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Outline

• ATLAS and CMS
– tracking detectors 
– track and vertex reconstruction

• Performance of vertexing 
• The pile-up related effects
• Outlook to Run 2
• Summary
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Track and Vertex reconstruction

• tracking and vertexing performance crucial for B-
physics
– identification of the primary interaction
– reconstruction of the decay
– precise measurements of decay lengths/time
– fundamental for separation of signal and background

• high efficiency and high precision essential
– vertex resolutions and resolutions of track parameters (impact 

parameters in particular)

• ATLAS and CMS have excellent tracker systems to 
explore heavy flavour physics
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ATLAS Inner Detector
• pixel+ double sided 

silicon strip+ 
transition radiation 
tracker technologies 

• in 2T solenoidal field
• |η|<2.5

4

channels dimensions <hits on track>

Pixel 80M 50µmx400µm 3

SCT 6.3M ~80µm 8

TRT 350k straws R=2mm ~30
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CMS tracker
• Pixel (100µm x 150µm) in

– 3 barrel layers (R =4.4cm 
- 10.2cm)

– 2 endcap disks
– 66M channels

• Strip tracker (~100µm strip 
pitch)
– 10 barrel layers 

(R=25.5cm-110cm)
– 12 endcap disks, single 

sided and double sided 
layers

– 10M channels
• |η|<2.5
• typically ~16 hits on track
• 3.8T solenoidal field
• with 200m2 of sensitive area 

the largest silicon tracker
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The CMS Silicon Tracker Layout
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TIB
Inner Barrel
4 layers TID

Inner Disks
3+3 disks

TEC Endcap
9+9 disks

Tracker 
Support 
Tube

TOB
Outer Barrel
6 layers

L~5.4m
∅~2.4m
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Pixel Detector
66M channels

100x150 μm2 pixel
LHC radiation resistant

Si-Strip detector
~23m3; ~200m2 of Si area;

~9x106 channels;
LHC radiation resistant
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Track and Vertex Reconstruction
• ATLAS tracking

– 3 space point seeds
– combinatorial Kalman filter adding hits
– resolution of ambiguities between 

track candidates
– track extension to TRT
– track fit
– pT>400MeV in the baseline inside-out 

reco 
• lower pT tracks can be reconstructed 

in second stage by repeating the 
seeding on unused hits

– also outside in with seeds from TRT 
and extending to silicon 

• iterative vertex finding
– vertex seeds from z-distributions of 

tracks along beamline
– χ2 weight for each track @vtx

• if weight >7σ->a new vtx seed
• iterate until no new seeds
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CMS
Tracking
•similar principles as in ATLAS, 
the reconstruction makes use of the 
iterative track finding 
•7 passes of seeding+kalman filter

•removal of used seeds/hits
•loosening the pT, d0 compatibility 
with beam line

•the seeds triplets or doublets with 
beam constraint
•Tracks from secondary vertices 
special seeding after first pass 

•Vertexing
• clustering tracks with required criteria 

(impact param significance wrt beam 
line, number of hits, Χ2) along z

•adaptive vertex fit
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Performance of the vertexing and of the tracking
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Vertexing resolution/ATLAS

• Resolutions obtained from comparison of split vertices
– tracks from a single vertex split into 2 sets and new vertices formed
– resolutions derived from the difference of their position 

• The resolutions are improving with the number of tracks at vertex
– smallest resolutions ~20µm and 30µm for X and Z positions respectively
– agreement between data and MC behaviour 
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Vertexing resolution/CMS

– Jet enriched and Minimum bias selections of events
– split vertex method for data-driven estimation of the 

resolution
– Minimum bias comparable with ATLAS plots
– equivalent values obtained with less populous vertices 

than in ATLAS, reached ~20µm in Z resolution
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Track parameter resolutions

• transverse impact 
parameter d0

– resolution function of η (and 
increasing amount of traversed 
material), of pT

– pT√sinθ from multiple scattering
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Track parameter resolutions/II

• similar effects as on d0

• depends on momenta and multiple scattering
• resolution at η=0 worse due to minimal charge sharing
• smaller dimension of CMS pixels along z profitable
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Secondary vertex reconstruction
• iterative inclusive secondary vertex finder technique developed by CMS

– enhances the capability to detect nearby B hadrons otherwise unresolvable by standard b-tagging 
method

– Measurement of BBbar angular correlations based on secondary vertex reconstruction JHEP 03 
(2011) 136

• method
– primary vertex reconstructed from tracks compatible with beamline, sorted by ΣpT2

– secondary vertices seeded from tracks with high impact param significance, clustering tracks by 
separation in distance in 3d, separation significance and angular separation

– vertex fit and subsequent merging of vertices if more than 70% shared tracks
– tracks reassigned to primary & secondary vertices based on significance of track to vertex distance

12

8 4 Event Selection and Data Analysis
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Figure 3: Resolution of the DR reconstruction, obtained using simulation for the leading jet
pT > 84 GeV sample. Left: DR values reconstructed between the two secondary vertices DRVV
versus the values between the original B hadrons DRBB, in the visible B hadron phase space (see
text). Right: projection onto the diagonal (DRVV � DRBB). The numbers in the boxes represent
the number of events reconstructed in that particular bin.

of 44% for reconstructing two B hadrons.

In the following the shape dependent systematic uncertainties for the DR distributions are dis-
cussed. The values are quoted in terms of the relative change of the integrated cross section
ratio rDR = sDR<0.8/sDR>2.4. Very similar systematic uncertainties arise for the Df distribu-
tions and, hence, they are not quoted separately.

• Algorithmic effects. The shape of the DR dependence of the efficiency a(DR) is checked
by means of an event mixing method. This event mixing technique mimics an event
with two genuine SVs by merging two independent events, where each has at least
one reconstructed SV. The positions of the two PVs are required to be within 20 µm
in three-dimensional space. This mixed event is then analysed and the fraction of
cases where both original SVs are again properly reconstructed is used to determine
the DR dependence of the efficiency to find two genuine SVs in an event which had
the SVs already reconstructed. The shape of this efficiency a(DR) is determined for
the data and for the simulated samples independently in bins of DR. The vertex
reconstruction efficiency as a function of DR for data and for simulation, and their
ratio are shown in Fig. 4. Since in this analysis the shape is the most relevant prop-
erty, the values in Fig. 4b have been rescaled to the mean value. This ratio exhibits
good consistency in shape between simulation and data over the full DR range, in-
cluding the region of small DR. The differences are found to be within 2% and are
taken as systematic uncertainties.

• B hadron momenta. The mean reconstruction efficiency for an observed DR value
strongly depends on the kinematic properties of the B hadron pair. It depends on
the pT of each B hadron and predominantly on the softer of the two. Since all effi-
ciency corrections are taken from the MC simulation, it is important to verify that
the kinematic behaviour of the BB pairs is also properly modelled by the simulation.
Confidence in the Monte Carlo modelling is provided by comparing the transverse
momentum distributions of the reconstructed B candidates derived from data and
from Monte Carlo simulation. The distributions of the reconstructed pT of the harder
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Pile-up
• LHC excellent 

operation in Run1
– 50ns bunch spacing-

> the level of  pileup 
exceeds design 
values for the run 1

– further increase of 
luminosity after LS1

• start up again in 
50ns 

• Challenging 
reconstruction in 
the presence of 
multiple 
interactions and 
higher detector 
occupancy
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Z->µµ decay with pileup interactions (25 reconstructed vertices)
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The effects of pile-up
• extensive studies of pile up effect on the 

reconstruction
• an increase of track fake rate

– combinatorial background from the pileup
– esp tracks with increased d0  

• track reconstruction cuts  
– Robust set developed for high pileup (7 vs 9 

measurements on track, 0 missing in pixel)
– decreases the rate of fake tracks wrt Default cuts
– small effect on track efficiency
– less redundancy wrt detector operation

14
Robust settings
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The effects of pile-up/II
• Vertexing efficiency and fake rate also studied as a function of pile 

up
• fake tracks increase the chance to reconstruct a fake vertex (7% @ 

µ=40)
• Robust reconstruction effective also against fake vertices
• The decrease of vertex reconstruction efficiency with µ

–  vertex shadowing when a nearby interaction too close to be resolved and only one 
vertex gets reconstructed

15
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More Pile-up Studies 
• performance of the 

reconstruction algorithms 
wrt pile-up studied also in 
the trigger of CMS

• number of reconstructed 
pixel vertices in HLT as a 
function of number of 
interactions in an event 
– Comparison of data from early 

2012 and later runs with an 
increased pile-up

– linearity preserved during 2012 
data taking

• confirmed a robust 
performance of the 
reconstruction/trigger

16CMS Collaboration 10

HLT Tracking: Linearity vs. PU

HLT tracking performance is studied as 
linearity of response vs. pileup, measured 
by number of HLT (pixel) vertices as a 
function of the true number of 
interactions (taken from HF/lumi 
information)

 Results shown for a fill before the 
technical stop (black) and a more recent 
one (red). In the region where they 
overlap the 2 distribution agree, while in 
the region at higher PU the new points 
seem to be in line with the old ones

These plots confirm the tracking 
performances estimated earlier this year - 
the linearity still holds at high PU

Number of HLT Pixel Vertices

Number of Pixel Vertices 
in High Level Trigger of 

CMS
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Outlook to Run 2

N.B. More complete presentation of the detectors upgrade beyond the current long 
shutdown in 

Ulrich Parzefall/ATLAS and CMS Upgrade Plans /on Friday
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IBL in ATLAS
• Insertable B-Layer

– will be installed during the current long shutdown

• addition of the 4th Pixel layer @3.3cm between the current Pixel 
detector and a smaller beam-pipe

• improvement for tracking and vertexing
– a smaller radius
– a smaller z granularity to help against pile-up (50x250µm)
– redundancy (detector problems, aging of the current innermost layer)
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b tagging rejection 
factors as a 
function of pileup. 
Comparison of 
ATLAS and ATLAS
+IBL and aging of 
the current 
innermost layer
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Figure 39. Light jet rejection at 60% b jet efficiency for (left) IP3D and (right) IP3D+SV 1 as a function of
the average number of pileup events, for the three simulated failure scenarios for a detector with and without
IBL.
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IBL in ATLAS/II
• improvement 

on impact 
parameters d0 
and z0
– as a function of 

pT
– the effect of a 

smaller z pitch

• improvement 
on vertex 
resolution in 
ttbar events
– in transverse 

coord 
15µm→11µm, in 
z 34µm→24µm

– the effect on x is 
smaller when BS 
constrained 
(9µm→8µm)
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Figure 23. Resolution in x and z of the reconstructed primary vertex without beam spot constraint for tt̄
events with and without the IBL. No pileup was added to the events.

plicity tt̄ events without pileup and without beam spot constraint. With the IBL the resolution in
x (and y) improves from 15 µm to 11 µm (RMS), the resolution in z improves from 34 µm to
24 µm. Adding the beam spot as a constraint to the vertex reconstruction leads to the results shown
in Fig. 24. The beam spot is simulated with a size of 12 µm in Rf , while the size in z is 45 mm
corresponding to the assumed beam parameters during LHC Phase I [4]. The beam spot constraint
reduces the gain in resolution with IBL in x and y, which now leads to an RMS of 8 µm compared to
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Figure 24. Resolution in x and z of the reconstructed primary vertex with beam spot constraint for tt̄ events
with and without the IBL. The simulated beam spot width is 12 µm, the beam spot length is 45 mm. No
pileup was added to the events.
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Figure 21. Impact parameter resolution as a function of h for tracks in tt̄ events without pileup. Results with
and without IBL are compared; (right) transverse impact parameter distribution d0 and (left) longitudinal
impact parameter distribution z0 ⇥ sinq with respect to the true primary vertex position of the event. Results
from tracks between 2 and 4 GeV are shown.

used, which is based on the Iterative Vertex Finder in combination with the Adaptive Vertex Fitter.
The task of the Iterative Vertex Finder is to find the best seed candidate scanning the z positions of
all tracks (pT > 0.5 GeV). The vertex position is then determined starting from that seed using the
Adaptive Vertex Fitter, which is a robust vertex fitting technique as described in Reference [25].
This fitter uses an iterative scheme of deterministic annealing to determine the weight of individual
tracks in the vertex fit, assigning small weights to outliers. Tracks incompatible with the vertex
by more than 7s are used to seed a new vertex. This procedure is repeated until no unassociated
tracks are left in the event or no additional vertex can be found.

Figure 23 shows the resolution obtained for the reconstructed primary vertex in high multi-
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Figure 22. Impact parameter resolution as a function of pT for tracks in tt̄ events without pileup. Compared
are the results with and without IBL. (right) transverse impact parameter distribution d0 and (left) longitu-
dinal impact parameter distribution z0 ⇥ sinq with respect to the reconstructed primary vertex of the event.
Results for tracks with 0.2 < h < 0.4 are shown.
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Summary

• very good understanding of performance of the detector and 
algorithms
– well simulated by MC

• tracking and vertexing performance robust wrt increasing 
pileup
– detectors and reconstruction algorithms maintain their performance
– the effects of pile up carefully studied

• Run2 conditions even more challenging
– increase of luminosity, initial LHC setup with 50ns bunch spacing
– ATLAS - first detector upgrades over LS1 beneficial for tracking performance and 

B-physics programme
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