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OUTLINE

* Input to CMS Tracker alignment algorithms:

- Laser Alignment System
- optical survey
- tfracks from cosmic muon runs -> ultimate precision

Tracker Integration Facility (TIF) with partial Tracker in 2007
CMS at LHC Point-5 ("CRAFT" cosmic run) with full Tracker in 2008

* Alignment results with cosmic muons and validation

* Alignment implications for physics performance
and some on systermatics

Alignment is a big project, but only the final step in commissioning
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Tracker Inner Barrel (TIB)
Tracker Inner Disk (TID)

Pixel Barrel (PXB)
Pixel Forward (PXF)

Tracker Endcap (TEC)
Tracker Outer Barrel (TOB)

* Minimize residuals
Nresiduals T 1

2 _
X (pmodules: qt-ra.cks) — 'Zl r; Vz T
i—
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Track Reconstruction

Charged track reconstruction includes three essential steps:
seed finding, pattern recognition, and track fitting

Three algorithms are employed on CMS:

- Combinatorial Track Finder (CTF):
default tracking algorithm for pp collisions with seeding modified
for cosmic reconstruction

- Cosmic Track Finder (CosmicTF):
dedicated cosmic reconstruction algorithm

- RoadSearch (RS):
alternative algorithm for collisions, modified for cosmics

Kalman-filter approach used to build the track measurement et e o moasutmon
. found: STOP is added: STOP

by extrapolating the track layer-by-layer,

adding compatible hits at each layer, and

updating the track parameters

Trajectory building stops when no more hits can be : .

added or the trajectory has reached the end of the tracker
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CMS implementation

pros | module correlations included | less CPU with one or few iterations

cons helix trajectory model used large matrix may limit N parameters

* Local iterative method ("Hits and Impact Points")
CMS-NOTE-2006/018, NIM A 603, 467 (2009)

hits survey

Xﬁmdule ZI‘ (l)m V rr(pm + Z ( 111)V r*}( 111)

-1
i[)m = [Z .]?VJ-I-];] [Z ’]?Vilr?] ]3 — arfffapm

i i

pros full Kalman Filter track model simple implementation, all dof

cons | ignore correlations in one iteration | large CPU with many iterations
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Partial tracker: summer 2007
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Full tracker: summer 2008
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* Best data for alignment of CMS Tracker: fall 2008 ("CRAFT")

~ 4M cosmic tracks for Tracker alignment

B-field = 3.8T -> account for multiple scattering track-by-track

* Require good quality tracks and hits:

p>46GeV/c
clean hits, outlier hit rejection, 2 cut, min hits, 2D hits

accept all good tracks (statistics limited); only ~ 4% in pixels
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Alignment Strategy

Multi-step approach by both algorithms to address CMS geome’rr':-

- large structure movement: coherent v alignment of 1D modules
- alignment of two sides of 2D strip modules (units): u, w,y

X
N
=

0.4

0.3

e = DATA combined meth.

------- DATA local meth.
B DATA non-aligned

number of tracks

Combined method

(1) run global method

-> solve good correlations quickly
(2) run local method

-> solve locally to match track model in all degrees-of-freedom (dof)
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Example: Pixel Residuals

(local, global, combined)
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* Residuals <- multiple scattering + hit errors + alignment errors

(random)

(random)

(systematic)
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ro pixel hit errors ~ 19um here
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Median of the Residuals

Pixel Barrel Strip Barrel
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Compare aligned data to ideal MC and aligned MC
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* Tracker resolution with data (require Pixel hits, near collision point)

- compare hon-aligned data -> aligned with data -> “ideal” MC
- significant effect of alignment, also compare to aligned with MC
- approaching ideal in momentum precision with this track sample

A Original Cosmic Track

T T T I T T T T T T T T T

01 _ DATA combined meth. ]

mean = 3.51e-05 ciGeV

RMS = B.62e-04 c/GeV
---------- DATA non-aligned
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mmee MC ideal
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D. 05 | RMS = E.?]iEe-I]d ciGey
—————— MC combined meth.
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* These four parameters (d

Xy

Cosmic Track Halves: four more parameters

d,, ¢, 6) dominated by Pixels

- measuring vertex and track direction, note: all pr-dependent
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* CMS has a very powerful, realistic
misalignment model necessary for

studying misalignment impact on '|'f,,E| lEdieNil 41 o4
physics analyses %8 /_|f___ A )
) Q) / © _J

* Necessary to understand assembly 1

precision of full detector hierarchy = | | || | =
* Create misalignment scenarios based || ... | e e | ool

on expectations: e )

- “hardware" only "SurveyLASOnly" \

- "Startup-2008" before collisions —

"SurveyLASCosmics” (based on 2008 info) ==

- 10 pb-! No systematic distortions studied

- 100 pb-!(roughly data expected (x*-invariant deformations)
in 2009-2010 LHC run)
- "ideal" best possible alignment
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Impact on Tracking

* Alignment position error (APE) added to hit/track uncertainties

* Using proper APE, full track-finding efficiency recovered

* Increasing APE to recover efficiency increases fake rate

Global Efficiency vs 1
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Impact on Tracking

* Compare resolution in track parameters

— compare “Startup-2008" — “100,/pb" — “ideal”
— for 100 GeV/c track 2L~ 9.2% — 59% — 3.2%
Aldyy) ~ 106pm — 29pum — 20pm

* dy and z, highly affected by barrel pixel misalignhment

- Large barrel pixel misalignments in ‘SurveyLASOnly' and
'SurveyLASCosmics'’

A(d) perfect; maan=0.0001, ANS=0,0020 A(Z ) perfect; mean=0,0000, RMS=0.0057
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Monte Carlo Studies: b-tagging

* Many New PhYSiCS mOd€|S: 1B _CMS Preliminary
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Monte Carlo: Example of a Discovery Reach

* Reconstruct narrow X ->ZZ -> 4, 4e, 2e2p
joint likelihood fit analysis as an example
test 5/fb at Higgs production rate
"non-aligned" -> "startup” -> “ideal” = makes a difference for discovery
- width 4.4 -> 35 -> 2.6 GeV (in 4, but in 4e little effect)
- significance 4.1 -> 4.5 -> 4.8 & from /2In(L. .,/ L)

Mean 249.8 Mean 4.76

L RMS 2645 120 RMS 1.116
1000— [~ Ideal L — ldeal

T |---- startup 2009 Mean 249.5 100/— |---- Startup 2000 —| Mean 4.461
800 |- Non-Aligned RMS  3.493 T |- Non-Aligned P : RMS  1.054

B Mean 249.2 80— Mean 4.119
- RMS 4.391 C RMS  1.04

: 60
400 — w0l
200(— 20—
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ey LepopdtE P R R R T o ) O S R ) == o lnaan o allonnnll dneeiol feile=lee nnadloon
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- may be y? invariant
- may introduce physics bias

e.g. charge bias with layer rotation
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harder with cosmics alone
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Summary

* CMS Tracker alignment:

= challenging task (16588 elements)

- successful CMS run with cosmics

- complementary statistical methods
best combination of global and local

= achieved local deviations as low as 3um

* Implication for first physics
- discovery reach sensitive to tracker alignment
e.g. fake rate, b-tag, resonance resolution
- performance is already ahead of expectation
- systematic limitations with cosmics alone
more to come from collisions
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Backup Slides
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* Goal: provide continuous position measurements of large scale
structure

- 100 um precision standalone; 20 um precision monitoring over time
- Both during dedicated runs and physics data-taking

* Monitor large composite structures in TIB, TOB, TEC

* Uses laser beams to measure positions of specific sensors on
particular structures

*  Work ongoing to incorporate LAS measurements into track-based

algorithms
e LAS vs. Track-based
n 0.1 0.5 1.0 1.3 1.5 . of TEC dick
/mmy | D
o -II:--/ :::/: / ./1.7 O ISS
1200 g T e p—
1000 _ k. “_ “ . E I__ ®  Cosmic tracks
L g . 5 B 2.0 E C i LAS
800 s 1 3 osf =
—— Y I o S o LA | L C . *
Th—e 25 o 1 1
. : ray 1 -1 ]
3 ; | 054 -
-~ TTStHp Track T : ]
"800 1200 1600 2000 2400 2800 z/mm : '1'4'0{3'1'5'04'1'1'alnt'1'2'ulo'n'z'zluh'éalﬂﬁ'éslolh'ialoo
Z|mm
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Optical Survey of CMS Tracker

* Survey of Tracker via coordinate measurement machine, touch
probe, photogrammetry, and theodolites at varying hierarchies

Barrels: survey vs. design geometry
PXB - modules (2D only) o T o
TIB - modules and up S il s o
TOB - barrel F 2t
Endcaps: e P e
PXE - modules and up n|ﬂ Wi
TID - modules and up s M

TEC - disks and endcap
z {cm) z {em) z (em)

TPPT FRPPU TN PPTRI PFITRT PPN
“T-300-200-100 O 100 200 300

* Tracks + Survey in “local algorithm”, to constrain all 6 dof:

hits survey

.\'imdule — Z 'T’?(pm)v_i_lﬂ (pm) + Z T*T; (pm )V;.‘l'r*j(pm)

1 J
following BaBar implementation: NIM A 603, 467 (2009)
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Track Data Delivery: Alignment Workflow

* Track reco data: reduced skim "AlCaReco” for alignment
* Result: 16,588 Positions (6D) and APE (3D)

Point-5 at LHC .

l Valldatlon
e

Method 1
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Residuals in overlapping modules

* Plot the double difference

Axhi‘r'Axpr'ed
with hits in the layer under test being Pivel Barrel
removed when computing the prediction - e aﬂrrer ;
:* . anl-algre gerc-!'netry
" Survey geomestry

» Aligned geomsetry

* Nearby modules -> small effects of:

- tfrack extrapolation
- crossed material

Relatve =hift in x betwean module pairs [um)

* Only overlaps with N, ... = 100 analyzed s Layer
Tracker Inner Barrel
¢ GGUSS|G" flT to Axhi.‘.'Axpred . *». ‘ %E;%E{gﬁimm

- mean -> remaining shif+t

* Difficult fo compare with DMR as
the same module enters several times

=
=
A

Relatye shift inx betwesn module pairs um]

Barrel Layer
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Geometry Comparison

A=local meth.-global meth.
0.01

Compare geometries from two methods S oomp  (RM.S.)yy=124m
local vs global in PXB ok L
(x2-invariant deformations removed) 000; gg!&?lgﬁ
2D measurements, small lever arm RO

i

J rad
3

']
-0.07% -2 -1 0 1 2

Compare the "real” (from combined method)
to design geometry E

- TIB: 5 mm shift of the two HalfBarrels
along z-axis (two halves shifted apart)
- confirmed by optical survey

A=design-"real”
0.5
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