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% Introduction

Tasks
- Fitting of a single vertex
- most precise vertex position and track parameters at vertex

* Vertex finding
- separation of primary vertices (presentation from D.Kotlinski)
- search for (at least 1) secondary vertex inside a jet
- typical application: b-jet tagging
- reconstruction of decay chains
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Boundary conditions

Separation of primary vertices along beam axis
- At high LHC luminosity: <17> primary vertices, 1 hard event, spread
with 0, = 5.3 cm

* CMS Tracker resolution on longitudinal impact parameter z,:
* 0(20) = f(prn)
pr=16eV/c 90 - 800 um

0 Hard event easy to separate in z
[0 Search for secondary vertex can proceed in Region Of Interest
defined by (CALO jet cone + primary vertex)
[0 Association of tracks to primary vertex: less easy

b/t workshop, Helsinki, May 30 - June 1, 2002 P.Vanlaer, IIHE Brusse s 3



Boundary conditions (2)

Search for secondary vertex inside b-jet
* Resolution on transverse impact parameter d,:

- a(dp) = f(p1.n)

pr=16GeV/c 80 - 200 pm 103;

high p++ 10 - 20 um

* dy in top pair, W+c, W+u,d,s,g-events: 102|

* impact parameter of secondaries ~ mm

- A few percent of mismeasured tracks, with 10 fut]

much worse resolution

W+u,d,s,g

04 —02 0

[0 Interesting association / minimization problem
[0 3D reconstruction should work better than reconstruction in

transverse plane only
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Vertex fitting

Principle
* Minimization problem
* minimize a function of track-to-vertex distances
- Each track constrains the vertex by a helix + error (2D constraint)
* Non-linear, but explicit linear solution exists if tracks are linearized
in the vicinity of the vertex position
* requires a first guess of vertex position, and iterations if fitted
position is too far from first guess

Techniques
- Least sum of Squares (LS):
- all tracks are used unweighted
- function to minimize is usual total 2
- biased if vertex contains an outlier, i.e. track
from another vertex or badly measured track
* Robust estimators:
* insensitive to outliers

Track error
Vertex error
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LS: Linearized vertex fit

Very fast, precise algorithm (V.Karimdki, HIP-1997-77/EXP)

- straight line approximation of tracks at linearization point
- correct to a few pm for p; > 1 GeV/c if d(lin.point-vtx) <
few mm

- track error matrix ~ constant around lin.point

- explicit solution involving only 3x3 matrix algebra

30 -

10000 H - 4 events
LinearVertexFitter

20 -

Kirill Prokofiev,
* Thomas Speer
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Linearized vertex fit (2) (NN

- Distribution of x2 probability
* ~flat as expected
- powerful test to reject fake vertices
* 10% bad fits due to tails of d, and z, pull distributions

| Emrae TETE

b_jets 5@ GeV, 1 - 8.7

Iﬂ ] ] 1 ] 1 1 1 ] ] ] 1 ] 1 1 ] ] 1 1 1
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Viertex fit ' probability
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% LS: Kalman vertex fit

Kalman formalism (R.Frihwirth et al.)

- allows parabolic track approximation instead of straight line
» should be more precise for low p; tracks
- should require less iterations
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Robust estimators

Robust = insensitive to outlying tracks

- most distant tracks discarded (Least Trimmed Squares, Least Median
of Squares, Minimum Volume Ellipsoid, Minimum Covariance
Determinant,...)

- distant tracks downweighted (M-estimator, adaptive algorithms,...)

- CPU-expensive but fast, approached algorithms exist (tried here)

Least Trimmed Squares (P.Rousseeuw et al.)
- use A most compatible tracks out of N (k/N: trimming fraction)
- breakdown point = 1-k/N
* has good statistical properties
- estimator has normal distribution, precision improves as 1/sqrt(N)

+ Exhaustive: try all possible combinations of & out of N
- FAST-LTS: good approached iterative algorithm
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Robust estimators (2)

(P.Rousseeuw et al.)
- Fast implementation: medians of coordinates of track impact points
wrt. linearization point:

Coordinate-wise LMS + Principal Component Analysis

Principal Component Analysis on impactPoints

_______________________ ¥ aa—
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- very robust (breakdown point = 0.5)
- worse statistical properties
» not normal, precision improves as N-/3
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Robust estimators (3)

Least Median of Squares (cont.)
- this implementation: sensitive to choice of initial
linearization point
[0 Fast, precise linearization point finder:
LMS on crossing points of frack pairs

Adaptive vertex fit
- iterative, re-weighted LS fit
- weight w of track / at iteration k depends on

Lp. wet. linp.

distance r to vertex at iteration k-1

—

* w(r) = assignment probability
- same good properties as LS estimators

=
el
T

=
-
T

REzigmant proba biky
=
(=11

Examples of weight functions w(r)
foracutatr=4

=
L=
T

=

=

b/t workshop, Helsinki, May 30 - June 1, 2002 P.Vanlaer, IIHE Brussels



Robust estimator

S: results

* robustness pays in precision
* CPU not so bad (only factor 4 slower than linearized LS fit)

43 50 /6

300 vertices from VertexGun
50 tracks + 5 outliers

Mean and RMS of
distance(sim - rec)

*No error matrix estimation
“2tk lin. point finder

**very preliminary

Wolfgang Waltenberger

50 vertices from VertexGun
50 tracks + 2 outliers

15 10 58

Wolfgang Waltenberger

- robust estimators sensitive to linearizati

on point

- LMS on crossing points of track pairs seems to works well
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Decomposition in classes

-
<

L diagrams:

ﬂﬂFiE:?ﬁ
VartexFitier

+vartex|tracks:vector<RecTracks) : CachingVertaox
+vartax{tracks: vector«VertaxTracks| : CachingVertax
+vartex iseed: Vertexseed) : CachingVertex

Y §

w<pRBC s
LinsarizationPaintFindar

+linearizationfolnt {tracks: vector<Rec Track=) :

L

= pRBC =
VertexUpdator

+2dd {v:CachingVertex, t:VertexTrack) : CachingVaertex
+ramove v: CachingVertex, & : VartexTrack) - CachingVer

=k

'

£ 2pRBEC
Vertax TrackUpdator

+updata it Vartex Track, v: CachingVertex) : VertexTrack

All functional components are clonable
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wcImplementation clagsss
LinearizedTrack

+Erack () : RecTrack

+1inearizationPolint() : GlobalFoint

+impactPolntMeasurement (1 . ImpactPointMeasurement
+predictedstate (] . FreeTrajectorystcate
+posltilondacoblandy . AlgebralcMatrix
+momentymiacobliand) . AlgebralcMakbrix

n‘ﬂIMF-lEI'I'EI'ItEtiEII'I ClagE==
VertexTrack

+vertex(): CachingRecVertex
+linearizedTracki) . LinearizedTrack
+WElgRt () : »= D.

srefibtedstate () . FresTrajectoryState
+tRToWExCovarianced) . AlgebraicMatrix

<« IMplementatlon clasgsx

CachingVertex

+position (). SlobalPoint
+F-ZIS-1 tilonError () : GlobalErrar

+positionWeight (). GlobalWweight

+Cracke ) . vector«<VertexIrack:

+||'.'E1§| ntTimesPoBlitiond): Al = bralcVector

+LkToTkCovariance (t1:RecTrack, t2: RecTrack) . AlgebraicMatrix
+totalChiSguared() . £loat

+-jEI:| TepgCfFreedomi) : Lloat
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Vertex finding

Variety of algorithms (R.Frihwirth, CMS mini-workshop on vtx reconstruction)
Two simple working algorithms in CMS
» DO@ algorithm
- exploits correlation between d, and @ for tracks from same vertex
» Principal vertex finding
» finding-trough-fitting: fits all fracks to a common principal vertex,
discards incompatible tracks, then looks for a secondary vertex among
discarded tracks

* More evolved algorithms (competitive learning, multi-vertex
fitting, ...) need guess of number and position of vertices
(0 basic building blocks are:
- a vertex fitting algorithm (LS, LTS, adaptive,...)
- a vertex seed generator
* Minimum Spanning Tree, Self-Organizing Map,...
- development started (Eric Chabanat, Nicolas Estre)
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DO@ algorithm

- all tracks from same vertex
have same | and @,

- in (dO, ) plane

dy = | sin(@-@) = | sin(@-q)

Origin = Pimary vertex
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* 1 point for each track

* points from same secondary
vertex aligned

* form segments of positive slope
and cluster them

dﬂ, - .I =| ";.

Posrtree

dg
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Analysis

Simulated vertices » Selected simulated vertices

Association

Reconstructed vertices  » Good reconstructed vertices

Tommaso Boccali

- A simulated vertex is found if there is an associated
reconstructed vertex

* A reconstructed vertex is a fake if there isn't any associated
simulated vertex
- Association is done by tracks
» a reconstructed vtx is associated to the simulated vtx from
which the largest fraction of its tracks originate
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Analysis (2)

Vertex selection
- simluated vertices: >= 2 reconstructed tracks
- reconstructed vertices: > 55% of tracks from same sim. Vtx

Event samples

- di-jet events, E; = 50, 100 and 200 GeV, O < n <« 2.4
+ b-jets: secondary vtx finding efficiency

- u-jets: fake rate
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Results

Principal vertex reconstruction
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Gabriele Segneri
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Efficiency

Results (2)

Efficiency vs.
- separation of secondary vertex from beam
- selection of reconstructed vertices

esf ol f}{}::} | s.V.finding efficiency vs. 2nd largest transverse
”j_ {,j_,t;_{g_-q;:-.; ;-v—_ﬂ“ 1 :_ﬂ:}_ impact parameter, 50 GeV b-jets, all n

B I 4|  Principal vertex reconstructor

a5 b

N + | [+l In summary:
*3 ] ‘H>+ e 4+ Tl e secondary vertices with small separation from
aq [ + beam ARE found (efficiency = 70%)

* but up to 60% of their tracks do not originate from

1 + the right vertex
4.2 .

-+ ® Sy os Replace LS by robust fitter to improve:
6.1 [4 o Purity 0.39

: - primary vertex position thus separation
0 et o ons. of secondaries from primary vertex
2nd rgest dic(dpy  © Secondary vertex purity
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Results (3)

Use of secondary vertex finding online
* Principal vertex reconstruction applied jet per jet
» CPU vs. number of tracks in both jets (16Hz PC, 50 GeV b-jets)
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Mb tracke in Bath j=t conae

Even inclusive search seems
affordable online (after some
optimization)

- CPU time available @ CMS L2
300 ms on today 16Hz CPU

- sizeable fraction of events
processed in less than 300 ms

Pascal Vanlaer
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Testing

Vertex reconstruction is at the end of event reconstruction chain
- affected by problems upstream

- use of full chain (database access; event simulation and track
reconstruction if not done yet) for simple algorithm tests too slow

VertexGun facility:

- allows generation of user-defined kinematics at vertex

- provides coarse track parameter smearing + error matrix
* ideal for e.g. code release tests Wolfgang Waltenberger
Fast Tracker Simulation (FTSim) facility:

- parametrizes track reconstruction performance

* tuned on full reconstruction

- provides handles to deteriorate / improve track parameter

resolutions and tails

- ideal for e.g. stability tests wrt. tracker performance
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Conclusions

CMS vertex reconstruction code offers:

» fast, precise and reliable vertex fitting tools

- secondary vertex finding algorithms with satisfactory performance
- improvements on CPU fime for online: in progress
* improvements on vertex purity for offline: in progress

* many performance analysis tools, still being completed

- code gets more and more used in analyses

Developing rapidly:
* robust vertex fitting algorithms
- building blocks for advanced vertex finding algorithms
- several tried for the first time in HEP
- testing facilities for fast algorithm development

Material, references,.... CMS b/1 page -> Activities -> Vertex; CMS b/t page -> Mini-workshops
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