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Particle Flow Algc

In 3 nutsShell

v
HCAL //A €& veutral hadvow

E(ECAL HCAL) > Piracks
clusters

]
clusters

Electvown

Tvracks

e Aim: Reconstruct and identify all particles
° Y, & M, 1 K%, pile-up % converted y & nuclear interaction 3.

e Use best combination of all sub-detectors for £, n, @, and ID
Sider @ =90 K. Cavanaugh, HCPSS 2012 LPC
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at Chicago

e We arrived at a list of visible...

o charged particles: could be p, %, &, 1¥, .
® neutral photons: could be prompt Y
¢ neulral hadrons: could be n°, K°, ..

o Then there was the case of £ « p, when separating merged charged
& neubral particles

e Today:
¢ consider the case when £ << p

o identify which of the charged particles above are:

C. e chavrged hadvons (Ist)
<> o electrons (zwnd)

3 o wwuons (1ast)
C We also need to Ld@&\&bﬁj which of the photons are
o Prompt Photowns (3vd) &
¢ No heed to further Lcieh&ixfj the neukral hadrons...
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P

* Let’s discuss the “special” case E << p
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* Let’s discuss the “special” case E << p

E—

E = ECAL
+ HCAL

\?
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R Cases with E<<p e

* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

E = ECAL
+ HCAL

\?
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R Cases with E<<p e

* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

+ HCAL

\?

e E << p arise mainly from muons £55=a%L

Slide: § of 50 £ Ca\/anaag/z, YWCPSS 2012 LPC

Dale: 14.0%5.2012 LHC Physics Center



o T =
R Cases with E<<p e

* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons rI—IBE = BeAL

¢ recall that wuoins are pene&ra&ivng
\?
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* Let’s discuss the “special” case E << p
e ik kuris oub that Ehis case is very imForEav\E! | —
e E << p arise mainly from muons |‘I_1E|E - BCAL
¢ recall that wuoins are pene&ra&ivng
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* Let’s discuss the “special” case E << p

e ik burns oub thab this case is very imForEav\E! |
* E << p arise mainly from muons ESEiﬁﬁt
e recall that muons are pene&ra&ivng
o EV\e\rgies { Tev, leave OV\\\j MI?P w cadlovimeters \?
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* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons ESEiﬁ@t
o recall that muons are peme&ra&w\g!
o Energies  Tev, leave only MI? in calorimeters
® muon recomnstruction and ID is “easy” (more Llater)

Slide: § of 50 £ Ca\/anaag/z, YWCPSS 2012 LPC

Dale: 14.0%5.2012 LHC Physics Center



o JE =
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* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons ESEiﬁﬁt
o recall that muons are peme&ro&ivxg!
o Energies  Tev, leave only MI? in calorimeters
® muon recomnstruction and ID is “easy” (more Llater)

e Muon ID is very efficient = 98% (more later)
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Q Cases with E<<p e

* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons ESEiﬁﬁt
o recall that muons are peme&ro&ivxg!
o Energies  Tev, leave only MI? in calorimeters
® muon recomnstruction and ID is “easy” (more Llater)

e Muon ID is very efficient = 98% (more later)
¢ these IDA muons are removed from the block
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R Cases withE<<p e

* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons ESEiﬁﬁt
o recall that muons are peme&ra&ivng
o Energies  Tev, leave only MI? in calorimeters
® muon recomnstruction and ID is “easy” (more Llater)

e Muon ID is very efficient = 98% (more later)
¢ these IDA muons are removed from the block
o before identifying charged hadvons Photowns, weutval hadvow
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* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons ESEiﬁﬁt
o recall that muons are peme&ro&ivng
o Energies  Tev, leave only MI? in calorimeters
® muon recomnstruction and ID is “easy” (more Llater)

e Muon ID is very efficient = 98% (more later)
¢ these IDA muons are removed from the block
o before identifying charged hadvons Photowns, weutval hadvow

e Remaining = 2% lead to many of the E << p cases
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Cases with E<<p R

at Chicago

* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons ESEiﬁﬁt
o recall that muons are peme&ro&iv\gf
o Energies  Tev, leave only MI? in calorimeters
® muon recomnstruction and ID is “easy” (more Llater)

e Muon ID is very efficient = 98% (more later)
¢ these IDA muons are removed from the block
o before identifying charged hadvons Photowns, weutval hadvow

e Remaining = 2% lead to many of the E << p cases
¢ a much looser muon ID is used to help solve this case
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Cases with E << p R

at Chicago

* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

* E << p arise mainly from muons ESEiﬂﬁt
o recall that muons are peme&ra&ivng
 Evevgies { Tev, leave OV\\\j MIP "»w calovimeters
® muon recomnstruction and ID is “easy” (more Llater)
e Muon ID is very efficient = 98% (more later)

¢ these IDA muons are removed from the block
o before identifying charged hadvons Photowns, weutval hadvow

e Remaining = 2% lead to many of the E << p cases
¢ a much looser muon ID is used to help solve this case
o Solated tracks (hadvowns uwlikely to be isolated)
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Cases with E << p R

at Chicago

* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons ESEiﬁﬁt
o recall that muons are peme&ra&ivng
o Energies  Tev, leave only MI? in calorimeters
® muon recomnstruction and ID is “easy” (more Llater)

e Muon ID is very efficient = 98% (more later)
¢ these IDA muons are removed from the block
o before identifying charged hadvons Photowns, weutval hadvow
e Remaining = 2% lead to many of the E << p cases
¢ a much Llooser muon ID is used to help solve this case
o Solated tracks (hadvowns uwlikely to be isolated)
e tvacks W tracker only (Plus 3 few hits w the wmuon Syst.)
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* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons ESEiﬁﬁt
e recall that muons are penetrating
 Evevgies { Tev, leave OV\\\j MIP "»w calovimeters
® muon recomnstruction and ID is “easy” (more Llater)
e Muon ID is very efficient = 98% (more later)
¢ these IDA muons are removed from the block
o before identifying charged hadvons Photowns, weutval hadvow
e Remaining = 2% lead to many of the E << p cases
¢ a much Llooser muon ID is used to help solve this case
e 1solated tvacks (hadvowns unlikely to be isolated)
e tvacks W tracker only (Plus 3 few hits w the wmuon Syst.)
e Poov-quality tracks in tracker (but good §it n wmuown Syst.)
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at Chicago

* Let’s discuss the “special” case E << p
o ik turis out that this case is very important: | —

e E << p arise mainly from muons ESEiﬁﬁt
o recall that muons are peme&ro&ivng
o Energies  Tev, leave only MI? in calorimeters
® muon recomnstruction and ID is “easy” (more Llater)

e Muon ID is very efficient = 98% (more later)
¢ these IDA muons are removed from the block
o before identifying charged hadvons Photowns, weutval hadvow
e Remaining = 2% lead to many of the E << p cases
¢ a much looser muon ID is used to help solve this case
e 1solated tvacks (hadvowns unlikely to be isolated)
e tvacks W tracker only (Plus 3 few hits w the wmuon Syst.)
e Poov-quality tracks in tracker (but good §it n wmuown Syst.)

e Philosophy:

Slide: § oF 50 2 Cavanacgh, YWCPSS 2012 LPC
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v niversity of lllinois
> UI ;Jt Chicag/o &
e Let’s discuss the “special” case E << p
o it turis out that this case is very imFarEamE! __—
1 1 E = ECAL
* E << p arise mainly from muons IJ_15 - BCAL

e recall that muons are penetrating
 Evevgies { Tev, leave OV\\\j MIP "»w calovimeters
® muon recomnstruction and ID is “easy” (more Llater)
e Muon ID is very efficient = 98% (more later)
¢ these IDA muons are removed from the block
o before identifying charged hadvons Photowns, weutval hadvow
e Remaining = 2% lead to many of the E << p cases
¢ a much Llooser muon ID is used to help solve this case
o Solated tracks (hadvowns uwlikely to be isolated)
e tvacks W tracker only (Plus 3 few hits w the wmuon Syst.)
o Poov-quality tracks in tvacker (but good §it in wwuown Syst.)
e Philosophy:
o use all detectors to improve particle ID/Reco
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R Cases with E<<p e

e Fake tracks or momentum mis-measurements also lead
to E << p
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R Cases with E<<p e

e Fake tracks or momentum mis-measurements also lead
to E << p

o despite the tight selection of tracks
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R Cases with E<<p e

e Fake tracks or momentum mis-measurements also lead
to E << p

o despite the tight selection of tracks
e Tracking eff. & fake rate depends on particle type
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at Chicago

e Fake tracks or momentum mis-measurements also lead
to E << p

o despite the tight selection of tracks
e Tracking eff. & fake rate depends on particle type

sl [
T single 1 pt 19
- single 1 pt 199

Slide: 9 of 50

K. Cavapacigh, /CPSS 2012
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e Fake tracks or momentum mis-measurements also lead

to E << p
o despite the tight selection of tracks

e Tracking eff. & fake rate depends on particle type

— single !_, pt 1
T single 1 pt 19
_ Single 1 pt 159

Slide: 9 of" 50 e Cavanacigh, HCPSS 2012
Date: 14.05.2012

LHC Physics Center



2= Fermilab
U I ;Jtngr?igg/oof lllinois

e Fake tracks or momentum mis-measurements also lead
to E << p

o despite the tight selection of tracks

e Tracking eff. & fake rate depends on particle type

sl [
— single i pt 19
Single ;1 pt 199

—_—

A For Electrons [ singie

o Efficiency even much worse

¢ Kalman Filter tracking finding doesnt work!

¢ Must use different method to find electron
tracks

® Graussian Sum Filter (more Later)

A - L,avana‘ag/?, roo 2012

Dale: 14.0%5.2012 LHC Physics Center
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e Fake tracks or momentum mis-measurements also lead
to E << p

o despite the tight selection of tracks

king eff. & fake rate depends on particle type

sl [
T single 1 pt 19
single  pt 199

—_—

\ o ot A O N 1 e S . et
A For Electrons [ singie

o Efficiency even much worse

¢ Kalman Filter tracking finding doesnt work!

¢ Must use different method to find electron
tracks

® Graussian Sum Filter (more Later)

A - L,avana‘ag/?, roo 2012

Dale: 14.0%5.2012 LHC Physics Center
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University of lllinois
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pg Answer: Tracker Materialla

at Chicago

e LHC Trackers are primarily silicon based => heavy!
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g A n Swe r: Tra C ke r aLci ila Ulc University of llinois

at Chicago

.
P

e LHC Trackers are primarily silicon based => heavy!

Slide: 10 of 50 2. Cavanactgh, YOCPSS 2012 LPC
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Radiation Lengths in CMS

Tracking system
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based => heavy!
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=> heavy!

The LHC Trackevs 3ct like Electromagnetic Pre-Showevs/
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based => heavy!

The LHC Trackevs 3ct like Electromagnetic Pre-Showevs/
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pg Answer: Tracker Materialla

at Chicago

e LHC Trackers are primarily silicon based => heavy!
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a Answer: Tracker Matet Dic

at Chicago

s

e LHC Trackers are primarily silicon based => heavy!
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at Chicago

N
a Answer: Tracker Matel s rermilab

s

e LHC Trackers are primarily silic)m"~°d => heavy!

150
. 30, Gey— "~ @
R (I . 2

J 2,
“_’ & A\
r g
o .
:
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e LHC Trackers are primarily silic}m"~°d => heavy!

- 3o =

5200
150 —
100—
50—
o
50 ,
L ; Vs
100" \\v A
. 3200 GeV—Blue: true (sim)
150 K % tracks from
N nuclear inkeraction
\\Ill\\\‘\\Ill\\\\‘\III‘\\\\‘III\‘\\\\”
20900 150 -100 -50 0 50 100 150 200
X
‘
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=1 Answer: Tracker Mate s Fermilab

at Chicago

e LHC Trackers are primarily silic " -~ad => heavy!

> 200
; 0 - PN
100 F : p) q.e v y <
- TS —~\ 22X P
S0 "."\
o e

5200
150 —
100—
50—
o
50 ,
L ; Vs
100" \\v A
. 3200 GeV—Blue: true (sim)
150 K % tracks from
N nuclear inkeraction
\\Ill\\\‘\\Ill\\\\‘\III‘\\\\‘III\‘\\\\”
20900 150 -100 -50 0 50 100 150 200

X

————
The LHC Trackers act |like Hadvowic pre-showers!
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gNuclearlnteractionm Tracker =

at Chicago

e Fake tracks come from wrong combinations of hit
associations

¢ So, reduce the number of hits fed to the brack finder

Slide: 12 of 50 £ Ca\/anaaj/z, YWCPSS 2012 LPC
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QNuclear Interactions in Iracker

at Chicago

e Fake tracks come from wrong combinations of hit
associations

¢ So, reduce the number of hits fed to the brack finder

Slide: 12 of 50 s
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e Fake tracks come from wrong combinations of hit
associations

Slide: 12 of 50 C
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U I University of lllinois
at Chicago

e Fake tracks come from wrong combinations of hit
associations

,I)l'
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_ / >
¢ 3rd iteration: & oof /7 RN P
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aNuclear Interactions
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e Fake tracks come from wrong cc
associations

¢ So, reduce the number of hits
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Thin-gap chambers (T&C)

| ] Cathode strip chambers (CSC)

* Use a toroidal field (about 0.5T)
* Precision chambers
> Monitored Drift Tubes in barrel and endcaps
3 layers for |n|<2.0, 2 layers for 2.0 < |n| < 2.7,
resolution of 35 um per chamber
> Cathode Strip Chambers :
1 layer (inner) for 2.0 < |n| < 2.7,
resolution in precise coordinate of 40 um per station
* Trigger chambers
- Resistive Plate Chambers in barrel (Jn| < 1.05),
1.5 ns of time resolution
~ Thin Gap Chambers in endcaps (1.05 < |n| < 2.7)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

* Inside solenoid (2T)
* Pixels, SemiConductor Tracker,
Transition Tradiation Tracker
* Cover |n| < 2.5 region, except TRT (|n| < 2)

I ————

: End-cap semiconductor tracker
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Forward muon chambers (CSC)
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Central muon chambers (DT)

drift tubes
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hadron calorimeter

ECAL

calorimeter

Trigger muon chambers (RPC) Tracker

istive plate chamber:
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Tracker |, Standalone 1 and Global p

inside-out . outside-in
| | | | | | | |
0om im 2m im 4m 5m Gm fm
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
“““ Photon

Silicon
Tracker

3 Electromagnetic
i }|! ]]] Calorimeter

Hadran Superconducting
Calorimeter Solenoid

Iron return yoke Intersparsed
with Muon chambers

Transverse slice
through CMS

. i .
O Barndy, CERM, Felborcpay 2004
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QATLAS
EXPERIMENT

2010-07-18, 11:05 CEST
Run 158224, Event 3533152
Punch Through Candidate

Muon Hits Missing Transverse Energy
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GATLAS
EXPERIMENT

2010-07-18, 11:05 CEST
Run 156224, Event 3533152
Punch Through Candidate

Muon Hits

All muons - Data 2010
Combined muons - Data 2010

o All muons - Pythia MC09
Combined muons - Pythia MC09

Missing Transverse Energy

2 3 4 5 6 7 8 9 10

P: [GeV]

LPC
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e We now have a complete list of identified individual
particles

© e Y, U 7, KL% PU-1m
o This List of particles describes the entire event
o 3|l detector hits ave used; vedundancy exploited;
e unused enevqy avoided; double counting of enevqy avoided
® Some of these particles can be identified as prompt
e we discussed electvons photons wuowns
o pile-up can be removed from isolation consideration

e Next, we will use the above list of particles to
identify composite or unstable particles

o hadronic decays of T-lepton, quark/gluon jets, b-jeks, b=
JeEs,av\‘Ziv's J f p=ers 9 ] JEE bRt

e More tomorrow!
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