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The Universe: Open Questions

e Collider-based particle physics has the potential to answer several open
questions about our Universe

* Among those:

e What is the nature of Dark Matter?

* Are there extra dimensions of space!
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The Universe: Open Questions

Collider-based particle physics has the potential to answer several open
questions about our Universe

Among those:

e What is the nature of Dark Matter?

* Are there extra dimensions of space!

= Involve new, invisible particles: For example the lightest SUSY particle
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The Universe: Open Questions

Collider-based particle physics has the potential to answer several open
questions about our Universe

Among those:

e What is the nature of Dark Matter?

* Are there extra dimensions of space!

= Involve new, invisible particles: For example the lightest SUSY particle
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How do you see those guys in a detector?
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The Universe: Open Questions

Collider-based particle physics has the potential to answer several open
questions about our Universe

Among those:

e What is the nature of Dark Matter?

* Are there extra dimensions of space!

= Involve new, invisible particles: For example the lightest SUSY particle
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' How do you see those guys in a detector?
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- How do you get precise measurements of particle masses, in parti

in hadronic decays!?
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Outline

Missing E1: Techniques to see “invisible” Particles

Calorimetry in Collider Physics

Advanced Reconstruction Techniques at future Colliders: Particle Flow

Particle Flow at LHC

Summary
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Detectors and Invisible Particles
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The Generic Collider Detector
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* The CMS detector as an example: Measurements of
* Charged particles (hadrons, electrons, muons): dE/dx energy loss

* Neutral particles (photons, long-lived neutral hadrons): em or hadronic showers
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The Generic Collider Detector
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* The CMS detector as an example: Measurements of
* Charged particles (hadrons, electrons, muons): dE/dx energy loss

* Neutral particles (photons, long-lived neutral hadrons): em or hadronic showers

| m
. Calorimeters and Missing Er , : ,
_/\ Ringberg Young Scientist Workshop, July 2010 Frank Simon (frank.simon@universe-cluster.de) 5 Excetence Custe nﬂ


mailto:frank.simon@universe-cluster.de
mailto:frank.simon@universe-cluster.de

Seeing Invisible Particles

What we know:
* Head-on collision of beam particles: both travel along the detector axis

* In hadron colliders: parton-parton reaction, center of mass energy (and boost of
cm system) not known (to some extend also true at future high energy lepton

colliders)

* No energy and momentum transverse to the beam axis!
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Seeing Invisible Particles

* What we know:
* Head-on collision of beam particles: both travel along the detector axis

* In hadron colliders: parton-parton reaction, center of mass energy (and boost of
cm system) not known (to some extend also true at future high energy lepton

colliders)

* No energy and momentum transverse to the beam axis!

= Circumstantial evidence: Apparent energy and momentum violation in the

final state

the sum of transverse momenta does not add up to zero: one (or more)
particles escaped the detector undetected
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Seeing Invisible Particles: SUSY Example

LSP: “invisible particle”,
dark matter candidate

® Clear asymmetry in energy distribution of the
event: Missing transverse energy

* |n addition: Complex final state
e multiple hadronic jets

* multiple leptons
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Seeing Invisible Particles: SUSY Example

LSP: “invisible particle”,
dark matter candidate

® Clear asymmetry in energy distribution of the
event: Missing transverse energy

* |n addition: Complex final state
e multiple hadronic jets

* multiple leptons

——— —— 5
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- Of particular importance: The complete energy measuremen
. performed in the calori

e
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Reconstructing the Energy Flow in an Event

* |n a typical event at a high energy collider:
* Final-state quarks: Give rise to hadronic jets
* Photon component from the decay T1° = yy
* Final-state leptons: muons and electrons

* Taus are special: Decay almost instantaneously, large BR in hadrons: Belong
more in the jet than in the lepton category, with the added problem of missing
energy from a neutrino

* Final state photons: Direct photon production

* Final-state neutrinos (and long-lived neutral NP particles): Missing Et
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Reconstructing the Energy Flow in an Event

* |n a typical event at a high energy collider:
* Final-state quarks: Give rise to hadronic jets
* Photon component from the decay T1° = yy
* Final-state leptons: muons and electrons

* Taus are special: Decay almost instantaneously, large BR in hadrons: Belong
more in the jet than in the lepton category, with the added problem of missing
energy from a neutrino

* Final state photons: Direct photon production

* Final-state neutrinos (and long-lived neutral NP particles): Missing Et

- The recipe for a good measurement:

~® highly efficient, high resolution tracking for muons

* high resolution electromagnetic calorimeters for photons

* high resolution jet measurement in the calorimeter system

—— e
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Missing Et is Hard

* Seems like a straight-forward observable at first glance, but:
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Missing Et is Hard

* Seems like a straight-forward observable at first glance, but:

* Particles that escape undetected in not instrumented regions of the detector
fake missing Et

* Dead channels in the detector (in particular in the calorimeters) can fake
missing Et

* Limited detector resolution, non-linearities and such (in particular in the
HCAL) can fake missing Et
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Missing Et is Hard

* Seems like a straight-forward observable at first glance, but:

* Particles that escape undetected in not instrumented regions of the detector
fake missing Et

* Dead channels in the detector (in particular in the calorimeters) can fake
missing Et

* Limited detector resolution, non-linearities and such (in particular in the
HCAL) can fake missing Et

= Requirements for the detector:
* Hermetic coverage down to extremely low angles

* Very good understanding of detector performance, also at the interfaces
between subsystems

* Good energy resolution, also for jets and neutral hadrons: Defines the
resolution for missing Et
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Missing ET at the Tevatron: Not just New Physics

MET mncudes colls wth ExDino CH o
B s * Instrumental effects and the like
=) Bad rune were romoved .

R can lead to substantial fake
Bad collstowers weore removed

missing Et signals.

v e
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Missing ET at the Tevatron: Not just New Physics

MET mncudes colls wth ExD (no CH)

Events

Noiey evente were romoved

Bad collstowers weore removed . . .
\,% missing Et signals.
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LHC: Amazing Performance

* With big help from an (unwanted) extra year of calibrations...
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LHC: Amazing Performance

* With big help from an (unwanted) extra year of calibrations...
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Key Component:

Calorimetry
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Calorimeters in Collider Physics

* Measure the energy of particles by total absorption via em or hadronic
showers: also neutral particles are measured (not for neutrinos, muons)

» Crucial for:

* the reconstruction of hadronic jets originating from final-state quarks

e total energy measurement, and missing Et
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Calorimeters in Collider Physics

* Measure the energy of particles by total absorption via em or hadronic
showers: also neutral particles are measured (not for neutrinos, muons)

» Crucial for:
* the reconstruction of hadronic jets originating from final-state quarks

e total energy measurement, and missing Et

Different categories: Homogeneous vs Sampling Calorimeters, electromagnetic vs hadronic

Particles

— Absorber + Detector » Readout

:>

Readout

—
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Calorimeters in Collider Physics

* Measure the energy of particles by total absorption via em or hadronic
showers: also neutral particles are measured (not for neutrinos, muons)

» Crucial for:
* the reconstruction of hadronic jets originating from final-state quarks

e total energy measurement, and missing Et

Different categories: Homogeneous vs Sampling Calorimeters, electromagnetic vs hadronic

Particles

— Absorber + Detector » Readout

- Sampling calorimeters are
typically more compact,

— homogeneous calorimeters
Readout achieve better resolution

— <> HCALs are always sampling! |
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Calorimeters in Collider Physics

* Measure the energy of particles by total absorption via em or hadronic
showers: also neutral particles are measured (not for neutrinos, muons)

» Crucial for:

* the reconstruction of hadronic jets originating from final-state quarks

I

|
Diffe,»q" Energy measurement based on counting of secondary particles within
shower: Resolution gets better with energy, scales as |/+/E

Particles! (in contrast to trackers: Resolution ~ E)

=

- Sampling calorimeters are

| typically more compact,

:> homogeneous calorimeters .
Readout achieve better resolution

<> HCALs are always sampling! |
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Of Particular Importance: Hadron Calorimeter

* Usually: Multiple hadronic jets in the final state
* Typical composition:
® 62% charged particles (mainly hadrons)

e 27% photons (mainly from neutral pions)
* |0% long-lived hadrons (n, K.)

e |% neutrinos
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Of Particular Importance: Hadron Calorimeter

* Usually: Multiple hadronic jets in the final state

* Typical composition:

® 62% charged particles (mainly hadrons) ."'/70% of the energ

e 27% photons (mainly from neutral pions) » selen .in the hadron
- calorimeter
* 10% long-lived hadrons (n, K.) caormet

e |% neutrinos
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Of Particular Importance: Hadron Calorimeter

* Usually: Multiple hadronic jets in the final state

* Typical composition:

|

® 62% charged particles (mainly hadrons) ."/70% of the energ is

e 27% photons (mainly from neutral pions) » selen .in the hadron
calorimeter
* 10% long-lived hadrons (n, K.) caormet

e |% neutrinos

The downside: Hadronic showers are complicated!

= A mix of electromagnetic and purely hadronic components, lost energy due to
nuclear reactions,...
absorber

electromagnetic component

hadronic component
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Hadronic Calorimeters: Limitations

* Event to event fluctuations in the shower limit the energy resolution, typically

o(F) N 0.5...1.0
E V E [GeV]
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Hadronic Calorimeters: Limitations

* Event to event fluctuations in the shower limit the energy resolution, typically

o(F) N 0.5...1.0
E V E [GeV]

* A sizable contribution to this: non-compensation

* The response of the calorimeter to electromagnetic showers is higher than
that to purely hadronic showers

» Reconstructed energy depends on the electromagnetic fraction within the

hadronic shower

» Electromagnetic fraction is energy dependent: Non-linear response with
energy
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Hadronic Calorimeters: Limitations

* Event to event fluctuations in the shower limit the energy resolution, typically

o(F) N 0.5...1.0
E V E [GeV]

* A sizable contribution to this: non-compensation

* The response of the calorimeter to electromagnetic showers is higher than
that to purely hadronic showers

» Reconstructed energy depends on the electromagnetic fraction within the

hadronic shower

» Electromagnetic fraction is energy dependent: Non-linear response with
energy

e — — —— — — — —— ————— —— o

- Every shower is different: Fluctuations and limited resolution can lead to |

sizable fake missing Et signals!
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Detector Understanding: ATLAS

* Precise knowledge of the calorimeter performance, in particular at the
interfaces between detector subsystems, is crucial for missing Et
measurements:

e Know what you might be missing!
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Detector Understanding: ATLAS

* Precise knowledge of the calorimeter performance, in particular at the
interfaces between detector subsystems, is crucial for missing Et
measurements:

e Know what you might be missing!

An example: ATLAS endcaps

Calorimeters and Missing Et

Ringberg Young Scientist Workshop, July 2010 Frank Simon (frank.simon@universe-cluster.de)



mailto:frank.simon@universe-cluster.de
mailto:frank.simon@universe-cluster.de

Detector Understanding: ATLAS

* Precise knowledge of the calorimeter performance, in particular at the
interfaces between detector subsystems, is crucial for missing Et
measurements:

e Know what you might be missing!

An example: ATLAS endcaps
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Detector Understanding: ATLAS

* Precise knowledge of the calorimeter performance, in particular at the

interfaces between detector subsystemes, is crucial for missing Et

measurements:

e Know what you might be missing!

An example: ATLAS endcaps

Ringberg Young Scientist Workshop, July 2010
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Detector Understanding: ATLAS

H IT |

* Extensive test beam campaign to study the forward region

® Scan pion beam across the

Ringberg Young Scientist Workshop, July 2010
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Detector Understanding: ATLAS
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® Scan pion beam across the
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' I‘L“ _____ - m FCal2
1 B ® EMEC o
g S 150 ;*ﬁtﬁ***‘l’*ftt A m HEC i e JELA AT *.'**tﬁ’.'?ﬁ:'.’-f:
% il X 1k e
(2‘ - R 't'-"“* A 303
2 100 ”
S L
-
0 -
@
=
>0 OO HT
* Reconstructed energy on the em F
scale: non-compensating calorimeters Z
0 —_
* position dependence of signal -200 -100 0 100 200
. . . Ybeam [mm]
* good reproduction by simulations NIM A593, 324 (2008)
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Advanced Reconstruction Techniques:
Particle Flow

/‘_.
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Jet Reconstruction at Next Generation Colliders

* Possible future colliders beyond LHC: Best candidate: high energy e*e collider
* Well established concept: ILC (International Linear Collider) - 500 GeV
* In development: CLIC (Compact Linear Collider) - 3 TeV

* Events at lepton colliders are clean:

* No underlying event (reactions of other projectile constituents)

* No pileup (multiple reactions per bunch crossing due to high luminosity and high
total cross section)

» Opens up new possibilities for event reconstruction

m
Calorimeters and Missing Er . . . =
Ringberg Young Scientist Workshop, July 2010 Frank Simon (frank.simon@universe-cluster.de) 19  cocosencocumer q;‘
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Jet Reconstruction at Next Generation Colliders

* Possible future colliders beyond LHC: Best candidate: high energy e*e collider
* Well established concept: ILC (International Linear Collider) - 500 GeV
* In development: CLIC (Compact Linear Collider) - 3 TeV

* Events at lepton colliders are clean:

* No underlying event (reactions of other projectile constituents)

* No pileup (multiple reactions per bunch crossing due to high luminosity and high
total cross section)

» Opens up new possibilities for event reconstruction

But beware: No pile-up and no underlying event does not mean no
background! High energy e*e” colliders also present a challenging
environment for detectors!

— e ————
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Missing Et is not Everything: Di-Jet Mass Resolution

* Required resolution at future colliders: depends to some extend on the
physics!

* Very likely of big importance: di-jet mass resolution

Typical case:

A narrow resonance
decaying into quark
pairs

x 2
VB

| Significance:

__
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Missing Et is not Everything: Di-Jet Mass Resolution

* Required resolution at future colliders: depends to some extend on the
physics!

* Very likely of big importance: di-jet mass resolution

A

Typical case:

A narrow resonance
decaying into quark
pairs

;
|

| Significance:

__

= - — —

- & Better resolution means: Less data (less running time = less money)
’l . .
. needed for a given measurement or discovery!

—— e — — e _ L —
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Minimum Requirement: Separate Gauge Bosons

* Gauge bosons (W, Z) are important signatures:

e Can show up in many final states of heavy particles

> 120 T
| | . . >t i
* Potential strong interaction: Scenarios for O i
electroweak symmetry breaking E¥1OO i _
Ja Ji SRRt
80 [+ = aoon R st it
- . 60 i ;
12 J3 el

)” Calorimeters and Missing Ert
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Minimum Requirement: Separate Gauge Bosons

* Gauge bosons (W, Z) are important signatures:

e Can show up in many final states of heavy particles

120+ 1
* Potential strong interaction: Scenarios for
electroweak symmetry breaking

m,/GeV

i i gt
U PR

i _ 60 cirmnTiiiio -
jz i . = mmmag . m . o= :. i

o m,/GeV
From discovery signal 400 |-
to sensitive tool: a 200

long way to go! v
-200

60 80 100 120 140

nm
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Mass Resolution: Requirements for separation

* Width of gauge bosons sets a natural scale for the required resolution

perfect

2%

AN

O.

910 60 80 100 120

Jet E res.

14 40

60

ﬂ

80

| L R

100 120 14

perfect

2%

3%

4%

9%

10%
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W /Z separation = (mz —mw)/om

o,  effective gaussian equivalent
mass resolution
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Mass Resolution: Requirements for separation

* Width of gauge bosons sets a natural scale for the required resolution

1 eof
1 sof

1 40

1 eoF

1 4of

T

O.. A 1 O h [ | O' ]
40 60 80 100 120 14 40 60 80 100 120 14 910 60 80 100 120 140 910 60 80 100 120 140 40 60 80 100 120 140

1 20}

W /Z separation = (mz —mw)/om

o,  effective gaussian equivalent
mass resolution

= The goal: ~3.5% jet energy resolution - Better does not buy much, due to natural width
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Mass Resolution: Requirements for separation

* Width of gauge bosons sets a natural scale for the required resolution

1 50}

UL

O P— A 1 & 2 M M T
40 60 80 100 120 141‘

| About a factor of 2 better than ATLAS
(state of the art!)

\ 0,  eitective gaussian equivalent
mass resolution

= The goal: ~3.5% jet energy resolution - Better does not buy much, due to natural width
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Where is the Challenge!?

* Typical jet composition
* 60% charged hadrons
e 30% photons (mainly from 110 — yy)

o
=
o}
p §
3
&
-
N
o

e |0% neutral hadrons (mainly n, Ky)

e Classical jet reconstruction relies exclusively
on calorimetry: 70% of jet energy measured in
the hadron calorimeter

out of cone b

\ b

\‘.

P:n‘i_iclc‘_

unc]erlglng

event

TUT
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Where is the Challenge!?

* Typical jet composition
* 60% charged hadrons
e 30% photons (mainly from 110 — yy)

&

o
=
o
=
3
:
q
e
6 oA

e |0% neutral hadrons (mainly n, Ky)

e Classical jet reconstruction relies exclusively
on calorimetry: 70% of jet energy measured in
the hadron calorimeter

Hadron Calorimeter: Limited energy resolution

typica”y: out of cone
U(E)/E ~ 60%/\/E [GGV] P:sri.iclc

(often worse)

B
A IE
\‘(.J

underlging

event

TUT
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Where is the Challenge!?

* Typical jet composition
* 60% charged hadrons
e 30% photons (mainly from 110 — yy)

&

o
=
o
=
3
%
q
e
6 o

e |0% neutral hadrons (mainly n, Ky)

e Classical jet reconstruction relies exclusively
on calorimetry: 70% of jet energy measured in
the hadron calorimeter

Hadron Calorimeter: Limited energy resolution

typica”y: out of cone &
O'(E)/E ~ 60%/\/E [GGV] P:sri.iclc \\dj

(often worse)

- = Reduce the importance of the HCAL |
’ for jet reconstruction!

— — — e i

underlging

event

TUT
Calorimeters and Missing Er , . .
Ringberg Young Scientist Workshop, July 2010 Frank Simon (frank.simon@universe-cluster.de) 23  rcosencocume qﬂ



mailto:frank.simon@universe-cluster.de
mailto:frank.simon@universe-cluster.de

Particle Flow: A simple |Idea

* Improve jet energy reconstruction by measuring each particle in the jet with
best possible precision

* Measure all charged particles in the tracker (remember, 60% charged hadrons!)

» Significantly reduce the impact of hadron calorimeter performance: Only for
neutral hadrons

» Measure only 10% of the jet energy with the “weakest” detector: significant
improvement in resolution

é.ti....

:'o'aoo

Fgﬁi...,.

E et = Eecar ¥ Eycar Ejer= Errack +E, + E,
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Energy Flow:A first Step

¢ The idea behind Particle Flow is not new:

Energy Flow by ALEPH at LEP (NIM A360, 481 (1995))

* |dentify electrons, photons, muons - remove from calorimeter hits

» Left with charged and neutral hadrons in the calorimeter

* Reconstruction of neutral hadrons by subtraction

25 GeV calorimeter energy

* 5 GeV neutral hadron

20 GeV pion track

s

< Energy resolution still dominated by hadron calorimeter
(electron, photon, muon ID helps to improve jet resolution,
neutral hadron ID by subtraction does not help)

Calorimeters and Missing Et
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Particle Flow:Very Different Detectors

* Pushing the idea further: Identify neutral and charged hadrons in the
calorimeter directly

» Requires extremely high granularity in the calorimeters for optimum performance
ILD

from this...

to this!

\
>

e Calorimeters and Missing Et
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Particle Flow: A Challenging Concept

e Key issues of PFA:

if these hits are
clustered with
these, the energy of
the neutral hadron is
lost: Jet energy
measurement ruined

* Avoid double counting of energy E— p =
e Separate individual particles e (|

)” Calorimeters and Missing Ert
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Particle Flow: A Challenging Concept

e Key issues of PFA:
* Avoid double counting of energy L P
e Separate individual particles bl ||\

if these hits are

| clustered with
these, the energy of
the neutral hadron is
lost: Jet energy
measurement ruined

i

_— B e — — _—

| The level of mistakes,“confusion”, determines the achievable jet energy W
:‘ resolution, not the intrinsic resolution of the calorimeters! w

”_b—‘ = _ ————— ———— — — _— — —— ——— — — — e — — P
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Particle Flow: A Challenging Concept

e Key issues of PFA:

* Avoid double counting of energy J..:*'_*_ p =

* Separate individual particles

PFA Requirements:

®  Hardware:

high granularity

"/

| The level of mistakes,“confusion”, determines the achievable jet energy QH
:‘ resolution, not the intrinsic resolution of the calorimeters! .»

e e e

if these hits are

| clustered with
these, the energy of
the neutral hadron is
lost: Jet energy
measurement ruined

i

e - e - — _—

__ = -

Software: very sophisticated algorithms

o)
' @
8 .
: { Isolated neutral hadron or
© fragment from shower ?
8
Y \
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Particle Flow Algorithms: Technology

* The most performant PFA at present: PandoraPFA (Mark Thomson, Cambridge)

* highly complex software package

Iterative Reclustering

30 Gevg¢© $

v

* »
............................................................................................. -

. -

18 GeV

Photon ID

Fragment ID ‘

9 GeV :

9 GeV | ﬁ‘

6 GeV

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

HHIE .5

W - -
“w o . .
p—— -- - . .
. - e
. - . .-
.. - e - -
- o - . .
—— — - -
- - n o
. . .. . — - .
- - - -— - -
. - . - -
— - . . — ..
.- —— -
- . B -
pats -
- ot
,
-
.
—_—

NIMA611 24,2009
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PFA Technology: One Example

* lterative reclustering: Pushing the PFA Concept further

* In a high-density environment (e.g. high-energy jet), pure PFA hits limits: Showers
can not be clearly separated

e Use consistency of track momentum and shower energy to guide the clustering:
recluster if energies are inconsistent

T |10 GeV

30 GeV

TUTI
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PFA Technology: One Example

* lterative reclustering: Pushing the PFA Concept further

* In a high-density environment (e.g. high-energy jet), pure PFA hits limits: Showers
can not be clearly separated

e Use consistency of track momentum and shower energy to guide the clustering:
recluster if energies are inconsistent

T |10 GeV

30 GeV

= much more powerful than subtraction or one-stage clustering
only possible in highly granular calorimeters
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Particle Flow Performance

* Detailed studies with PandoraPFA have been performed for the ILD detector

concept

| ] I | | | ] | | | | I | | | | | | | | I | | | | | ] | | I | | | |
¢ PandoraPFA T

 Resolution is given as RMSg, the RMS of the
| 90% most central events:

PFA is inherently non-gaussian (driven by
confusion): narrow core, wide tails

In terms of analyzing power: RMSgp ~ 0.9 GGauss |

EJET

45 GeV 29.2 Y0 180 196 - lzoo. - '210 220
100 GeV Reconstucted Energy/GeV

180 GeV 0.5 7o For 45 GeV: Factor 3 better than LEP best (ALEPH)!
250 GeV | 49.3 %
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Particle Flow Performance

* Detailed studies with PandoraPFA have been performed for the ILD detector

concept

| ] I | | | ] | | | | I | | | | | | | | I | | | | | ] | | I | | | |
¢ PandoraPFA T

 Resolution is given as RMSg, the RMS of the
| 90% most central events:

PFA is inherently non-gaussian (driven by
confusion): narrow core, wide tails

In terms of analyzing power: RMSgp ~ 0.9 GGauss |

EJET

45 GeV Dl Yt 180 190 200 210 220
100 GeV Reconstucted Energy/GeV

180 GeV 3 1a For 45 GeV: Factor 3 better than LEP best (ALEPH)!
250 GeV 7.3 ©

g —— T

%‘r = PFA delivers unprecedented jet energy resolution:

Requirements for a Linear Collider are met!

e — — e
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Particle Flow beyond Linear Colliders

* For best performance:

* Imaging calorimeters: Best possible shower separation in the calorimeters

e But: Technique can be beneficial also for other detector systems
* Expect some performance penalties:
* |oose the full power of iterative reclustering

o default to energy flow (neutral hadrons by subtraction) in some regions

Calorimeters and Missing Et
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Particle Flow beyond Linear Colliders

* For best performance:

* Imaging calorimeters: Best possible shower separation in the calorimeters

e But: Technique can be beneficial also for other detector systems
* Expect some performance penalties:
* |oose the full power of iterative reclustering

o default to energy flow (neutral hadrons by subtraction) in some regions

51The obvious question: 33
| Are such methods applicable at LHC? |
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Jets and Particle Flow at LHC

I m
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Jets at ATLAS and CMS

* Jet resolution expected from simulations

* Most jets are low energy: particularly important for missing Et!
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Jets at ATLAS and CMS

* Jet resolution expected from simulations

* Most jets are low energy: particularly important for missing Et!
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ATLAS and CMS: The Source of Different Resolutions

Key:

Muon C M S
Electron

Hadron (e.g.Pion)

""" Photon

R\

\ AN\Y "
1\ ,)'.\:.::-v.\:\. v .
LAy I

O, e

My

Silicon
Tracker e
» Electromagnetic -
} ‘ |' Calorimeter
L r ’
Hadron
Calorimeter

Transverse slice
through CMS

CMS: optimized for photons:

Superconducting

¢ Different focus of the detectors, different calorimeters

Hadronic
Calorimeter

Electromagnetic
Calorimeter

5 -
*Elgltront

Solenoid magnet
Transition
Radiation
Tracking Tracker _ A
Pixel/SCT
detector

fantastic ECAL, but: dead material between ECAL and HCAL
ATLAS: better for hadrons: Less difference in hadronic response of ECAL and HCAL,

sampling calorimeters, with some degree of longitudinal segmentation in both cases
TUTl
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ATLAS and CMS: The Source of Different Resolutions

¢ Different focus of the detectors, different calorimeters

Muon CMS

Electron P

Hadron (e.g. Pion) \ | CMS Preliminary hadronic energy resolution
c 03 : : : ; ; ; ;

G/E = 104%AE + 6.7%

resolutio
gy 2
= )
N (8]

S
-—h
(&)

Relative ener

Calorimeter

111 [ L1 1 l 1 | 11 [ 11 1 l | || 1 11 l 1 11 l L1 1
0 100 200 400 500 600 700 800 9S00 1000
E (GeV)

Hadron Superconducting
Calorimeter Solenoid

Silicon ’"f‘f I e ]
Tracker S S e 3 0.1
|] '] Electromagnetic RN / 0.05
0

Transverse slice

through CMS Boger , S
detector AR

CMS: optimized for photons:

fantastic ECAL, but: dead material between ECAL and HCAL

ATLAS: better for hadrons: Less difference in hadronic response of ECAL and HCAL,
sampling calorimeters, with some degree of longitudinal segmentation in both cases
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ATLAS and CMS: The Source of Different Resolutions

¢ Different focus of the detectors, different calorimeters

Muon CMS |
Electron P
Hadron (e.g. Pion) \ | CMS Preliminary hadronic energy resolution
0.3 : : : ; ; z :
o N TR S N OfE = 104%NE +6.7%

resolution

0.25=

CMS in particular can profit considerably from advanced jet reconstruction
techniques that use the tracker as well as the calorimeters

—

,‘ ll] Electromagnetic -- AR , / 7/ 0.05

Calorimeter

Ha@ron Superconducting T [ St 1 G dl B arora W Li i | EE PR N l L1
Calorimeter Solenoid 100 200 300 400 500 600 700 800 9S00 1000
E (GeV)

Transverse slice

through CMS e A 58
detector g

CMS: optimized for photons:
fantastic ECAL, but: dead material between ECAL and HCAL

ATLAS: better for hadrons: Less difference in hadronic response of ECAL and HCAL,
sampling calorimeters, with some degree of longitudinal segmentation in both cases
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Particle Flow in CMS
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* Exploit the features of CMS:

* Highly efficient, high resolution tracker, large magnetic field
* Granular ECAL (in n,®)
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Particle Flow in CMS - The Algorithm

* The key part of CMS particle flow: The Link Algorithm

* Link charged tracks to clusters (groups of neighboring cells with around one local

maximum) in the calorimeters
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for reference: jet cone radius 0.5 in n, @
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Particle Flow in CMS - The Algorithm

* The key part of CMS particle flow: The Link Algorithm

* Link charged tracks to clusters (groups of neighboring cells with around one local
maximum) in the calorimeters
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for reference: jet cone radius 0.5 in n, @
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Particle Flow in CMS - The Algorithm

* The key part of CMS particle flow: The Link Algorithm

* Link charged tracks to clusters (groups of neighboring cells with around one local
maximum) in the calorimeters
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for reference: jet cone radius 0.5 in n, @
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Particle Flow in CMS - The Algorithm

* Build links between ECAL and HCAL clusters: Based on geometric overlap,
cluster in higher granular detector (ECAL) has to be within HCAL cluster area

For tracks linked to clusters:

* |f calorimeter (ECAL + HCAL) energy is consistent with track energy use all
information for best energy measurement (driven by track measurement except at
very high energy and/or large rapidity)

If calorimeter energy < track energy check for reconstruction problems (rare!)

If calorimeter energy > track energy, create photon or neutral hadron based on
subtraction

For several tracks linked to the same cluster: Use track sum

e For one track linked to several clusters: Use closest link

* |dentify photons and neutral hadrons from calorimeter clusters without links
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CMS Particle Flow Performance
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* Substantial improvement, in particular at

energies below ~ 300 GeV (where most

of the jets are!)

e A factor of 2 and more below 30 GeV
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CMS Particle Flow Performance

\s=7 TeV CMS Simulation N . .
- —— — 1 — & Substantial improvement, in particular at

(Anti-k_R=0.5) energies below ~ 300 GeV (where most
G of the jets are!)
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CMS Particle Flow Performance

* Factor of 2 improvement for missing ET reconstruction with PF
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* Stochastic term between 50% and 60% (ATLAS:51%)
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CMS Particle Flow Performance

* Factor of 2 improvement for missing ET reconstruction with PF

N
o

x10°

CMS Preliminary 2010
—e— 7-TeV data, 7.5 nb™, PF
wwt— Simulation, PF
—&— 7-TeV data, 7.5 nb™, Calo

Simulation, Calo

CMS Preliminary 2010
Simulation, PF

e 7.TeV data, 7.5 nb™”', PF
Simulation, calo

7-TeV data, 7.5 nb"..calo

**) [GeV]

mis
XY
—_
(o)

| . -

o(E

—
H
T 111

-
N

Number of events
>

Minimum-bias events

—
—
b—
-
—
—
—
—
3

Minimu_m-bias events

8
6
=
2

5 06 07 08 00 ™

miss A L L L 1 1 J 1 i L 1 1 1 1 1 L L 1 1 J ] L L 1 1 1 |

E-"*°IZE
T <&y 50 100 150 200 250 300 350
YE, [GeV]

* Stochastic term between 50% and 60% (ATLAS:51%)
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i{ = Particle Flow is a powerful technique: Proven to work at CMS (with a detector

~ designed for this technology)...
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Conclusion

* Calorimetry plays a crucial role in high energy collider physics

* One particular application: Missing transverse energy

* Invisible particles can be detected by a mismatch in the energy balance of the
event:

* Signature for the creation of possible dark matter particles

* Also: Neutrinos, for example in Top-quark production

e |Important: Good resolution, hermetic coverage, excellent detector understanding

* Particle Flow reconstruction techniques try to make optimal use of
information from all detector systems

e Experiments at future colliders designed for PFA

* Spectacular performance also at LHC (CMS)
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