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Analysis of data
- from raw data to physics results
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Analysis of data, part 1

From raw data to summary data
(raw data -> DST (data summary tape)
- track finding and fitting
- momentum determination
- calorimentry (cluster reconstruction)
- particle identification

Calibration
- tracking detectors
- particle identification subsystems

Analysis
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Tracking

reconstruction of  
charged particles‘  
trajectories from  
hits in
detectors

Central  
Drift  
Chamber
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Helix parametrization

Track parametrization in magnetic field 
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= track finding
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Track fit
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Track fit

progressive method, example: straight line fit

=0.707 α

=0.447 α

global method

global method: better precision; CPU extensive (NxN matrix inversion),
simultaneous patt. recognition not possible
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αy: estimated uncertainty of individual measurement; expected distrib. of „pull“:
Gaussian with unity width; distrib. width > (<) 1⇒ αy under-(over-)estimated
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Momentum measurement

∝‘s in Atlas, LHC
µ detect.
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Momentum measurement

total

MS
(~ const.)
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Momentum measurement
Central Drift Chamber
(CDC)
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Momentum measurement

Central Drift Chamber
(CDC)

•
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pt~1 GeV/c

B=1.5 T
L~1m  N~50
X0~2.9 105 

cm

estimate:
αpt/pt ~
�[(8 10-3)2+(0.6 10-3)2]

measured:
αpt/pt ~
�[(3 10-3)2pt+(3 10-3)2]

how to measure?
� calibration!

~1m

B=1.5 T

CDC
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det. 1

det. 2

hits from single track

other sense wires in det. 2

ideal position of det. 2 ideal position of det. 2
true position of det. 2

hits from single track  
in det. 2

hits from single track
in det. 2 assuming ideal
position

reconstructed track 
segments  in det. 1 and 
det. 2
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Calibration

tracking detectors
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Opal

Aleph

L3

Delphi

Calibration

Large Electron Positron (LEP) collider:  
e+ e-, ECMS=90-170 GeV

circumfirence:  
29 km

nowadays the tunnel is occupied by the
Large Hadron Collider (LHC)
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Data analysis - Identification
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Efficiency and purity in particle identification

Efficiency and purity are tightly coupled!

Two examples: 
particle type 1   type 2                                              eff. vs fake probability 

(for Gaussian distributions)

some discriminating variable x, scaled to 
the resolution σx

x/σx
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Čerenkov radiation – a reminder
A charged track with velocity v=βc above the speed of light c/n in a 

medium with index of refraction n= sqrt(ε) emits   polarized light
at a characteristic  (Čerenkov) angle,   
cosθ = c/nv =  1/βn

Čerenkov angle depends on 
the velocity of the particle

Two cases:
1) β < βt = 1/n: below threshold no Čerenkov light is emitted.
2) β > βt : the number of Čerenkov photons emitted over unit 

photon energy E=hν in a radiator of length L amounts to

θθα 2112 sin)()(370sin LeVcmL
cdE

dN −−==


 very few    
detected 
photons
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Measuring the Cherenkov angle

Idea: transform the  
direction into a coordinate 
ring on the detection plane 
 Ring Imaging Cherenkov 

(RICH) counter 

Proximity focusing RICH

RICH with a 
focusing mirror 

Particles above threshold: measure θ
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Measuring the Cherenkov angle

Tracking system (measures 
direction of the particle)

Tracking system tells us where the particle hit 
the radiator, and at which angle.

Use this information to calculate the Cherenkov 
angle for each individual detected photon
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Measuring Cherenkov angle

Radiator:
C4F10 gas

π K        p 
thresholds
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Likelihood for a given PID hypothesis

Simplest version: 
• Measure the Cherenkov angle for a given particle,                   

Θe = average of Cherenkov angles for all photons on              
the ring

• Calculate the expected values of Cherenkov angles Θh for
all possible hypotheses h and the corresponding uncertainties σh
(taking into account the momentum as determined in the

tracking system)
• Likelihood for a given hypothesis

Lh =
with x= Θe and µ = Θh

• For a specific case, e.g., pion-kaon separation, form ratio of
log-likelihoods,  

RK = ln LK / (ln Lπ + ln LK)
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RK = ln LK / (ln Lπ + ln LK)

for kaons (red) and pions (blue)

A reminder: efficiency and fake 
probability are tightly coupled!
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Next level: detailed analysis 
of the image

Improve separation between 
particle species: add more details to 
the likelihood function  take each 
individual pixel on the photon 
detector and evaluate the 
probability that there is a hit (from 
the Cherenkov photons of the 
particle and from background 
sources)
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Overall a very good 
DATA/MC agreement !

Preliminary

Cherenkov angle distribution in

Chrenkov ring (accumulated)

Crucial: understading of the details in the image –
try to model as precisely as possible



Estimation of separation capabilities using decays

● Identify based on track charge in association with the charge of

● Apply selection criteria on

● Only coarse/preliminary  
calibrations included
→ further improvements expected

- likelihood for given id. hypothesis

R [K/pi] > 0.6
# of pi: 40.67 +/- 7.67

pi misid.:0.086

R [K/pi] > 0.6
# of K: 502.25 +/- 24.05
K eff.:0.939

w/o R[K/pi]  
selection

mass peak
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Alignment
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Mirror alignment
Gas radiator RICHes: large mirrors  tens of 
mirror segments with individual mounting 
need relative alignment

• Spherical mirror: 80 hexagonal segments
• Planar mirrors: 2x 18 rectangular segments 

Aligning pairs of spherical and planar segments by using Cherenkov
photons.
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Mirror alignment
Misalignment: ring center (C ‘) not where 
expected (C)  measured Cherenkov angle 
depends on the azimuthal angle around the track

Slice in φc
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Mirror alignment
Initial mirror system alignment: with 
optical methods, theodolite. 

Alignment with data: tells us the 
ultimate truth…

Combine all alignment data for all 
(possible) pairs of mirror segments 
solve a huge system of linear equations

Clear improvement in 
Cherenkov angle resolution

NIMA 586 (2008) 174
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More slides
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Similar to DIRC, but instead of two coordinates measure: 
– One (or two coordinates) with a few mm precision
– Time-of-arrival

Time-Of-Propagation (TOP) 
counter
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Pattern in the coordinate-time space (‘ring’) of a pion
and kaon hitting a quartz bar
Time distribution of signals recorded by one of the PMT 
channels (slice in x): different for π and K (~shifted in 
time)

TOP image reconstruction

Patterns for π and K

The name of the game: analytic expressions for the 2D 
likelihood functions M. Starič et al., NIMA A595 (2008) 252-255 
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Separation of kaons and pions

Pions vs kaons in TOP:
different patterns in the time vs 
PMT impact point coordinate 

Pions vs kaons:
Expected PID efficiency and 
misidentification probability. 
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TOP first events
5
2

The early data demonstrated that the TOP principle is working

Ks →ππφ→KK

Λ→pπ
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