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Muon Trigger



4 / 81

What is a Trigger?

A Trigger is a function that based on the electronic signals generated
by a pp-collision, and limited by the experimental setup, and for given
physics priorities results in an Accept or Reject decision.

The trigger is the start of the physics event selection process!



4 / 81

What is a Trigger?

A Trigger is a function that based on the electronic signals generated
by a pp-collision, and limited by the experimental setup, and for given
physics priorities results in an Accept or Reject decision.

The trigger is the start of the physics event selection process!



5 / 81

Why do we need a Trigger?

Required rejection power of 105 cannot be obtained in a single step. CMS opted for a two-step
system: the L1-trigger based on custom hardware (dead time-less) and a High Level Trigger (HLT)
based on a computing farm. 40 MHz → L1-trigger → 75 kHz → HLT → 400 Hz → T0 CERN.
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How to trigger every 25 ns?
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How to trigger every 25 ns?

Most of the 3.2µs used for data transport from UXC to USC and L1A from USC to UXC + delays
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The CMS High Level Trigger

HLT Builder Network

I Upon Level-1 Accept (L1A) signal the
Data is read out from the detector Front
Ends (FEDs) and stored in buffers of the
Readout systems

I These buffers are connected to the
processors in the HLT farm by a large
switch (Builder Network)

I The HLT algorithms are run on the
processors once a “full” event is provided
by the readout

I The HLT algorithms have to process the
event in 50–100 ms. Filters at the end
decide to keep or reject the event.
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The CMS L1 Trigger
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The CMS L1 Trigger
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The Local DT Trigger

Goal :: max 2 Triggers at chamber level: i.e. one segment in the r–φ
projection and one in the r–z projection + a Bunch Crossing (BX) ID.

Realized :: by complex on-chamber electronics: Mini Crate containing
7 TSφ (containing 32 BTI, 4 TRACO, 1 TSS), 2 TSθ (containing 32 BTI and 1 TST), 1 SB.

Overview
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The Local DT Trigger
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The DT Track Finder
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The DT Track Finder Efficiency
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The CSC Trigger

CSC Local Trigger CSC Track Finder
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The CSC Local Trigger

Anode Local Trigger (ACLT) Cathode Local Trigger (CLCT)
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The CSC Track Finder Efficiency
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The RPC Trigger

M. Konecki —

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1


17 / 81

The RPC Trigger
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The RPC Trigger

M. Konecki —

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1
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The RPC Trigger Efficiency

M. Konecki —

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1
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The RPC Trigger Efficiency Breakdown

M. Konecki —

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1


21 / 81

The RPC Trigger BX Identification

M. Konecki —

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1
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The RPC HSCP Trigger

M. Konecki —

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1
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The Global Muon Trigger (GMT) Efficiency

M. Konecki —

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1
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The Global Muon Trigger (GMT) Efficiency

M. Konecki —

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1

http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=10&resId=0&materialId=slides&confId=1
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Muon Activities during
LS1
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Motivation for CSC Upgrade ME11
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Motivation for CSC Upgrade ME42
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Motivation for RPC Upgrade RE4
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Muon Reconstruction
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Overview of Muon
Reconstruction

I Local Reconstruction
I Reconstruction of hits and track

segments inside the muon chambers

I Stand-Alone Reconstruction
I Reconstruction of the muon track inside

the Muon System

I Global Reconstruction
I Reconstruction of the muon track

combining information from the Muon
System and the Tracker

I Tracker Muon Reco
I Tagging of a Tracker track as a muon

using information from the MuonSystem
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Local Muon
Reconstruction
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Local Reconstruction in CSC

Tim Cox — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Local Reconstruction in CSC

Tim Cox — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Local Reconstruction in CSC

Ingo Bloch — https://indico.cern.ch/event/54180/

https://indico.cern.ch/event/54180/
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Local Reconstruction in CSC

Tim Cox — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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CSC Spatial Resolution

Method
I Take Segment with 6 hits

I Remove one hit from the segment

I Refit 5 hits to form a segment

I Measure residual between hit and “fit-5”

Bias
I both “fit-5” and “fit-6” are biassed

I “fit-6” → includes the hit

I “fit-5” → segment extrapolation
uncertainty performed after fit

I Bias can be removed by

σi = ciσRi

I σRi
= width of distribution for layer i

I ci ∼ distance to middle of segment

I σi =actual resolution
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CSC Spatial Resolution

I if muon passes through the edge of a strip
charge is shared between neighbours
⇒ better position resolution at the edge

I ⇒ split staggered layers: σe and σc

σchamber =

(
3

σ2
e

+
3

σ2
c

)−1/2

I ME11 has no staggered strips)

σchamber =
σlayer√

6

Ring Strip Width Resolution
〈w〉 req. meas.
[mm] [µm] [µm]

ME1/1 6.0 75 58
ME1/2 8.5 75 92
ME1/3 13.0 150 103
ME2/1 11.2 150 126
ME2/2 12.2 150 132
ME3/1 11.7 150 126
ME3/2 12.2 150 136
ME4/1 12.1 150 131
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Local Reconstruction in DT

x = vdrift · tdrift

TDC readout of wires:
contains:

I Time of flight (tof) of muon to center of
DT chamber (ttof)

I Propagation time along anode wire (tprop)

I Delays due to cable length and electronics
(twire

0 )

I Latency of L1 Trigger (tL1)

tTDC = tdrift + twire
0 + ttof + tprop + tL1

= tdrift + twire
0 + ttrig

I twire
0 determined by test pulses

I ttrig extracted from data

I ttof and tprop corrected offline after
obtaining 3D hit position
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I Hits in each layer are analyzed
by Mean Timer Algorithm

I Algorithm finds a segment in
every Super Layer (SL)

I segments of two r–φ SL are
combined by Track Correlator

I r–z superlayer gives
measurement of θ

I Combined in 3D segment
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Local Reconstruction in DT

Candidate H → ZZ → e+e−µ+µ− event recorded at 7 TeV (2011)
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Local Reconstruction in DT

Candidate Y → µ+µ− decay in a Pb-Pb collision
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DT Spatial Resolution
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Method
I r–φ measurement in 8 layers

I r–z measurement in 4 layers

I Segment hits > 3 (r–z) or > 7 (r–φ)

I r–φ and r–z resolution are the same in W0

I Resolutions are similar for W+1 vs W-1
and W+2 vs W-2

Angle of incidence θ
I ⇒ r–z resolution worse for W±1, W±2

I ⇒ r–φ resolution better for W±1, W±2

I r–φ resolution worse for MB4 since no
correction for drift time because of missing
measurement in r–z plane
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DT Spatial Resolution

req. resolution: r–φ : 100µm; r–z : 150µm.
for perpendicular tracks (e.g. W0)

Note that
I Higher statistics in 2012 → more accurate

calibration constants

I Improved Reconstruction Algorithm
(application of Mean Timer Algorithm at
level of pattern recognition)

I (crossing angle θ as additional free
parameter in the fit)
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Local Reconstruction in RPC
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RPC Spatial Resolution
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RPC Clustersize and Efficiency
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Stand-Alone Muon
Reconstruction
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Stand Alone Reconstruction

10/04/12 D. Trocino – Muon Reconstruction Workshop 4

Muon Tracking

● In a magnetic field, the trajectory is a helix  →  5 parameters

         x  =  (charge/momentum,  position  and direction  on a given surface)

● It is reconstructed using hits and segments in the muon chambers

● pattern recognition: set of hits compatible with track hypothesis

● best estimation of track parameters (i.e. minimum χ2)

● Requirements

● account for energy loss and multiple scattering

● handle different formats of RecHits (DT and CSC segments and hits, RPC hits)

● be as fast as possible, to be used in both offline and HLT recontruction

● To fulfill all these requirements, the Kalman filter technique is used

Daniele Trocino — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Stand Alone Reconstruction

10/04/12 D. Trocino – Muon Reconstruction Workshop 5

Kalman Filter (I)

k – 1

xk–1

k Iterative method:

● starts from an intial state (seed)

● the seed state is propagated to the next layer

● on this layer, the most compatible measurement 
is found on a χ2 basis

● the new measurement is used to update the 
track parameters

● starting from the new state, the procedure is 
repeated on each reachable layer

Daniele Trocino — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Stand Alone Reconstruction

10/04/12 D. Trocino – Muon Reconstruction Workshop 6

Kalman Filter (I)

propagation

magnetic field
multiple scattering

energy loss

k – 1 k

xk–1

xk
k–1

Iterative method:

● starts from an intial state (seed)

● the seed state is propagated to the next layer

● on this layer, the most compatible measurement 
is found on a χ2 basis

● the new measurement is used to update the 
track parameters

● starting from the new state, the procedure is 
repeated on each reachable layer

Predicted state and covariance:

   xk
k–1  =  Fk–1 xk–1

  Ck
k–1  =  Fk–1 Ck–1 FT

k–1 + Mk–1

Measurement: 

   mk  =  Hk xk
true  +  εk 

Filtered state and covariance:

   xk   =  xk
k–1  +  Kk ( mk – Hk xk

k–1 )

   Ck  =  ( 1 – Kk Hk ) Ck
k–1

magnetic field
energy loss

multiple
scattering

Daniele Trocino — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Stand Alone Reconstruction

10/04/12 D. Trocino – Muon Reconstruction Workshop 7

Kalman Filter (I)

propagation

magnetic field
multiple scattering

energy loss

k – 1 k

xk–1

xk
k–1

Δχ2

mk

kth measurement
(Δχ2 cut)

Iterative method:

● starts from an intial state (seed)

● the seed state is propagated to the next layer

● on this layer, the most compatible measurement 
is found on a χ2 basis

● the new measurement is used to update the 
track parameters

● starting from the new state, the procedure is 
repeated on each reachable layer

Predicted state and covariance:

   xk
k–1  =  Fk–1 xk–1

  Ck
k–1  =  Fk–1 Ck–1 FT

k–1 + Mk–1

Measurement: 

   mk  =  Hk xk
true  +  εk 

Filtered state and covariance:

   xk   =  xk
k–1  +  Kk ( mk – Hk xk

k–1 )

   Ck  =  ( 1 – Kk Hk ) Ck
k–1

noise

Daniele Trocino — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Stand Alone Reconstruction

10/04/12 D. Trocino – Muon Reconstruction Workshop 8

Kalman Filter (I)

propagation

magnetic field
multiple scattering

energy loss

k – 1 k

xk–1

xk
k–1

mk

xk

Iterative method:

● starts from an intial state (seed)

● the seed state is propagated to the next layer

● on this layer, the most compatible measurement 
is found on a χ2 basis

● the new measurement is used to update the 
track parameters

● starting from the new state, the procedure is 
repeated on each reachable layer

Predicted state and covariance:

   xk
k–1  =  Fk–1 xk–1

  Ck
k–1  =  Fk–1 Ck–1 FT

k–1 + Mk–1

Measurement: 

   mk  =  Hk xk
true  +  εk 

Filtered state and covariance:

   xk   =  xk
k–1  +  Kk ( mk – Hk xk

k–1 )

   Ck  =  ( 1 – Kk Hk ) Ck
k–1

Kalman gain matrix

Daniele Trocino — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Stand Alone Reconstruction

10/04/12 D. Trocino – Muon Reconstruction Workshop 9

Kalman Filter (I)

propagation

magnetic field
multiple scattering

energy loss

k – 1 k

xk–1

xk
k–1

mk

xk

Iterative method:

● starts from an intial state (seed)

● the seed state is propagated to the next layer

● on this layer, the most compatible measurement 
is found on a χ2 basis

● the new measurement is used to update the 
track parameters

● starting from the new state, the procedure is 
repeated on each reachable layer

Predicted state and covariance:

   xk
k–1  =  Fk–1 xk–1

  Ck
k–1  =  Fk–1 Ck–1 FT

k–1 + Mk–1

Measurement: 

   mk  =  Hk xk
true  +  εk 

Filtered state and covariance:

   xk   =  xk
k–1  +  Kk ( mk – Hk xk

k–1 )

   Ck  =  ( 1 – Kk Hk ) Ck
k–1

Daniele Trocino — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Stand Alone Reconstruction

10/04/12 D. Trocino – Muon Reconstruction Workshop 10

Kalman Filter (II)

measured

predicted

filtered

smoothed

1 2

m2

3

m3

4

m4

m1

k1

k2

k3

k4

On the kth layer, the filtered state xk contains information only from the first k measurements

Once all the n measurements have been collected, the smoothing is performed
→  each xk is updated with the information from the last n – k layers

m4

Smoothed state and covariance:

    xk
n  =   xk  +  Ak (  x n

k+1 –  x k
k+1

 )

   Ck
n  =  Ck  +  Ak ( C n

k+1 – C k
k+1 

 ) AT
k

smoother gain matrix

The smoothed trajectory represents
the best estimate (least χ2) for a

given set of measurements

Daniele Trocino — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon
Reconstruction
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Global Muon Introduction

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon Reconstruction

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon Reconstruction

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Algorithm

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Propagation

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Region of interest

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Tracker tracks

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Track matching

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Track matching

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Refit

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Misalignment

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Misalignment

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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TeV Muons

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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TeV Muons :: Tracker + First Muon Station

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Picky

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Dynamic Truncation

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Global Muon :: Cocktail = TuneP

Norbert Neumeister — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Tracker Muon
Reconstruction
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Tracker Muon

Riccardo Bellan — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Tracker Muon

Dmytro Kovalskyi — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Tracker Muon :: TMOneStationTight

I TMLastStation :: Reduce hadron contribution
(punch-through and decay-in-flight)

I requires 2 tightly matched segments:
I |∆X | < max(3σX , 3 cm)
I |∆Y | < max(3σY , 3 cm)
I |∆X | and |∆Y | are the distances between the extrapolated silicon track and

the segment in local X and Y coordinates (in cm)
I σX and σY are the uncertainties on |∆X | and |∆Y |

I one of the segments must belong to the last station crossed by the muon (fiducial
volume)

I Inefficiency in Barrel for low pT

I TMOneStationTight :: requires single tightly matched segment:
I |∆X | < max(3σX , 3 cm)
I |∆Y | < max(3σY , 3 cm)

Compatibility
I Continuous variables to quantify the compatibility with

the muon hypothesis

I Segment Compatibility :: give higher weight to segments
in last station

I Calorimeter Compatibility :: Low energy deposits (MIPs)
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Tracker Muon :: Segment Matching



77 / 81

Tracker Muon :: Arbitration

Dmytro Kovalskyi — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Why Tracker Muons?

Dmytro Kovalskyi — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Why not only Tracker Muons?

Dmytro Kovalskyi — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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The Muon Object

Riccardo Bellan — https://indico.cern.ch/event/210563/

https://indico.cern.ch/event/210563/
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Sources

I CMS Muon TDR — http://cds.cern.ch/record/343814

I CMS Trigger TDR — http://cds.cern.ch/record/706847

I The CMS experiment at the LHC —
http://iopscience.iop.org/1748-0221/3/08/S08004

I The performance of the CMS muon detector in proton-proton collisions at
√
s = 7 TeV at

the LHC — http://iopscience.iop.org/1748-0221/8/11/P11002

I Marcin Konecki — CMS RPC Trigger performance —
http://166.111.32.59/indico/getFile.py/access?contribId=18&sessionId=
10&resId=0&materialId=slides&confId=1

I Tim Cox — CSC Local Reconstruction — https://indico.cern.ch/event/210563/

I Ingo Bloch — Muons in CMS — https://indico.cern.ch/event/54180/

I Riccardo Bellan — Introduction to the Muon Reconstruction Workshop —
https://indico.cern.ch/event/210563/

I Daniele Trocino — Stand Alone Muon Reconstruction —
https://indico.cern.ch/event/210563/

I Norbert Neumeister — Global Muon Reconstruction —
https://indico.cern.ch/event/210563/

I Dmytro Kovalskyi — Tracker Muon Reconstruction —
https://indico.cern.ch/event/210563/
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