type from the control samples. Figures 16(a-c) show the corresponding distributions
in the 2D plane of ∆logL(K − π) versus ∆logL(p − π). Each particle type is seen within a
quadrant of the two dimensional ∆logL space, and demonstrates the powerful discrimination
of the RICH.
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Figure 17: Kaon identification efficiency and pion misidentification rate measured on data as
a function of track momentum. Two different ∆logL(K− π) requirements have been imposed
on the samples, resulting in the open and filled marker distributions, respectively
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Figure 18: Kaon identification efficiency and pion misidentification rate measured using simu-
lated events as a function of track momentum. Two different ∆logL(K− π) requirements have
been imposed on the samples, resulting in the open and filled marker distributions, respectively

6 Conclusions

The RICH detector was designed specifically for the physics program of LHCb. It has been in
operation since the end of 2009. The RICH detector has operated with high efficiency during
these first three years of LHC running. It has demonstrated a PID performance that is well
up to design specifications and that allows the extraction of physics results in all sectors of b
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Figure 14: Reconstructed Cherenkov angle as a function of track momentum in the C4F10

radiator

ring does not overlap with any other ring from the same radiator.
Figure 14 shows the Cherenkov angle as a function of particle momentum using information

from the C4F10 radiator for isolated tracks selected in data (∼ 2% of all tracks). As expected, the
events are distributed into distinct bands according to their mass. Whilst the RICH detectors
are primarily used for hadron identification, it is worth noting that a distinct muon band can
also be observed.

5.3 PID calibration samples

In order to determine the PID performance on data, high statistics samples of genuine K±, π±,
p and p̄ tracks are needed. The selection of such control samples must be independent of PID
information, which would otherwise bias the result. The strategy employed is to reconstruct,
through purely kinematic selections independent of RICH information, exclusive decays of
particles copiously produced and reconstructed at LHCb.

The following decays, and their charge conjugates, are identified: K0
S → π+π−, Λ →pπ−,

D∗+ → D0(K−π+)π+. This ensemble of final states provides a complete set of charged particle
types needed to comprehensively assess the RICH detectors hadron PID performance. As
demonstrated in Fig. 15, the K0

S, Λ, and D∗ selections have extremely high purity.
While high purity samples of the control modes can be gathered through purely kinematic

requirements alone, the residual backgrounds present within each must still be accounted for.
To distinguish background from signal, a likelihood technique, called sPlot [23], is used, where
the invariant mass of the composite particle K0

S,Λ, D
0 is used as the discriminating variable.

The power of the RICH PID can be appreciated by considering the ∆logL distributions for
each track type from the control samples. Figures 16(a-c) show the corresponding distributions
in the 2D plane of ∆logL(K − π) versus ∆logL(p − π). Each particle type is seen within a
quadrant of the two dimensional ∆logL space, and demonstrates the powerful discrimination
of the RICH.
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MINI-SUMMARY

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
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CMS EVENT RECONSTRUCTION 12
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Particle Flow reconstruction

calorimeter clusters and tracks
⇓
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Jet reconstruction in CMS 

27 11 Aug 2015 Andreas Hinzmann 

HCAL 
|η|<5 

Muon |η|<2.4 ECAL 
|η|<3 

Tracker 
|η|<2.5 

η
-5 -4 -3 -2 -1 0 1 2 3 4 5

PF
 e

ne
rg

y 
fra

ct
io

n

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

                                       MC  DATA
Charged pile-up:      
Charged hadrons:      
Photons:      
Neutral hadrons:      
Electrons & Muons:      
Forward hadrons:      
Forward photons:      

 = 8 TeVs-1CMS preliminary, L = 1.6 fb

 < 114 GeVT  49 GeV < p
Tag & Probe method

Detector pT-resolution η/Φ-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) 

ECAL 

Tracker 

HCAL 

Jet energy fractions 

CMS-DP-2012/012 

Particle Flow algorithm benefits from sub-detectors with best spatial+energy resolution 

Jet clustering 
(anti-kT or CA) 

Particle flow reconstruction 

Representative numbers for the CMS case

Vertexing numbers:  
Primary vertex resolution: ~25-100 mm

Timing detector resolution: ~30-300 ps
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MUONS

Because of it’s long lifetime ̶ the muon is a stable particle for our 
purposes (cτ = 700m) 
It 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)
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1

1 Introduction

The primary aim of the Compact Muon Solenoid (CMS) Collaboration is to discover physics
underlying electro-weak symmetry breaking with the favoured mechanism being the Higgs
mechanism. Many diverse experimental signatures from other potential new physics should
also be detectable. In order to cleanly detect these signatures the identification and precise
energy measurement of muons, electrons, photons and jets over a large energy range and at
high luminosities is essential.

In this paper we report on the performance of muon reconstruction, identification, and trig-
gering evaluated using the data collected by the CMS detector at the Large Hadron Collider
(LHC) at CERN during 2010. During that period the CMS experiment recorded a sample of
events produced in proton–proton collisions at a centre-of-mass energy of

p
s = 7 TeV with an

integrated luminosity of 40 pb�1. Muon reconstruction in CMS has been previously studied
in great detail using muons from cosmic rays [1, 2]. The first studies using 60 nb�1 of 2010
proton–proton collision data were reported in Ref. [3].
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Figure 1: Longitudinal layout of one quadrant of the CMS detector. The four DT stations in the
barrel (MB1–MB4, green), the four CSC stations in the endcap (ME1–ME4, blue), and the RPC
stations (red) are shown.

A detailed description of the CMS detector can be found in Ref. [4]. A schematic view of the
detector is shown in Fig. 1. Muon reconstruction is performed using the all-silicon inner tracker
at the centre of the detector immersed in a 3.8 T solenoidal magnetic field, and with up to four
stations of gas-ionization muon detectors installed outside the solenoid and sandwiched be-
tween the layers of the steel return yoke. The inner tracker is composed of a pixel detector and
a silicon strip tracker, and measures charged-particle trajectories in the pseudorapidity range
|h| < 2.51. The muon system covers the pseudorapidity region |h| < 2.4 and performs three

1A right-handed coordinate system is used in CMS, with the origin at the nominal collision point, the x axis
pointing to the centre of the LHC ring, the y axis pointing up (perpendicular to the LHC plane), and the z axis along
the anticlockwise-beam direction. The pseudorapidity h is defined as h = � ln tan(q/2), where cos q = pz/p. The
radius r is the distance from the z axis; the azimuthal angle f is the angle relative to the positive x axis measured in
the x-y plane.

16 4 General Comparisons between Data and Simulation

(a) (b)

(c) (d)

Figure 9: RMS width of residuals of the local x position for the track-to-segment match in the
first muon station (a) as a function of the muon pseudorapidity, with a requirement on mo-
mentum p > 90 GeV/c, and (b)–(d) as a function of the muon momentum in different angular
regions: (b) |h| < 0.9; (c) 0.9 < |h| < 1.2; (d) 1.2 < |h| < 2.4. Data are compared with MC
expectations.

the hit in the existing cluster with largest radial distance from the impact point. The transverse
size of a cluster is defined as the maximum distance in the local x-y plane between the impact
point of the track and any hit in the cluster. The plots are made for two samples of high-energy
muons (with p reconstructed by the tracker-only fit above 150 GeV/c): 1) collision muons, and 2)
cosmic-ray muons selected from collision data samples, with a topology similar to that of colli-
sion muons. Collision muons were selected by requiring that an event has at least one primary
vertex reconstructed close to the nominal beam-spot position, and that the muon passes the
Tight Muon selection with additional isolation and track-quality selections to reduce contami-
nation from hadron punch-through. Cosmic-ray muons were selected by requiring events with
at most two tracks reconstructed in the inner tracker, one of which was also reconstructed as a

16 4 General Comparisons between Data and Simulation

(a) (b)

(c) (d)

Figure 9: RMS width of residuals of the local x position for the track-to-segment match in the
first muon station (a) as a function of the muon pseudorapidity, with a requirement on mo-
mentum p > 90 GeV/c, and (b)–(d) as a function of the muon momentum in different angular
regions: (b) |h| < 0.9; (c) 0.9 < |h| < 1.2; (d) 1.2 < |h| < 2.4. Data are compared with MC
expectations.

the hit in the existing cluster with largest radial distance from the impact point. The transverse
size of a cluster is defined as the maximum distance in the local x-y plane between the impact
point of the track and any hit in the cluster. The plots are made for two samples of high-energy
muons (with p reconstructed by the tracker-only fit above 150 GeV/c): 1) collision muons, and 2)
cosmic-ray muons selected from collision data samples, with a topology similar to that of colli-
sion muons. Collision muons were selected by requiring that an event has at least one primary
vertex reconstructed close to the nominal beam-spot position, and that the muon passes the
Tight Muon selection with additional isolation and track-quality selections to reduce contami-
nation from hadron punch-through. Cosmic-ray muons were selected by requiring events with
at most two tracks reconstructed in the inner tracker, one of which was also reconstructed as a



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

6118

and simulation arise when the muon is required to be global with a combined fit that has valid
hits in the muon system, whereas in the barrel segment matching and global reconstruction
contribute to the discrepancy in a similar way. Tracker track quality constraints contribute to a
discrepancy of less than 0.5% over the full h range.
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Figure 7: Tag-and-probe efficiency for muon reconstruction and identification in 2015 data (cir-
cles), simulation (squares), and the ratio (bottom inset) for loose (left) and tight (right) muons
with pT > 20 GeV. The statistical uncertainties are smaller than the symbols used to display
the measurements.

A hadron may be misidentified as a prompt muon if the hadron decays in flight, or if hadron
shower remnants penetrate through the calorimeters and reach the muon system (punch-through),
or if there is a random matching between a hadron track in the inner tracker and a segment or
standalone-muon in the muon system. The probability of hadrons to be misidentified as muons
is measured by using data samples of pions and kaons from resonant particle decays collected
with jet triggers [2]. The probability of pions to be misidentified as loose muons in both data
and simulation is about 0.2% while for tight muons it is about 0.1%. In the same way, 0.5% of
kaons are misidentified as loose muons and 0.3% as tight muons in both data and simulation.
The uncertainty in these measurements is at the level of 0.05% and is dominated by the limited
statistical precision. Within uncertainties, the misidentification probabilities are independent
of pT. These results are in good agreement with Run 1.

The efficiency of muon isolation, eiso, is studied relative to a probe that passes a given muon
ID criteria. For example, the tight PF isolation efficiency relative to tight muons is shown
in Fig. 8. In this case the agreement between the data and simulation is always better than
0.5%. Analogous to the misidentification probability study described above, the efficiency to
incorrectly label muons within jets as being isolated is measured with simulated QCD events
enriched in muon decays. In this sample, the probability of a muon with pT > 20 GeV that
fulfills the tight muon ID criteria to also satisfy tight isolation requirements is about 5% in the
barrel, and goes up to about 15% in the endcap.

The systematic uncertainty in data/simulation scale factors for the efficiencies described above
is estimated by varying the tag-and-probe conditions. The impact of the background contami-
nation is estimated by using different requirements on the tag muon (pT and isolation) and on
the requirement of a single probe being associated with the tag. The dominant uncertainty is
caused by the choice of the signal and background models used in the fits. It is estimated by
testing alternative fit functions and by varying the range and the binning of the invariant-mass

5.1 Muon efficiency using the tag-and-probe method on dimuon resonances 19

5.1.2 Results

Figure 11 shows the muon efficiency erec+id given that a tracker track exists, measured using
J/y ! µ+µ� and Z ! µ+µ� events. The results obtained from the data collected in the 2010
LHC data-taking period are compared with those from simulated events.

For comparisons with Z ! µ+µ� events, an unweighted sample of simulated events corre-
sponding to an integrated luminosity of ⇡330pb�1 is used: the simulated samples are Z !
µ+µ�, W+jets, and muon-enriched QCD (see Section 2). For studies at the J/y peak, separate
samples of prompt J/y ! µ+µ� and B ! J/y + X ! µ+µ� + X are used, simulated as de-
scribed in Section 2. All MC samples used for the results in this section included simulation of
pile-up. Simulation of the background processes is not included for the J/y case, as it would be
impractical to simulate a sufficient number of inclusive muon-plus-track events. For studies of
systematic uncertainties described below, samples of background events have been generated
according to the background invariant mass spectra determined from fits to the J/y ! µ+µ�

events in the data, and added to the simulated signal events.
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Figure 11: Tag-and-probe results for the muon efficiency erec+id in data compared to simulation.
Given that a tracker track exists, the plots show the efficiency as a function of muon pT for Soft
Muons (left), Particle-Flow Muons (middle), and Tight Muons (right) in the barrel and overlap
regions (top), and in the endcaps (bottom). The measurement is made using J/y ! µ+µ�

events for pT < 20 GeV/c and Z ! µ+µ� events for pT > 20 GeV/c. For pT < 3 GeV/c, to reduce
the background, only tracks with MIP signature are considered.

The tag-and-probe results in data and in simulation agree within the statistical uncertainties of
the measurement almost everywhere. The only significant discrepancy is in the barrel around
the turn-on of the efficiency curves, where the efficiency in data is systematically higher than
in the simulation. This discrepancy arises from a small difference in the widths of the track-to-
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MUON MOMENTUM RESOLUTION

The muon system should be very 
efficient for identifying muons 

Momentum measurements important 
at the trigger level 
And also for high pT muons
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Standalone muons 
In ATLAS

T.S. Virdee / Physics Reports 403–404 (2004) 401–434 431

Fig. 21. Various contributions to muon momentum resolution in ATLAS (using the muon system alone).

compartment behind the ECAL and a lateral profile that is consistent with a single em. shower, ATLAS
and CMS estimate that the rejection factor of about 1500 can be attained for a photon with ET = 20GeV
and a reconstruction efficiency of 90%.An additional factor of three rejection against !0s ofET=50GeV
can be achieved by recognizing two electromagnetic showers close to each other using the fine lateral
granularity of calorimeter cells and/or using a preshower comprising thin strips.

9.10. Muon momentum resolution

InATLAS the muon momentum resolution, using the muon system alone, is typically 2–3% over most
of the kinematic range apart from very high momentum, where it increases to≈10% at pT = 1TeV. The
resolution is limited by energy-loss fluctuations in the calorimeters at smallmomentum and by the detector
resolution at high momentum, whereas the effect of multiple scattering is approximately independent of
momentum, as can be seen in Fig. 21. At low momentum the inner tracker improves the performance
significantly.
For CMS in the ‘stand-alone’ mode (no inner tracking) the momentum resolution is given by the

direction of the muon on exiting the solenoid and the beam position in the transverse plane. It is 7% in
the region dominated by multiple scattering (p < 100GeV/c). The momentum resolution is considerably
better for the full system (muon + inner tracker combined) (Fig. 22).

9.11. !–K Separation and particle identification

In LHCb the use of two RICH counters comprising three radiators allows !–K separation over most
of the momentum range of interest (2< p < 100GeV c−1). The performance expressed as the efficiency
for reconstructing kaons, versus the misidentification rate for pions is shown in Fig. 23. The effect of
crossing the thresholds for Cerenkov light production in the three radiators is evident at p ∼ 2, 9 and
16GeV c−1. The average efficiency for kaon identification between 2 and 100GeV c−1 is 88% whilst
the average misidentification rate is ∼3%. Fig. 24 illustrates the importance of particle identification in

432 T.S. Virdee / Physics Reports 403–404 (2004) 401–434

CMS momentum resolution

Full system

10-1

10-2

10-3

102 10310

Last 4 tracker points
Muon system only
Inner tracker only

η = 0.1

p [GeV/c]

∆
p/

p

Fig. 22. The muon momentum resolution in CMS using the inner tracker and the muon system.

Fig. 23. Kaon identification efficiency (solid points) and pion misidentification rate (open points) in LHCb.

LHCb, for the selection of the Bs → K+K− channel, showing the background from the other two-body
b-hadron decays.
ALICE uses many particle identification techniques. In the ‘low’ momentum region particles can be

identified via dE/dx measurements in the ITS and TPC. The relativistic rise in dE/dx can be used to
extend, to some extent, the identification capability to high momentum. The TOF can separate !, K,
p from e in the momentum range p < 5GeV c−1. In the ‘intermediate’ to ‘high’ momentum range the
identification will be supplemented by the RICH detector (HPMID) using C6F14 liquid radiator enabling
particle identification in the range 1–5 GeV/c.
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ELECTRONS

The problem with electrons... 
They interact a lot more!  Primarily through bremsstrahlung 
Energy loss from bremsstrahlung:  
(energy loss is proportional to energy) 
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Bremsstrahlung)(“breaking”))radiaHon)

19&August&6,&2012& Andrey&Korytov&(UF)&

!

Charged particle undergoing a Coulomb scattering 
experience acceleration and must radiate  
 
Once in a while radiation can be very catastrophic taking 
away a large fraction of particle’s energy 
 
Average energy losses are proportional to particle’s 
energy (unlike ionization energy losses) 
 
For electrons: 
 
Contemporary trackers are fairly dense                            
(e.g. ATLAS and CMS tracker ~ 1 X0 thick):             
electrons require dedicated track reconstruction 
taking into account                                            
substantial progressive losses of energy 
 
 
Critical energy:  
bremsstrahlung dE/dx = ionization dE/dx 
 
For electrons: 20 MeV in iron (7 MeV in lead) 
 

! dE
dx

= E
X 0
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Bremsstrahlung)(“breaking”))radiaHon)

19&August&6,&2012& Andrey&Korytov&(UF)&

!

Charged particle undergoing a Coulomb scattering 
experience acceleration and must radiate  
 
Once in a while radiation can be very catastrophic taking 
away a large fraction of particle’s energy 
 
Average energy losses are proportional to particle’s 
energy (unlike ionization energy losses) 
 
For electrons: 
 
Contemporary trackers are fairly dense                            
(e.g. ATLAS and CMS tracker ~ 1 X0 thick):             
electrons require dedicated track reconstruction 
taking into account                                            
substantial progressive losses of energy 
 
 
Critical energy:  
bremsstrahlung dE/dx = ionization dE/dx 
 
For electrons: 20 MeV in iron (7 MeV in lead) 
 

! dE
dx

= E
X 0

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



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 φ 
trajectory of the track because of the 
magnetic field 

Tracking has to account for energy loss 
Gaussian Sum Filter tracking = extension of 
Kalman Filter algorithm with a sum of Gaussians 
weighted by radiation probability
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Patrick Janot

A few subtleties : the devil is in the details (16)
� And what about electrons ? They radiate, and the brem Jgs  conWert  �

5-Feb-2011
Particle Flow Event Reconstruction
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Figure 24: Efficiency as a function of electron pT for dielectron events in data (dots) and DY
simulation (triangles), for the medium working point of the sequential selection in a) |h| < 0.8,
and b) 1.57 < |h| < 2; and for the MVA selection used in Ref. [9] in c) |h| < 0.8, and d)
1.57 < |h| < 2. The corresponding data-to-simulation scale factors are shown in the bottom
panels of each plot. The uncertainties shown in the plots correspond to the quadratic sum of
the statistical and systematic contributions.
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Figure 26: Misidentification probability, measured in data as described in the text, as a function
of the electron pT in the barrel (red dots) and endcaps (blue dots) for candidates passing a)
the medium working point of the sequential selection, and b) the working point of the MVA
selection used in Ref. [9]. The uncertainties shown in the plots correspond to just the statistical
contributions.

composition of the sample used to extract its value. For this particular choice, it is mainly
related to the contamination from processes with genuine electrons, such as the associated
production of W and Z bosons, and tt events. The selection on the imbalance in transverse mo-
mentum strongly reduces such contamination, and therefore the systematic uncertainty, with
the consequence that the main uncertainty in the analyses comes from the difference between
the samples used to extract the misidentification probability and the one to which the result is
applied. This is strongly analysis-dependent and therefore not discussed further.

7 Summary and conclusions

The performance of electron reconstruction and selection in CMS has been studied using data
collected in proton-proton collisions at

p
s = 8 TeV corresponding to an integrated luminosity

of 19.7 fb�1.

Algorithms used to reconstruct electron trajectories and energy deposits in the tracker and
ECAL respectively, have been presented. A Gaussian sum filter algorithm used for track recon-
struction provides a way to follow the track curvature and to account for bremsstrahlung loss
up to the entrance into the ECAL. The strategies for finding seeds for electron tracks, construct-
ing trajectories, and fitting track parameters are optimized to reconstruct the electrons down
to small pT values with high efficiency and accuracy. Moreover, the clustering of energy in the
ECAL and its optimization to recover bremsstrahlung photons are discussed. Dedicated algo-
rithms are used to correct the energy measured in the ECAL as well as to estimate the electron
momentum by combining independent measurements in the ECAL and in the tracker.

The overall momentum scale is calibrated with an uncertainty smaller than 0.3% in the pT
range from 7 to 70 GeV. For electrons from Z boson decays, the effective momentum resolution
varies from 1.7%, for well-measured electrons with a single-cluster supercluster in the barrel,
to 4.5% for electrons with a multi-cluster supercluster, or poorly measured, in the endcaps. The
electron momentum resolution is modelled in simulation with a precision better than 10% up

What variables go into the selection?

34 6 Electron efficiencies and misidentification probabilities

electrons. The selections corresponding to the medium working point are given in Table 6.

Table 6: Requirements corresponding to the medium working point of the sequential selection
for electrons in the ECAL barrel and endcaps. At most one missing hit is allowed.

Variable Upper value, barrel Upper value, endcaps
|Dh| 0.004 0.007
|Df| 0.06 rad 0.03 rad
H/ESC 0.12 0.10
shh 0.01 0.03
|1/ESC � 1/p| 0.05 GeV�1 0.05 GeV�1

IsoPF (DR=0.3) / pT 0.15 0.15
|d0| 0.02 cm 0.02 cm
|dz| 0.1 cm 0.1 cm
Missing hits 1 1
Conversion-fit probability 10�6 10�6

The MVA selection combines requirements on the output of the identification BDT described
in Section 5.1, on the combined PF isolation, and on rejection variables for photon conversion.
The example discussed in this paper is the selection used in the search for the H ! ZZ⇤ ! 4`
process [9], which exploits the BDT optimized to identify electrons that are not required to pass
the trigger selection. In the training, the BDT for these not-triggering electrons does not use
any variables related to electron impact parameters, or variables used to suppress conversions.
Therefore such variables can be exploited in scientific analyses. For the H ! ZZ⇤ ! 4` analy-
sis, a requirement on the significance of the three-dimensional impact parameter |sip/ip| < 4 is
applied, and the number of missing hits is required to be at most 1. The combined IsoPF/pT is
required to be less than 0.4 in a cone of DR = 0.4. The selection is optimized in six categories of
electron pT and h to maximize the expected sensitivity, using two pT ranges (7 < pT < 10 GeV,
and pT > 10 GeV), and three |h| regions (|h| < 0.80, 0.80 < |h| < 1.48, and 1.48 < |h| < 2.50),
corresponding to two regions in the barrel with different amounts of material in front of the
ECAL, and one region in the endcaps. The MVA selection is used mainly in analyses that re-
quire high efficiency down to low pT, as well as sufficient background rejection. Examples of
such analyses are the Higgs boson searches in leptonic final states.

In addition, CMS has developed a specialized algorithm for the selection of high-pT electrons
(HEEP, i.e. High Energy Electron Pairs). Variables similar to those in the sequential selection are
used to select large-pT electrons, starting at 35 GeV and up to about 1 TeV. The main difference
is the usage of the detector-based isolation instead of PF isolation (the two algorithms offer
similar performance). Also, in the barrel, the ratio of the energy collected in n ⇥ m arrays of
crystals (either E1⇥5/E5⇥5 or E2⇥5/E5⇥5) is used, since this is found to be more effective at
high pT than using shh . This selection was adopted in many of the searches for exotic particles
published by the CMS experiment, e.g. Ref. [10].

6 Electron efficiencies and misidentification probabilities

A method based on the tag-and-probe (T&P) technique [42] exploits Z/g⇤ ! e+e� events in
data to estimate the reconstruction and selection efficiencies for signal electrons. The method
requires one electron candidate, called the “tag”, to satisfy tight selection requirements. Dif-
ferent criteria are tried to define the tag electron, and it is found that the estimated efficiencies
are almost insensitive to any specific definition of the tag. For the results in this paper, tag

}



PHOTONS

Identifying prompt and isolated photons important  
Particularly for analyses like H(γγ) 
Primary variables for photon identification are shower-shape and 
isolation (more on this later) variables  
No matched track to separate from electrons
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Figure 15: Distribution of the shower-shape variable, shh , for FSR photons in Z ! µ+µ�g
events in data (solid circles) and simulation (histogram), and for background-dominated pho-
ton candidates in dimuon triggered events (open circles). The barrel and endcaps are shown
separately. The simulated signal and background distributions are normalized to the number
of signal photons in the data. The ratios between the photon signal distributions in data and
simulation are shown in the bottom panels.

The photon isolation variables are obtained by summing the transverse momenta of charged
hadrons, Ip, photons, Ig, and neutral hadrons, In, inside an isolation region of radius DR in the
(h, f) plane around the photon direction. Since the reconstruction of the signal photons and the
particle-flow objects is not (yet) optimally synchronized, energy from the signal photon must be
removed from the isolation sums by imposing geometrical requirements. When calculating Ig,
particle-flow photons falling in a pseudorapidity slice of size Dh = 0.015 are excluded from the
sum. Similarly, when constructing Ip, summing the transverse momenta of charged hadrons, a
region of DR = 0.02 is excluded.

Charged hadrons are reliably associated with reconstructed primary vertices and thus Ip is
potentially independent of pileup. However, the association of photons with a primary ver-
tex is often less than certain, and an incorrect choice of the vertex used will give a random
isolation sum consistent with an isolated photon. For this reason, two variables are defined,
Ip, where the list of charged hadrons is measured with respect to the primary vertex chosen
for the photon, and I

max
p , where the isolation sum is the largest among those calculated for all

reconstructed primary vertices.

When the charged-hadron component of the isolation is calculated from candidates compatible
with the chosen primary vertex, it is independent on the number of pileup events as shown in
the left plot of Fig. 16, where the number of reconstructed primary vertices in the event is used
as a measure of the number of pileup events. This illustrative figure is made using photons
in g + jet events and requiring them to satisfy pT > 50 GeV, which, by ensuring 50 GeV of
recoil in the event, results in a high probability that the primary vertex of the hard interaction,

28 6 Photon identification
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[CHARGED] HADRONS

Match tracks to hadronic clusters to form charged hadrons 
Again, mind your materials!  
The tracker material acts as a hadronic preshower  
(for both charged and neutral hadrons)
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COMPLICATIONS WITH HADRONS

Nuclear interactions often result 
in kinks in the track or a 
production of secondary particles 
Can be recovered with displaced 
track reconstruction 
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12 3 Reconstruction of the particle-flow elements

displaced vertex within the tracker volume [31, 32]. Figure 5 shows the positions of these
reconstructed nuclear interaction vertices in the inner part of the tracker. The observed pattern
matches well the tracker layer structure and material. The misreconstruction rate is further
reduced with a specific treatment of these tracks in the PF algorithm, described in Section 4.
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Figure 5: Maps of nuclear interaction vertices for data collected by CMS in 2011 at
p

s = 7 TeV,
corresponding to an integrated luminosity of 1 nb�1, in the longitudinal (left) and transverse
(right) cross sections of the inner part of the tracker, exhibiting its structure in concentric layers
around the beam axis.

3.2 Tracking for electrons

Electron reconstruction, originally aimed at characterizing energetic, well-isolated electrons,
was naturally based on the ECAL measurements, without emphasis on the tracking capabili-
ties. More specifically, the traditional electron seeding strategy (hereafter called the ECAL-based
approach) [33] makes use of energetic ECAL clusters (ET > 4 GeV). The cluster energy and po-
sition are used to infer the position of the hits expected in the innermost tracker layers under
the assumptions that the cluster is produced either by an electron or by a positron. Because
of the significant tracker thickness (Fig. 3 right), most of the electrons emit a sizeable fraction
of their energy in the form of bremsstrahlung photons before reaching the ECAL. The perfor-
mance of the method therefore depends on the ability to gather all the radiated energy, and
only that energy. The energy of the electron and of possible bremsstrahlung photons is col-
lected by grouping into a supercluster the ECAL clusters reconstructed in a small window in
h and an extended window in j around the electron direction (to account for the azimuthal
bending of the electron in the magnetic field).

For electrons in jets, however, the energy and position of the associated supercluster are often
biased by the overlapping contributions from other particle deposits, leading to large ineffi-
ciencies. In addition, the backward propagation from the supercluster to the interaction region
is likely to be compatible with many hits from other charged particles in the innermost tracker
layers, causing a substantial misreconstruction rate. To keep the latter under control, the ECAL-
based electron seeding efficiency has to be further limited, e.g. by strict isolation requirements,
to values that are unacceptably small in jets when a global event description is to be achieved.
Similarly, for electrons with small pT, whose tracks are significantly bent by the magnetic field,
the radiated energy is spread over such an extended region that the supercluster cannot include
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• Fake tracks come from wrong combinations of hit 
associations
• So, reduce the number of hits fed to the track finder
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Patrick Janot

A few subtleties : the devil is in the details (15)

� IOcSeaTiOg  Uhe  USackiOg  efficieOcZ  :  IUeSaUiWe  USackiOg  (cPOUgd)
� Nuclear interactions, photon conversions, decays in flight :

z Many tracks reconstructed 

Î With TIB/TID and TOB/TEC seeding

z Small fake rate dealt with by PF protections

� Next problem : avoid double counting from primary vs secondaries

z CSeaUe  a  hMiOk  bZ  WeSUeYi  beUXeeO  QSiNaSZ  aOd  secondaries
ÎAnd chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

� Typical particle-flow attitude : reconstruct/identify as many particles as possible !

5-Feb-2011
Particle Flow Event Reconstruction

90

Green: reconstructed tracks
from nuclear interaction

And even try to catch secondary 
tracks 

Next problem: avoid double 
counting primary vs secondaries

Map of nuclear interactions

To avoid double counting, nuclear 
interactions need to be identified 
and combined into primary particles  
(part of particle flow, see later)



SUMMARY: CHARGED PARTICLE TRACKING

Side-by-side comparison of muon, pion, electron tracking 
efficiency ̶ this illustrates the challenge of tracker material for 
charged hadrons and electrons
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28 5 Track reconstruction performance
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Figure 8: Track reconstruction efficiencies for single, isolated muons (top), pions (middle) and elec-

trons (bottom) passing the high-purity quality requirements. Results are shown as a function of
h (left), for pT = 1, 10, and 100 GeV. They are also shown as a function of pT (right), for the
barrel, transition, and endcap regions, which are defined by the h intervals of 0–0.9, 0.9–1.4 and
1.4–2.5, respectively.
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Figure 8: Track reconstruction efficiencies for single, isolated muons (top), pions (middle) and elec-

trons (bottom) passing the high-purity quality requirements. Results are shown as a function of
h (left), for pT = 1, 10, and 100 GeV. They are also shown as a function of pT (right), for the
barrel, transition, and endcap regions, which are defined by the h intervals of 0–0.9, 0.9–1.4 and
1.4–2.5, respectively.
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Figure 8: Track reconstruction efficiencies for single, isolated muons (top), pions (middle) and elec-

trons (bottom) passing the high-purity quality requirements. Results are shown as a function of
h (left), for pT = 1, 10, and 100 GeV. They are also shown as a function of pT (right), for the
barrel, transition, and endcap regions, which are defined by the h intervals of 0–0.9, 0.9–1.4 and
1.4–2.5, respectively.

Muons Pions Electrons



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 34 LPC
LHC Physics Center

12

18%

18%

11%

38%
10%

5%
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π±

π± + nπ0

μ±

e±

TAUS

Massive and relatively long lived 
m(τ) = 1.7 GeV 
cτ= 87 μm  

76

08/20/16  30

Hadronic Tau decays

40% of the time
60% of the time

Leptonic tau reconstruction relies on  
missing energy from the neutrinos



HADRONIC TAUS 77
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Tausτ ντ

π±
ρ

π0(s)

π±

ντ

π±

π±

π±
a

0

π±
π0

Look inside a cone
for decays of a tau

Take mass(π0+π±s)
Look for ρ or a

0

Additional
particle

3 prong1 prong

Tau Decay Mode reconstruction  
                                      

                                                                                                                                          Abdollah Mohammadi (KSU)                                                                                                                                                              

4 

4 

Combination of PF charged hadrons and ECAL strips  
ECAL strip :(0.05 x 0.20, clustering PF electrons and PF 

photons with pT > 0.5 GeV, enlarged in φ direction to 
account for the bending of e+e- pairs produced by photon 
conversions) OUTDATED !! 

Mass window cuts to ensure consistency with ρ,π, a1 
decays 

 



TAU PERFORMANCE 78Decay Mode finding (old v.s. new) 
                                      

                                                                                                                                          Abdollah Mohammadi (KSU)                                                                                                                                                              

6 

6 

Ø  natural choice of decay mode finding is 
either 1 or 3 prong with or without strip 

Ø  2 prong tau candidates are added to 
recover some of the high pT taus which a 
track is merged. 

Ø  Adding 2 prong taus grants higher 
efficiency for tau reconstruction BUT 
increases the fake rate!! (use with 
caution!) Currently not recommended! 

Isolation performance 
                                      

                                                                                                                                          Abdollah Mohammadi (KSU)                                                                                                                                                              
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A NOTE ON ISOLATION

So far isolation has been mentioned in 
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 isolation is the quantity of interest 
Will come back to this later with pileup discussion

79

Cut based Isolation 
                                      

                                                                                                                                          Abdollah Mohammadi (KSU)                                                                                                                                                              
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Tomorrow: Let’s get ADVANCED 

Particle flow 
Jets and MET 
Jet substructure 

Pileup and underlying event in HI 
Exotic and beyond


